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    A catálise no Brasil

  

   

   

  As atividades de pesquisa em catálise começaram nos meados dos anos 60 do século passado com o Prof. Ciola, o primeiro a montar um laboratório de processos catalíticos na indústria Petroquímica União e no Instituto de Química da USP em São Paulo. No final dos anos 60 foi montado o Laboratório de Processos Catalíticos no Centro de Pesquisas da Petrobras – Cenpes, sob a chefia do Dr. L. Nogueira, atendendo às demandas da empresa.

  Na década de 70, começaram a surgir os primeiros laboratórios nas universidades, que, no início do novo século 21, formaram uma das sociedades  mais representativas e fortes no Brasil e na América do Sul: a Sociedade Brasileira de Catálise - SBCat, congregando os estudiosos das áreas de química, física, engenharia química e de materiais no Brasil.

  A ideia de formar grupos de catálise partiu do CNPq e da FINEP e, no início da década de 80, foi criada uma Rede Nacional de Catálise - PRONAC (Programa Nacional de Catálise), associando grupos regionais e projetos específicos para o desenvolvimento de pesquisas fundamentais e aplicadas, visando a criar núcleos para apoiar as indústrias nacionais. Esse plano foi elaborado em 1983 com cerca de 20 grupos no país, recebendo apoio financeiro durante quatro anos e, embora modesto, foi muito bem sucedido.

  Nessa época, houve graves problemas causados pela inflação que prejudicaram o plano e a continuidade de alguns programas, restando, no final de quatro anos, apenas 12 grupos. Estes foram, sem dúvida, os pilares da catálise nas universidades brasileiras. Assim, a catálise não ficou concentrada numa única região do país (sudeste), criando raízes nas diferentes regiões, principalmente, sul e sudeste, nordeste e norte. Estava formada a espinha dorsal da pesquisa da catálise no país, com reflexos significativos nos anos subsequentes e em diferentes eventos.

  A partir de 1985 houve um crescimento fantástico de grupos de pesquisa em catálise de norte a sul do Brasil: foram criados vários laboratórios nas universidades, nos centros de pesquisas (Instituto de Pesquisas Tecnológicas - IPT, Núcleos de Catálise e Instituto Nacional de Tecnologia - INT e Centro de Pesquisas e Desenvolvimento da Bahia - CEPED) e em várias indústrias nos três Pólos Petroquímicos: de São Paulo, de Camaçari, na Bahia e do Rio Grande do Sul – Copesul.

  Foi a época áurea da pesquisa aplicada nas indústrias com a participação dos seus centros de pesquisas e os das universidades, com apoio financeiro substancial da FINEP. Foram montados vários laboratórios nas indústrias, como, por exemplo, o da Copene, o da Nitrocarbono, além de cerca de meia dúzia de laboratórios de processos catalíticos em outras empresas.

  Esse estrondoso desenvolvimento com a participação das indústrias e das universidades acabou com o "Plano Collor"1 entre 1990-1991. No entanto, aquela crise não abalou o nosso ideal, conforme mostrarei relatando alguns fatos relevantes que contribuíram para a evolução da catálise no Brasil.

  
    • A origem dessa fantástica evolução da catálise foi possível graças à primeira iniciativa de um grupo de dez pesquisadores que tiveram a coragem de sediar o 6º Simpósio Ibero-americano de Catálise no Rio de Janeiro. Esse evento foi fundamental para criar a Comissão de Catálise do Instituto Brasileiro de Petróleo - IBP em 1978, e conseqüentemente, criar o 1º Seminário de Catálise no Brasil em 1980 com 18 trabalhos. Esse seminário foi realizado seguidamente a cada dois anos até 1998. A Comissão de Catálise também organizou o primeiro curso básico de catálise e publicou uma primeira apostila sobre técnicas e fundamentos da catálise. Essa comissão, presidida pelo Dr. Leonardo Nogueira, foi organizada com representantes de três regiões em nível nacional: Sul, Sudeste, e Nordeste e um representante da indústria.

    • Os seminários bianuais foram realizados em rodízio nas três regionais. O crescimento foi estupendo, congregando mais de 250 participantes e trabalhos nacionais. No 9º Seminário de Catálise em 1998 foi decidido criar a Sociedade Brasileira de Catálise (SBCat) e mudar o Seminário para Congresso Brasileiro de Catálise. A Sociedade Brasileira de Catálise e os Congressos foram fundamentais para construir e consolidar a base da pirâmide, formando recursos humanos, promovendo, organizando e participando de congressos nacionais e internacionais. Fatos marcantes foram ainda a entrada da SBCat como membro da International Congress on Catalysis (ICC) em 2000 e da Sociedade Ibero-americana de Catálise (FISOCAT). Esses eventos foram fundamentais para fomentar e avançar no conhecimento e desenvolvimento da catálise no Brasil, haja vista a grande contribuição de trabalhos científicos nacionais nos últimos Congressos Brasileiros de Catálise (~500) e em vários Congressos Internacionais. Esses e outros dados encontram-se no site da SBCat: http://www.sbcat.deq.ufscar.br/

    • As nossas universidades, com o apoio do CNRS (França) e de alguns laboratórios da Europa e dos Estados Unidos, formaram doutores e mestres de qualidade através de bolsas "sanduíche". Isso foi possível graças ao apoio de órgãos governamentais, como o CNPq, FINEP e Fundações de Amparo à Pesquisa Estaduais e da Petrobras. O CNPq e as Fundações Estaduais apoiaram as bolsas de estudo e as pesquisas fundamentais. A FINEP e a Petrobras apoiaram a infra-estrutura. A Petrobras ainda formou e apoiou redes específicas que atendiam aos temas da própria empresa.

    • A relevante participação de jovens pesquisadores com formação em catálise nas universidades, nas consultorias de empresas e nas pesquisas aplicadas em institutos de pesquisas. Houve vários concursos públicos nessas instituições e empresas, que foram preenchidos por jovens doutores com alta qualificação. Isso contribuiu para elevar o nível dos trabalhos científicos, das publicações em periódicos internacionais de alto impacto e o número de patentes industriais. Temos hoje representantes nos corpos editoriais das revistas mais importantes em catálise, como Applied Catalysis A e B, Catalysis Today, Catalysis Letters e outros. Cresceu o número de patentes no país, não só nas empresas, mas nas próprias universidades e institutos de pesquisas.

    • Nestes últimos 15 anos, foram criados e desenvolvidos novos temas relativos à síntese de novos catalisadores, microrreatores e projetos inovadores em diferentes áreas, tais como: energia, biomassa, bioquímica, petróleo, refino, petroquímica, química fina e nanotecnologia, aplicadas em diferentes processos industriais, utilizando como matéria prima: petróleo pesado, gás natural, etanol, biodiesel e materiais sintéticos ou naturais.

    • Naturalmente, vários pesquisadores brasileiros, dentre os quais se destaca o Prof. Roberto de Souza, a quem presto a minha homenagem, contribuíram enormemente para a catálise no Brasil. O Prof. Roberto de Souza foi membro efetivo da diretoria da Sociedade e seu presidente no período de 2009-2013, muito ativo, motivador, incentivador e amigo, principalmente. Encontrei-o pessoalmente pela primeira vez quando fazia o doutoramento em catálise homogênea na França. Foi um dos pioneiros da catálise homogênea no Brasil e, graças a sua atuação, foi possível manter a unidade das catálises homogênea e heterogênea dentro da Sociedade Brasileira de Catálise. Sua contribuição científica é elevada e reconhecida no Brasil e no exterior. Com a ajuda do Prof. Roberto de Souza, o objetivo inicial e principal da SBCat deu certo. A minha sincera homenagem e agradecimentos.

  

  
    Martin Schmal

    COPPE / NUCAT – UFRJ
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    Catalysis in Brazil

  

   

   

  The research on catalysis in Brazil began last century, in the mid 60's, with Professor Ciola, the first one to set up a laboratory of catalytic processes in the Petroquímica União, a São Paulo petrochemical industry and at the Institute of Chemistry of the University of São Paulo. In the late 60's, the Catalytic Process Laboratory in the Petrobras Research Center - Cenpes was built under the leadership of Dr. L. Nogueira, answering to the demands of the company.

  In the 70's, the first university labs appeared, which in the beginning of the 21st century founded one of the strongest and most representative societies  in Brazil and in South America: the Brazilian Catalysis Society, bringing together researchers from different fields, such as chemistry, physics, chemical engineering and material sciences in Brazil.

  The idea of starting groups of catalysis has aroused at the National Counsel of Technological and Scientific Development - CNPq and at the Innovation & Research Agency – FINEP, and so, in the early 80's, the National Catalysis Network / National Program of Catalysis – PRONAC was established, assembling regional groups and specific projects for the development of fundamental and applied researches, in order to support national industries. Such plan was devised in 1983 with about 20 groups in Brazil, having received financial support for four years. Though modest, this initiative was very successful.

  At that time serious problems caused by inflation undermined the plan and the continuity of some programs. Thus, at the end of four years, there were only twelve groups, which became indeed the pillars of catalysis in the Brazilian universities. So, the catalysis expertise was not concentrated in only one region of the country (the Southeast), but could spread in different regions, mostly the South, the Southeast, Northeast and North. Then, the backbone of the catalysis research in the country was formed, with significant impact in the following years and in different events.

  From 1985 on, there was a huge growth of catalysis research groups from the North to the South of Brazil. Several laboratories were created in universities, in research centers (in São Paulo, the Institute for Technological Research – IPT; in Rio de Janeiro, catalysis research centers and the National Technology Institute - INT and, in the Bahia State, the Research and Development Center - CEPED), as well as in several industries in the three existing Petrochemical Poles: in São Paulo State, in Bahia State (Camaçari) and in Rio Grande do Sul State (the Southern Petrochemical Company – Copesul).

  It was the heyday of applied research in industries with the participation of their research centers and those in the universities and with the substantial financial support from the Innovation & Research Agency - FINEP. Several industry laboratories were established in Bahia, such as the one in Copene, in Nitrocarbono, as well as about half a dozen laboratories of catalytic processes in other companies.

  This boom in the development of catalysis with the participation of universities and industries was discontinued as a result of the Brazilian President Collor Economic Plan1 in 1990-1991. However, our ideal was not shaken by that crisis as I will prove by reporting some relevant facts that have contributed for the catalysis development in Brazil.

  
    • This fantastic evolution was possible thanks to the first initiative of a group of ten researchers who have had the courage to host the 6th Iberian-American Symposium of Catalysis in Rio de Janeiro. That was fundamental to establish the Catalysis Commission of the Brazilian Institute of Petroleum - IBP in 1978, and consequently, to organize the first Brazilian Catalysis Seminar in 1980, in which 18 papers were presented. That seminar was held every two years until 1998. The Catalysis Commission has also organized the first basic course of catalysis and published the first handout on techniques and fundamentals of catalysis. That Commission, was formed with representatives from three Brazilian regions: the South, the Southeast and the Northeast, besides an industry representative.

    • The biennial seminars were held in the three regions in turn. The growth was huge, bringing together more than 250 participants and papers from Brazilian researches were presented. In the 9th Catalysis Seminar in 1998, the Brazilian Society of Catalysis (SBCat) was devised and, consequently, the Catalysis Seminar became the Brazilian Congress of Catalysis. The Brazilian Society of Catalysis and the congresses were fundamental to build and consolidate the pyramid foundation by forming human resources, promoting, organizing and participating in national and international conferences. The SBCat's entry as a member of the International Congress on Catalysis - ICC in 2000 and of the Iberian-American Society of Catalysis (FISOCAT) were milestones. Such events were fundamental to enhance the catalysis research and knowledge in Brazil as can be seen by the great contribution of scientific papers in recent national Brazilian Congresses of Catalysis (~500) and in several international congresses. Data is available at the SBCat website: http://www.sbcat.deq.ufscar.br/

    • The number of PhD and MSc graduates in our universities increased due to the support from the CNRS (France) and from some laboratories in Europe and in the United States, by means of sandwich scholarships, as well as to the support from national government agencies, such as FINEP and CNPq, from state research support foundations and also from Petrobras. The CNPq and the state foundations supported the scholarships and the fundamental researches. FINEP and Petrobras supported the infrastructure. Petrobras also created and supported specific networks that met the company's own goals.

    • It is relevant the participation of young researchers with good catalysis background in universities, in the entrepreneur consulting business and in applied researches in research institutes. Institutions and companies have admitted many highly qualified young PhDs, which helped improve the level of scientific papers, publications in high impact international journals and in the number of industrial patents. Nowadays, we have representatives on the editorial boards of the most important journals on catalysis, such as Applied Catalysis A and B, Catalysis Today, Catalysis Letters and others. The number of patents in Brazil has increased, not only in private companies but also in universities and in research institutes.

    • Over the last 15 years, new themes related to the synthesis of new catalysts came out, microreactors were developed, as well as innovative projects in different areas, such as energy, biomass, biochemistry, petroleum, refining, petrochemicals, fine chemicals and nanotechnology, applied to different industrial processes, having as their raw material: heavy oil, natural gas, ethanol, biodiesel and synthetic or natural materials.

    • Of course, several Brazilian researchers greatly contributed to the development of catalysis in Brazil. Among them, Professor Roberto de Souza, to whom I pay tribute, stood out. Prof. Roberto de Souza was a member of the Society Board of Directors and its President from 2009 to 2013: very active, motivating, encouraging and, most of all, a friend. I met him for the first time when he was working on his doctorate on homogeneous catalysis in France. He turned out to be one of the pioneers in homogeneous catalysis in Brazil. Due to his performance, it was possible to maintain the unity of homogeneous and heterogeneous catalysis inside of the Brazilian Society of Catalysis. His outstanding scientific contribution is recognized in Brazil and abroad. Thanks to Professor Roberto de Souza the initial and main goal of SBCat was achieved. My sincere tribute and acknowledgment.

  

  
    Martin Schmal

    COPPE / NUCAT – UFRJ
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    Proposal of a standard unit for turnover frequencies: Hz

  

   

   

  José R. Gregório*; Bauer C. Ferrera; Rodrigo dos S. Fuscaldo; Roberto F. de Souza†
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    Os autores deste manuscrito propõem que frequências de rotação sejam expressas em uma unidade do Sistema Internacional de Unidades já existente (Hz), facilitando a comparação entre diferentes sistemas catalíticos.

  

   

  
    The authors of this manuscript propose turnover frequencies to be expressed in an International System of Units existing unit (Hz), facilitating the comparison between different catalytic systems.

    Keywords: heterogeneous catalysis, homogeneous catalysis, kinetics, turnover frequency, units

  

   

   

  Since the Greek civilization, humanity has been dealing with measurement as a science. Originally, measures were taken as multiples of a known object like a foot or an inch. After the French revolution, the French government imposed the metric system as an attempt to standardize measurements, although its use is not yet spread all over the world, especially in countries originated from the former British Empire. Nevertheless, throughout the 20th century, the metric system has established itself as the International System of Units incorporated it and some other basic units to allow the measurement of virtually all magnitudes on nature.1 Derived units such as joule, watt and hertz (Hz) are used to make simpler the expression of quantities, facilitating their use and comparison.

  In catalysis, even in present days, we also face a lack of uniformity when expressing a very useful parameter for the efficiency of a catalytic system: turnover frequencies (TOFs). This parameter is also sometimes called "activity", especially in polymerization and is used to refer to the number of moles of substrate that can be converted per mole of catalyst per unit of time. In the literature, we usually find this presented with the dimension time–1, but the unit of time is not standardized. A search performed on ISI database2 tagging "turnover frequencies" and retaining the 15 most recent papers listed serves as a sample of this non-uniformity, as shown in Table 1.
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  In order to show that this is not only a recent discrepancy, we also performed a research considering the 15 most cited papers on ISI database using the same tag, on the same day (Table 2).
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  It becomes then unnatural for a researcher to compare different catalytic systems without calculations. By using Hz, an existing unit which expresses cycles per second, this comparison becomes immediate, as shown in Table 3, where reactions were grouped and TOFs recalculated having Hz as unit.

  
    

    [image: Table 3. Compared turnover frequencies expressed]

  

  The use of Hz to express TOFs is not only a more elegant alternative, but it allows an immediate comparison of different catalytic systems under different conditions. It is also possible to use multiplicative prefixes. For example, for many relevant industrial applications, the turnover frequency varies between 10–2-102 s–1, while it is in the range of 103-107 s–1 for enzymes,33 and these two data could be classified into mHz, Hz, kHz or MHz, highlighting distinct activities.

  Thus, we propose the use of the standard unit of frequency hertz whenever TOFs and activities are referred, in order to facilitate comparison of scientific work and didactically consolidate even further the image of the catalytic cycle and the International System of Units.
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    This paper explores the growing number of publications concerning the use of ionic liquids (ILs) in the period from 1994 to 2013. Catalysis can be identified as the area responsible for the surge of interest in ILs. The same is true for the Brazilian scientific community. The contributions of the group of Prof Roberto Fernando de Souza and those obtained through numerous collaborations are described in this context. The literature survey shows that in the studied period the significant increase in ILs publications occurs at different times depending on their applied area (catalysis, energy, materials, analytical chemistry, biomass, etc.).
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  1. Introduction

  Ionic liquids (ILs) are the subject of more than 45000 papers derived from numerous scientific areas. A chronologic report of the number of publications per year is reported to identify the factors that have set off this behavior. This manuscript investigates the role of the catalysis community on the growing interest for ILs; the case of the Brazilian community being specifically observed, including the contributions of the group of Prof Roberto Fernando de Souza [Prof Roberto de Souza (1958-2013) leader of the Laboratory of Reactivity and Catalysis from 1987; Institute of Chemistry of UFRGS (Federal University of Rio Grande do Sul), Porto Alegre, Brazil]. The present work does not aim at comprehensively reviewing applications of ILs: rather, it tries to highlight the interdisciplinary of their use. The latter is certainly an important factor that may allow the future development of even more interesting applications directed to technological innovation. Significant papers describing specific overviews or new applications of ILs are reported to illustrate the importance of classical or emergent uses of ILs.

   

  2. Ionic Liquids Publications

  2.1. Ionic liquids: first descriptions and properties

  The origin of IL can be found in the first description of the physicochemical properties of [EtNH3]-[NO3], which has a melting point of 12 ºC, published by Paul Walden in 1914.1 An extract of this historical paper is reproduced in the very interesting review of Plechkova and Seddon.2 As mentioned by Sheddon, the current definition for ionic liquids is derived from Walden's observations: ionic liquids are most commonly defined as materials that are composed of cations and anions, which melt at or below 100 ºC. Their relatively low viscosity is also commented to define them.3 From that date on, ILs were mentioned as alternative solvents mainly in electrochemistry (non aqueous electrolyte and large electrochemical window)4 and for applications in synthetic chemistry, making the object of a very small number of academic papers. Nevertheless, a real interest on the study and applications of ILs occurred at the end of the 90s,5 probably related to the involvement of industry that published several patents describing the potential use of ionic liquids for large scale green industrial processes (both catalytic and non-catalytic).2 This set of occurrences induced the organization, in 2000, of the "Advanced Research Workshop", sponsored by NATO, where academics and industrialists participate.

  Welton6 lists the principal physical properties of ILs that permit them to be used as green solvent for synthesis and catalytic processes: (i) they are good solvents for a wide range of both inorganic and organic materials, and unusual combinations of reagents can be brought into the same phase; (ii) they are often composed of poorly coordinating ions, so they have the potential to be highly polar yet non-coordinating solvents; (iii) they are immiscible with a number of organic solvents and provide a non-aqueous, polar alternative for two-phase systems. Hydrophobic ionic liquids can also be used as immiscible polar phases with water. (iv) ionic liquids are nonvolatile, hence they may be used in high-vacuum systems and eliminate many containment problems.6 The set of these properties orientates naturally the application of ILs as alternative and sustainable solvents and more specifically as solvents in biphasic catalytic processes. The great flexibility of IL can be highlighted using imidazolium-based ILs as example (see Scheme 1). Their physicochemical properties can be adjusted by a suitable choice of cations and anions.7 To date the term "imidalozolium" is included in the title of more than 2000 papers that describe the use of ILs, and more than 1300 times during the last five years.
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  2.2. Ionic liquids: electrochemistry and catalysis

  Figure 1 reports the number of papers per year (1994-2013) where IL is mentioned as topic and for comparison also related to the electrochemical and catalysis area.

  
    

    [image: Figure 1. Increase of international IL publications]

  

  ILs were first mentioned in the literature related to electrochemistry, but the number of publications describing their use increased sharply since about 2000, as the interest for these compounds was investigated by the catalysis community. Figure 1 shows that the increase of papers describing the use of ILs in catalysis and electrochemistry contributes significantly to the overall growth for the interest of ILs and Figure 2 reports the percentage that each area, i.e., electrochemistry and catalysis, represent in the IL publications.
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  As deduced from Figure 2, the main contribution to IL papers was due to electrochemical studies until 1997; but, since then, catalysis leads regarding the new applications of IL. To date, both areas have equivalent importance in IL studies. However, data from 2010-2013 (Figure 1 and 2) indicates that the contribution of papers from the catalysis area tends to a relative decrease due to the emergence of novel scientific fields dealing with ILs.

  2.3. Ionic liquids: interdisciplinarity

  From 1994 to nowadays, about 200 review articles have been published to actualize and divulgate the advances and perspectives concerning the application of ILs. Figure 3 shows that such contributions have been steadily increasing. This substantial production confirms that ILs attract a wide range of scientists across chemistry.
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  Besides those already cited, it is difficult to cite other specific areas of interest for ILs as many domains have emerged as overlapping with catalysis and electrochemistry. Some fields have been elected to evaluate how ILs, as a topic, became interesting during the period 1994-2013. As presented below, the choice of others areas is justified as it will be shown that each one has its own exponential curve beginning in different years. In the following, some examples are cited to illustrate how the use of ILs improves novel applications in each area. IL applications are related to the (i) "energy" area due to their use in electrochemical reactors (battery, capacitors, electrolyzer, fuel cell, etc.)8 and photocatalysis;9 (ii) "material" area due to their micellar organization10 or as immobilized compounds on or into polymers,11 membranes,12 electrodes,13 etc.; (iii) in the "nano-area" as they have the ability to design nano-materials,14 nano-composites15 or nano-particles;16 (iv) "biomass" area as they are currently employed in the transformation of sustainable sources to produce chemicals.17 In this field, it is interesting to report that the first patent related to ILs application was described in 1934 and claimed the use of halide salts of nitrogen-containing bases (such as 1-benzylpyridinium chloride, 1-ethylpyridinium chloride, etc.) to dissolve cellulose;18 (v) "analytical chemistry" area, as they are used as fillers of columns for chromatographic analysis19 or employed in microextraction processes20 or to produce electrochemical sensors;21,22 (vi) enzymatic catalysis area to improve the performances of enzymatic reactions where the enzymes are solubilized in ILs to obtain a biphasic catalytic process.23,24 For reasons of order of magnitude, the results corresponding of several areas involving IL applications are reported in two different figures (Figure 4 and 5).
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  Figure 4 reports data related to the areas of energy (Energ*), materials, nano-area (Nano*), electrochemistry (Electro*) and catalysis (Catal*), highlighting that in the time period 1994-2013, more than 5000 papers in each area were published. Figure 5 displays data related to the areas of biomass, analytical chemistry (Analyt*), enzymatic catalysis (Enzym*), and biphasic processes (Biphas*). In the latter areas, the number of papers for each area amounts to approximately 1000 for the period 1994-2013. Figure 4 shows clearly that the catalysis area has been pioneer in the application of IL: this is the first research field registering an exponential increase, though electrochemists first used ILs. Just after, electrochemistry area witnessed the same phenomenon, and since 2008 more articles are published on the use of ILs in electrochemistry than in the area of catalysis, probably due to the emergence of new inter-disciplanary studies.

  Energy (Energ*), materials and nano-area (Nano*) are important research fields involving ILs, benefiting from the results obtained from interface studies with catalysis and/or electrochemistry. It is to note that these other areas amount currently to an significant number of papers per year, with more than 1600, 1330 and about 1000 papers for the areas of Nano*, Material and Energ*, respectively in 1993. Except for catalysis, those reported in Figure 4 correspond to areas that are still increasing exponentially.

  Figure 5 reports results of the same type of research that is recorded in Figure 4, but for domains that have registered about 1000 papers during the 1994-2013 period. For reasons of comparison, the researches include "Biphas*" to represent a topic belonging to traditional catalysis (in these studies, ILs are usually the solvents for organometallic catalytic species and reaction products are either insoluble in ILs or collected in another insoluble solvent) and that has been one of the first successful application of ILs in the 1990s. This area records also a total number of papers around 1000, as the others reported in Figure 5 (Biomass, Analyt* and Enzym*) that are the chosen specific topics.

  One can note that the topic Biphas*, in comparison with the others reported in Figure 5, first shows an exponential growth chronologically, though this is now a field of lesser interest. This is the reason why this area was chosen as representative of the catalysis area. Figure 5 evidences that specific areas such as Biomass, Analyt* and Enzym* initiated the inclusion of IL in their studies later in comparison to the classical application in catalysis (Biphas*). Again these results show that the classical area of catalysis, represented here by the Biphas* topic, is first at studying the use of IL.

  To evidence in detail how and when IL applications played an important role in several areas, an earlier and shorter period has been selected (1998-2003). The results are reported Figure 6. Figure 6 enables to visualize the beginning of the exponential growths of the topics selected before (Figure 4 and 5), as well as the magnitude of these increases. For Catal* and Electro*, the early growth can be placed in 2000, but the Catal* topic increased in a more pronounced way than the Electro* topic. Figure 6 evidences the chronological start of the other topics: Material and Energ* in 2001, Enzym* in 2002 and Nano* in 2003, the latter showing a very pronounced increase. It is interesting to note that IL applications in Analyt* and Biomass topics remain modest even in 2003. Figure 5 confirms that the importance of the use of IL in Analyt* and Biomass topics occurred later, in 2005 and 2008, respectively.
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  2.4. Ionic liquids: industrial interest

  The number of filed patents per year in the period from 1994 to 2013 reported in Figure 7 indicates an exponentially increasing number corresponding to a sum higher than 6000. This result indicates that the newly disclosed applications have potential interest for industrial technology.
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  Industrialization of processes that employ IL can be illustrated by the following example. The Difasol process, that can be retro-fitted into existing DimersolTM plants, is marketed by Axens, an Institut Français du Pétrole (IFP) subsidiary, and is described in Chauvin's Nobel lecture.25

  This process will be commented with a special attention later. The BASILTM (biphasic acid scavenging) process, patented by BASF, is the most successful example of an industrial process using ionic liquid technology26 and was awarded with the Institution of Chemical Engineers (IChemE) Award in 2005. In this process, triethylamine is replaced by 1-methylimidazole as an acid scavenger (HCl) to form the IL methylimidazolium chloride. At the end of the reaction, two clear liquids and easily separable phases are produced. The upper phase is constituted of the pure product (diethoxyphenylphosphine, a photoinitiator intermediate) and the lower phase is the pure IL that can be deprotonated with sodium hydroxide, regenerating the methylimidazole. The biggest industrial application of ILs to date is the ionikylation process developed by PetroChina in which an aluminum(III)-based IL is used for alkylation of isobutene. This technology can be retro-fitted in an existing 65000 tons per year sulfuric acid alkylation plant in China.27

   

  3. Ionic Liquids and Brazilian Catalysis

  Among the nearly 30,000 papers containing the term "Ionic Liquid*" in their title, the top five most cited have more than 2000 citations. The review written by Welton,8 describing the use of ILs as solvents for synthesis and catalysis, is the most cited, with more than 7500 citations. It has been referred to in more than 300 papers in 2014, clearly indicating the current interest of ILs in synthesis and catalysis. One of these most cited papers, published by Dupont, de Souza and Suarez7 illustrates that Brazilian scientists are considered as international specialists in the field of ILs, with more than 2700 citations.

  Figure 8 reports the number of papers per year published by Brazilian research unities, involving the term IL and dealing with the use of ILs in catalysis. The total number of papers reported in Figure 8 related that the use of IL is equal to 625. This significant number of studies expresses that Brazilian scientists presently contribute significantly to the ILs field as well as in in the past. Moreover, it is interesting to observe in Figure 8 that only from 2009 a significant number of studies not related to catalysis have been published. It thus seems that in Brazil the interest for ILs was first awoken by the catalysis community and thereafter soon an area of interest to other researchers. This chronological effect is in line with the discussed above trend concerning international papers, i.e., ILs have been studied with more intensity first by the catalysis community and then their use expanded to other fields.
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  The number of papers per year with authors appointed to institutions located in the Rio Grande do Sul (RS) state was compared to those with authors belonging to other Brazilian institutions (Figure 9). From these data, it becomes clear that research groups from RS are accountable for a substantial number of published works from 1996 to 2011. This fact indicates that ILs as a topic was firstly adopted by RS researchers before spreading to other national institutions.
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  As described in many recent review articles, ILs have found their success in the 1990s due to their use in biphasic catalytic processes. As non miscible with organic solvents and with a very low vapor pressure, their use enables the transposition of homogeneous catalytic reactions in a heterogeneous environmentally friendly process that enables catalyst reuse and avoids solvent distillation to recover the products. The Difasol process patented by IFP first in France28 is certainly the main example of such innovation that ILs can provide. This process is an alternative version of DimersolTM process, also elaborated in IFP. The DimersolTM process is one of the first examples of the application of homogeneous catalysis in refining industry with more than 30 production units operating worldwide. Yves Chauvin from IFP (Yves Chauvin was awarded with the Nobel Prize in 2005 for having elucidated the metathesis mechanism) studying batteries electrolyte noted the use of ILs as a non-aqueous solvent (Yves Chauvin Nobel lecture).25 As some of them also do not solubilize olefins, he employed ILs to turn the DimersolTM process heterogeneous, and then invented and developed the Difasol process, a biphasic process. This process has been the object of several patents filed in several countries.29 Looking to the authors of these patents other than researchers at the IFP, Roberto Fernando de Souza, a Brazilian researcher of Federal University of Rio Grande do Sul (UFRGS) is one of the inventors.28,29

  The first meeting between Souza and Chauvin occurred in June 18th, 1987, when Chauvin was member of his doctorate thesis committee together with Wilhelm Keim among other members. It is worth noting that Chauvin and Keim were responsible for the invention and development of the Dimersol (IFP) and SHOP (Shell) processes respectively, illustrating how highly skilled and renowned was the evaluation commitee of Souza. His doctoral supervisor was Prof I. Tkatchenko. Subsequently, Souza created, in 1987, his laboratory at the Institute of Chemistry of the UFRGS, in Porto Alegre, Brazil, where the main subject of investigation by his research group until 1993 was olefin oligomerization developed in homogeneous phase.30 It is worth stressing that in 1993, ILs, as mentioned before, were a still mere curiosity that occasionally drew attention of some researchers, one of them being Yves Chauvin. In touch with him, Souza became convinced of the importance of the use of ILs as a new promising research topic and decided to send a student to perform complementary part of his doctorate at IFP (sandwich doctorate). One year after, Souza decided to spend a year at the IFP, developing studies of oligomerization in biphasic medium. At this time the group of Prof Chauvin concentrated their efforts on the butyl-methylimidazolium aluminate organo-chloride IL, since it combined the advantages of alkyl aluminum compounds (a great area of expertise of Prof Chauvin with which, mixed with his extended knowledge on transition metal compounds, he designed and implemented a wide variety of industrial processes) and those of biphasic catalysis. The application of ILs in oligomerization catalysis was quickly recognized as a successfull approach. In early 1994, Souza then studied at the IFP the dimerization of butenes using dialkylimidazolium aluminates organo-chloride ILs, leading to the process DIFASOL, a biphasic variation for the industrial process of olefins dimerization marketed by IPF under the name Dimersol, as mentioned before. A set of data obtained on a laboratory scale enabled the study of the DIFASOL process in the IFP industrialization center.28,29 Back to Porto Alegre, Souza introduced a research line in biphasic catalysis employing new ILs formed by the 1-n-butyl-3 methyl imidazolium cation (BMI+) and inert anions such as tetrafluoroborate (BF4–) and hexafluorophosphate (PF6–), (Scheme 2). BMI.BF4 and BMI.PF6– show, respectively, a glass transition at –81 and –61 ºC and are less reactive ILs when compared to those obtained by the combination of 1-n-butyl-methylimidazoliim chloride and AlCl3, which are air sensitive and these ILs were novel compounds, they have been very well-described and characterized31 and their introduction has altered the field of biphasic catalysis worldwide.
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  Publications concerning ILs provided Souza with some of the biggest hits in his career, with great emphasis on the publication, as co-author of a review article in the journal Chemical Reviews7 that, as of today, has harvested more than 2700 citations. This data is representative of his international leadership in this field of research, despite the high competition in the area.

  The reactions studied by Souza's group in biphasic systems were mainly the reactivity of olefin oligomerization using organochloraluminate ILs obtained by the combination of BMI.Cl; AlCl3 and AlEt2Cl2.32 Several organometallic catalysts have been tested (mainly Ni(MeCN)6][BF4] but also cobalt complexes) using different ligand (bis(imino)pyridine and phosphine). The set of these studies evidences the influence of the molar ratio of BMI.Cl/AlCl3/AlEt2Cl2 that modifies the acidity of the medium and, consequently, the catalytic properties (activity and selectivity) of each system.

  BMI.BF4 or BMI.PF6 ILs have been employed by Souza to develop biphasic processes. The aim of these studies focused on the catalyst recycling by its easy separation from the reaction product by simple decantation using BMI.BF4 or BMI.PF6 ILs, more suitable solvent as they are not air sensitive. Examples of the cited reactions that have been developed by Souza's group and several collaborators are exemplified in Tables 1-5. For all these reactions, oligomerization33 (see Table 4), hydrogenation (selective and asymmetric)34 (see Table 1 and 2), hydroesterification35 (see Table 3), hydroformylation36 (see Table 3), cyclodimerization37 (see Table 4), polymerization38 and epoxidation39 (see Table 2), telomerization40 (see Table 4) and oxidation41 (see Table 5), the catalysts systems were active in homogeneous conditions and showed in biphasic media equal or highest activities without modifying or enhancing the selectivity.
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  Based on an expertise acquired on the use of ILs and the diversification of applications that have been achieved with them, Souza opened new fields of investigation that determined the expansion of the activities of the group, especially in the field of fuel cells and their use in the area of clean energy. Based on characterization studies involving numerous collaborations42 of the ILs synthesized by the group and the urgent need to develop new technologies for the production (or transfer) of energy, a peculiar application of the use of ILs as agents of ionic conduction between the electrodes of fuel cells was developed. The corresponding results had a great impact in the area,43 have been object of patents44 and determine the expansion of the activities of the Souza group to the point of designing a laboratory of clean energy. Souza then initiated a new research line aiming using hydrogen as the main energetic vector in the Brazilian energetic platform (since Brazil holds an enormous hydroelectric capacity). According to him, the use of hydrogen produced at low cost would be an alternative to diminish CO2 emission produced by gasoline combustion. The main point leading Souza to propose hydrogen production by water electrolysis as a solution for Brazil (as hydrogen economy is limited by the cost of hydrogen production) was based on the potential use of the hydroelectric capacity of Brazilian facilities that is currently wasted. Wasted water corresponds to an excess amount of water that must be removed by the lock gates of the dams in order to decrease the reservoir volume and prevent overflow. Based on energy data corresponding to the year 2008 for Brazil, Souza showed, assuming that all wasted water would be used to produce electric energy: "The hydrogen produced with 106.2 TWh of wasted energy would be sufficient to replace all the gasoline consumed in 2008 and to avoid the generation of 5.70 × 107 ton of CO2 emissions. Considering the cost of CO2 capturing and the avoided environmental pollution, the hydrogen economy is viable in such a context".45 Thus, work with the production of hydrogen, mainly by electrolysis of water and with the use of hydrogen fuel cells employing ILs as electrolyte, became a new and promising research line of the group. As example, one of these studies showed that the addition of small quantities of BMI.BF4 to water enables the production of pure hydrogen with high efficiency at room temperature and with inexpensive and available electrodes (nickel, molybdenum and iron alloys).46 In the case of molybdenum electrode, the characterization of the double layer formed at the electrode/electrolyte interface evidenced that the imidazolium ring is strongly adsorbed on the electrode surface, explaining the synergy observed between molybdenum and the imidazolium electrolyte.47 BMI.BF4 also showed interesting application in capacitor.48

  Recently, the group proposed a new family of ILs, the tetra-alkyl-ammonium-sulfonic acid IL,49 which are easily prepared from inexpensive reagents and whose cation presents both Lewis and Bronstëd acidity. Among them, the triethylammonium-propanesulfonic acid tetrafluoroborate (TEA-PS.BF4) (see Scheme 3), when used as electrolyte in water electrolysis and showed improved performances in the hydrogen evolution reaction (HER) when compared with BMI.BF4 and KOH. This behavior may result from the formation of channels organized by the intrinsic structure of the IL and their assemblage as TEA-PS is a zwitterionic species.50
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  Regarding the use of ILs in the area of materials synthesis, the group proposed the synthesis of zeolites using BMI.Cl as structure directing agent.51 Depending on the Si/Al ratio of the medium, different structures as well as aggregates format of various size are obtained (ZSM-5 or β-zeolite). More recently, ILs were employed to synthesize ordered mesoporous ZSM-5 materials, a strategy to enhance the diffusion of large molecules through a mesoporosity to attain acid sites located at the entry of microporosity.52

  The last area involving the use of ILs that Souza pioneered in his laboratory is that of green chemistry. Souza contributed to the application of two patents in Brazil, corresponding to the production of olefins by means of dehydration of light alcohols53 and the synthesis of cyclic carbonates using CO2 as reactant and catalysts containing ILs.54 In this special issue, a study describing the synthesis of 5-hydroxymethylfurfural via dehydration of fructose and glucose using ILs is also an example of the contribution of the group of Souza to green chemistry involving ILs.

  It can be stated that the topic of ILs is certainly important for the Brazilian catalysis community, highlighted by its present strength, which can be attributed to the opportunity that had to be seized and that Souza seized when he chose to work with Y. Chauvin in 1994. Back to Brazil, Souza shared immediately his knowledge with his colleagues. Today, one can measure the magnitude of his legacy.

   

  4. Ionic Liquids: Industrial Interest

  To illustrate that processes involving ILs have an industrial potential in Brazil, Figure 10 reports the number of patents involving the use of ILs filed in Brazil by various countries. The set of these patents amounts to 96 demonstrating the importance of this topic from the industrial point of view. Moreover, this Figure 10 shows that Brazil, with almost 30% of the filed patents, occupies the second place after the USA (35%) together with the set of European countries (30%).
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  Conclusion

  ILs represent a family of countless compounds. Though first described in the beginning of the 20th century, it is only at the end of the century that ILs experienced an unprecedented success in both the academic and industrial community. It is important to stress out that this success corresponded to the encounter of two areas of knowledge, electrochemistry and catalysis, with the latter pioneering and triggering the development of important IL applications. In Brazil, catalysis was also the starting point to study various interesting applications related to ILs. Today, novel thematic interfaces are the keys for future discoveries and applications, including for catalysis.

  Since there are 1018 possible combinations of ILs due to the ability to interchange their corresponding cationic/anionic moieties,55 it is possible to imagine that Brazil, with the expertise of its scientists,7,56 its chemical industry and with new governmental incentives for innovation, will be able to develop industrial technologies or new materials involving ILs. This contribution aimed at showing that we, as scientists, and in particular, as members of the catalysis community, still have opportunities to seize, such as to explore the potential of ILs for future sustainable technological solutions.
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    A oligomerização do propeno foi realizada utilizando o complexo dibromo-bis(N, N'-difenilpentano-2,4-diimina)niquel(II) como precursor catalítico combinado ao sesquicloreto de etilalumínio (Al2Et3Cl3, EASC) como co-catalisador. A 10 ºC, usando o tolueno como solvente, altas frequências de rotação foram obtidas (até 57000 h–1) com alta seletividade em produtos C6 (até > 99%) e seletividade moderada em C6 linear (até 29%). Observou-se que nas condições experimentais empregadas o propeno reagiu com tolueno por reação de Friedel-Crafts. O aumento da concentração de precursor catalítico, mantendo constante a relação precursor/co-catalisador, teve por efeito de aumentar a selectividade para os produtos de oligomerização em relação aos produtos de alquilação por reação de Friedel-Crafts.

  

   

  
    Propylene oligomerization was performed using dibromo-bis(N,N'-diphenylpentane-2,4-diimine)nickel(II) complex as catalytic precursor combined with ethyl aluminum sesquichloride (Al2Et3Cl3, EASC) as co-catalyst. At 10 ºC, using toluene as solvent, high turnover frequencies (up to 57,000 h–1) with high selectivities to C6 products (up to > 99%) and moderate linear C6 selectivity (up to 29%) were obtained. Under our reaction conditions propylene reacted with toluene through Friedel-Crafts reaction. Increasing the concentration of catalyst precursor keeping the nickel complex/co-catalyst ratio constant increased the selectivity of the oligomerization products vs. Friedel-Craft products.

    Keywords: nickel, ß-diimine ligands, propylene oligomerization, Friedel-Crafts alkylation

  

   

   

  Introduction

  The oligomerization of ethylene and propylene is commonly used to obtain short-chain alkenes in industrial processes. Among the resulting olefins, linear α-olefins are extensively employed as building blocks for the synthesis of a variety of products, such as polymers, detergents and plasticizers.1 The choice of the catalyst involves not only the selectivity to α-olefin formation, but also the requirement of the linear products, whose formation depends on the regioselectivity of the carbon-carbon bond formation reactions.2 There is a plethora of transition metal catalysts that are active for these processes.3,4 Among them, nickel(II) catalytic precursors containing α- and β-diimine ligands (Figure 1) display high efficiency for the ethylene oligomerization reaction.5,6

  
    

    [image: Figure 1. General structure]

  

  The use of α-diimine and β-diimine ligands is highly advantageous since their synthesis can be achieved by simple reaction between the desired diketone and the corresponding amine, thus allowing the study of the steric effect of the ligand and the electronic properties on the catalytic performance.6 Moreover, ß-diimine ligands have higher stability to decomposition than phosphorus(III)-based compounds, which have extensively been used as ligands of the catalytic precursors for these processes.1

  In most cases, oligomerization of olefins involving nickel complexes is attributed to the reaction of metal-hydride species, usually generated by the reaction of a co-catalyst with a transition metal complex (catalytic precursor).7 Among these co-catalysts, the most commonly employed are alkylaluminum compounds, which have been intensively studied.8-10 Among them, ethyl aluminum sesquichloride (Al2Et3Cl3, EASC) is demonstrated to be advantageous because of its low cost and also because it increases the selectivity towards oligomerization products vs. polymerization products.10

  It has recently been reported that alkylaluminum species could favor the formation of toluene (PhMe) alkylation products.11 Under oligomerization reaction conditions, this process could operate as a side-reaction since aromatic compounds are commonly used as solvents. Herein, the application of dibromobis(N,N'-diphenylpentane-2,4-diimine)nickel(II) complex (C), as catalytic precursor for the propylene oligomerization reaction using EASC as co-catalyst is reported. The influence of the concentration of catalytic precursor maintaining the nickel complex/co-catalyst ratio constant on the catalytic performance (activity and selectivity) was studied.

   

  Experimental

  General methods

  All syntheses were performed under argon, using Schlenk tube techniques. Solvents (Tedia) were purified by standard procedures.12 Ethylaluminum sesquichloride (Al2Et3Cl3, EASC) was supplied by Akzo Nobel and used with previous dilution with toluene (10%). All other reagents (Sigma) were used as received.1H and 13C nuclear magnetic resonance (NMR) spectra were recorded with an Agilent 400 MHz spectrometer. Chemical shifts are relative to CDCl3 (1H and 13C). Infrared (IR) spectra were recorded on a Shimadzu IR Prestige-21 spectrometer. The spectra were acquired by accumulating 32 scans at 4 cm–1 resolution in the range of 400-4000 cm–1. CHN analyses of the samples were obtained with a CHN Perkin Elmer M CHN 2400 analyser.

  Catalytic precursor synthesis

  Scheme 1 shows the synthesis of 2-(phenyl)amino-4-(phenyl)imino-2-pentene (L), Ni(MeCN)2Br2 and dibromobis(N,N'-diphenylpentane-2,4-diimine)nickel(II)  complex (C).
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  The ligand 4-(phenylamino)-2-(phenylimino)-3-pentene (L)  was synthesized following a reported procedure.6 A solution of acetylacetone (10.4 mL, 100 mmol) and aniline (18.5 mL, 200 mmol), was cooled down to 0 ºC and 8.3 mL of hydrochloric acid was slowly added under stirring. The mixture was stirred for 18 h at room temperature and subsequently filtered. The obtained solid was dissolved in 60 mL of CH2Cl2. To the resulting solution 80 mL of Na2CO3 saturated aqueous solution was added. The aqueous phase was separated from the organic phase and extracted with two 20 mL aliquots of CH2Cl2. The organic phases were collected and the solvent was evaporated under vacuum. The crude product was recrystallized with methanol obtaining 10.26 g of L (41.0 mmol, 41% yield, Scheme 1a) and charactarized by IR spectroscopy (C=N deformation in 1634 cm–1), 1H NMR (400.0 MHz, CDCl3) and 13C NMR (100.6 MHz, CDCl3) (see spectra in Figures S1 and S2, respectively, and the corresponding spectroscopic data in the Supplementary Information).

  Ni(MeCN)2Br2 was synthesized according to Hathaway and Holah synthesis.13 A mixture of NiBr2 (5.845 g, 26.2 mmol) and 240 mL acetonitrile (MeCN) was refluxed for 4 h at 80 ºC. The mixture was filtered and the resulting solid was dried under Ar flow (1 mL s–1), obtaining 5.03 g of product (88% yield, Scheme 1b). Experimental CHN: C 15.7%, H 2.2%, N 9.1%; theoretical: C 16.0%, H 2.0%, N 9.3%.

  Complex C was synthesized following a previously reported procedure.6 A solution of 4-(phenylamino)-2-(phenylimino)-3-pentene (L, 1.502 g, 6 mmol) in 20 mL CH2Cl2 was added to a suspension of Ni(MeCN)2Br2 (1.80 g, 6 mmol) and 40 mL CH2Cl2 and then stirred for 5 days at room temperature. The mixture was filtered and the solvent was removed under vacuum obtaining 0.630 g of C (1.3 mmol, 22% yield, Scheme 1c). Experimental CHN: C 42.8%; H 4.5%; N 5.6%; theoretical: C 43.5%, H 3.7%, N 6.0%; IR νmax/cm–1 1674 (C=N).

  Catalytic tests

  Propylene oligomerization tests were performed using a 450 mL stainless steel Parr reactor with magnetic drive mechanical stirring. Typical catalytic run conditions were: 30 min, 10 ± 2 ºC (reaction temperature controlled with a thermostatic circulation bath), 60 mL of solvent, 20 µmol of C, EASC in a ratio Al:Ni of 100:1, and propylene pressure of 6 bar maintained constant during the experiment. HCl-acidified ethanol (2% HCl m/m) was added to the reaction mixture and an aliquot of 1 mL of the reaction mixture was taken. To this aliquot, aproximately 50 mg of isooctane was added and the sample was analysed by gas chromatography (GC).

  Gas chromatography coupled to a flame ionization detector (GC-FID) and gas chromatography-mass spectrometry (GC-MS) analyses of the reaction mixtures were performed in order to determine the nature and amount of products. GC-FID analysis were carried out with a Shimadzu GC-2010 gas chromatograph equipped with a 100 m long Petrocol DH capillary column coated with methylsilane and using isooctane as internal standard. GC-MS were carried out with a Shimadzu GC-2010 gas chromatograph equipped with a 100 m long Petrocol DH capillary column coated with methylsilane.1H NMR experiments of the mono-, di- and tri-alkylated products fractions were performed with an Agilent 400 MHz spectrometer.

   

  Results and Discussion

  Table 1 displays results of propylene oligomerization performed with C complex as catalytic precursor, and EASC as co-catalyst using PhMe as solvent (Table 1, entries 1-6). For comparison a blank test without the catalytic precursor (C) has been performed (Table 1, entry 7). All experiments were conducted with a constant solvent volume of 60 mL.

  
    

    [image: Table 1. Propylene conversion using]

  

  Catalytic activity is displayed in terms of turnover frequency (TOF, mol of propylene consumed × mol Ni–1 × h–1). Since propylene oligomerization and alkylation of toluene with propylene were observed (Figure 2), selectivity is displayed in terms of the amount of propylene incorporation to each fraction.

  
    

    [image: Figure 2. PhMe alkylation products with propylene]

  

  In order to address the structure of alkylation products, NMR (Figures 3 and S3) and GC-MS analysis (Figure S4) were carried out and revealed the formation of mono-(C10), di-(C13) and tri-(C16) alkylation products of PhMe with propylene inserted through the C2-carbon.

  
    

    [image: Figure 3. 1H NMR (CDCl3, 400 MHz) spectrum]

  

  The active catalytic species for propylene oligomerization is the nickel hydride Ni(II)–H formed by alkylation reaction of the nickel catalytic precursor C with the co-catalyst EASC.7,14 For better comparison of propylene dimerization results, the parameters p and q, previously defined by Bogdanović,2,14 have been calculated. The dimerization of propylene can be described as a sequence in which propylene is inserted into a Ni(II)–H bond followed by insertion of a second molecule of propylene, forming the Ni(II)–C3H7 species (Scheme 2). A further β-elimination step allows the formation of the C6-isomers together with the regeneration of the active Ni(II)–H catalytic species. As propylene is a dissymmetric molecule, its insertion into the nickel species can occur through its carbon 1 (Ni → C1) or its carbon 2 (Ni → C2). Thus, each C6-isomer can be described as a specific insertion sequence of propylene. Using propylene dimer selectivity, the parameters p and q enable to quantify the propylene insertion proportion (C1-insertion/C2-insertion) of the first and second insertion, respectively (Scheme 2).

  
    

    [image: Scheme 2. Illustration of the insertion mode of propylene]

  

  The blank test (Table 1, entry 7) showed that the use of EASC lead exclusively to the formation of alkylation products. As long as the nickel complex was combined with an excess of EASC in the presence of propylene (Table 1, entries 1-6), oligomerization took place with a much higher activity than that of alkylation.

  Figures 4 and 5 display respectively: (i) the oligomerization TOF and alkylation TOF (Table 1, entries 1-5) and; (ii) the alkylation products (mono-, di- and trialkylation of toluene) selectivities among all products (Table 1, entries 2-5) as a function of the amount of EASC maintaining the Al/Ni ratio equal to 100.

  
    

    [image: Figure 4. Oligomerization TOF and alkylation]

  

  
    

    [image: Figure 5. Selectivity to alkylation products]

  

  Results of catalytic reaction conducted varying the Ni(II)-catalytic precursor C and EASC amounts, maintaining constant the aluminum to C ratio equal to 100 and the solvent volume (60 mL of toluene) (Table 1, entries 1-5) show that the increase of EASC amount produced an increase in the oligomerization activity (Figure 4). This behavior could be ascribed to the presence of higher concentration of Ni catalytically-active species when higher catalytic precursor and co-catalysts amounts were employed, thus corresponding to higher oligomerization rates vs. alkylation rates. Comparison of entries 5 and 6, corresponding to experiments conducted with a lower amount of nickel (5 mmol), showed that augmenting the amount of EASC (Al/Ni = 100 to 400) lead to an increase of oligomerization activity, indicating again that more active nickel species were generated when employing a great EASC excess.

  Oligomerization selectivities showed that no significant changes in n-hexene selectivity (i.e., 25-29%) were observed when oligomerization activity was modified. As far as alkylation selectivity is concerned, similar linear decrease for all alkyl products were observed (Figure 4) when alkylation activity decreased, indicating that the proportion between the mono-, di- and tri-alkyl products remained constant. These selectivity results might indicate that the activities of the catalytic species are modified due to the change in their concentration but the nature of the catalytic species is not altered. The same conclusion can be drawn for the dimerization as p and q values remain similar (Table 1, entries 1-6).

  Hence, the alteration of oligomerization activities observed by varying the Ni(II)-catalytic precursor C and EASC concentrations indicated that the amount of active species for oligomerization depended on the catalytic precursor and co-catalysts' concentration. The increase of oligomerization activity observed when Ni(II)-catalytic precursor C and EASC concentration are incresead might be explained by the formation of more nickel active species in the presence of higher concentrations of the co-catalyst. The more the co-catalyst concentration was increased the higher the oligomerization species concentration and the higher the oligomerization rate vs. alkylation rate. Forty mmol of nickel precursor and co-catalyst (Table 1, entry 1), representing the highest concentration herein tested, lead to almost exclusively oligomerization products. This result illustrated the competitive effect between the oligomerization and alkylation reactions. Previous studies described the influence of alkyl co-catalyst concentration in the activation of Ziegler-Natta systems, reporting that different alkyl aggregates were formed as a function of its concentration, which affected the efficiency for metal-catalytic precursor activation reactions.15

  As for the blank test is concerned (Table 1, entry 5) it revealed that EASC catalyzed the toluene alkylation, amounting to a TOF of 320 h–1. This activity value was about 10 times higher than the value obtained when the nickel system was present in the reaction medium (Table 1, entries 2 and 6). This behavior should be ascribed to the consumption of the alkylating agent during the activation of the Ni-catalytic precursors. Thus, alkylation of toluene with propylene can be considered as a side reaction that occurs during propylene oligomerization due to the presence of the co-catalyst. This hypothesis is corroborated by the fact that when the oligomerization activity increased, the alkylation activity decreased (see Figure 4). Recent reports described the formation of toluene alkylation products by the in situ reaction of toluene with the oligomers formed during ethylene oligomerization using Ni(II)-complexes as catalytic precursors and alkyl aluminum reagents as co-catalyst.11 The authors suggested that the produced oligomers were much more reactive for the alkylation process than ethylene. In the present case propylene is much more reactive for the Friedel-Crafts alkylation reaction than the produced dimers.

   

  Conclusions

  In conclusion, results are reported for the propylene oligomerization performed using dibromo-bis(N,N'-diphenylpentane-2,4-diimine)nickel(II) as catalytic precursor combined with ethyl aluminum sesquichloride (Al2Et3Cl3, EASC) as co-catalyst. At 10 ºC, using toluene as solvent, high turnover frequencies (up to 57,000 h–1) with high selectivities to the C6 products (up to > 99%) and moderate linear C6 selectivity (up to 29%) were achieved. It is to noteworthy that under our reaction conditions propylene reacted with toluene through a Friedel-Crafts reaction and that alkylation products were formed in higher amounts when nickel species concentration is the lowest. Increasing the nickel complex concentration maintaining the Al/Ni ratio equal to 100, the oligomerization activity vs. alkylation activity increased and oligomerization selectivity remained unchanged. Selectivity results showed that this behavior can be ascribed to the higher concentration of Ni catalytically-active species when higher catalytic precursor and co-catalysts amounts were employed, maintaining their ratio constant and thus higher oligomerization rates vs. alkylation rates were observed. Therefore, we have demonstrated that the Friedel-Crafts alkylation of toluene (the common solvent used in oligomerization laboratory tests) with alkenes under oligomerization conditions should be taken in consideration as a side-process, especially when reactions are performed at low metal precursor and alkylation co-catalyst concentrations.

   

  Supplementary Information

  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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      [image: Figure S1. 1H NMR (400.0 MHz, CDCl3) spectrum]

    

    Spectroscopic data for 4-(phenylamino)-2-(phenylimino)-3-pentene (L) ligand (Figure S1): 1H NMR (400.0 MHz, CDCl3) δ 12.72 (s, 1H, N-H), 7.30 (t, 4H, J 7.5 Hz, m-ArH), 7.06 (t, 2H, J 6.9 Hz, p-ArH), 6.98 (d, 4H, J 8.1 Hz, o-ArH), 4.90 (s, 1H, α-CH), 2.02 (s, 6H, α-CH3).

    
      

      [image: Figure S2. 13C NMR (100.6 MHz, CDCl3,)]

    

    Spectroscopic data for 4-(phenylamino)-2-(phenylimino)-3-pentene (L) ligand (Figure S2): 13C NMR (100.6 MHz, CDCl3,) δ 159.6, 145.9, 128.9, 123.3, 122.8, 97.5, 21.0.
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    Um dos fatores limitantes de uma economia baseada em hidrogênio está associado à problemas de estocagem de hidrogênio. Muitas abordagens diferentes estão sendo avaliadas e uma abordagem ótima não será a mesma para todas as aplicações, i.e., necessidades estática, móvel, pequena e grande escala, etc. Neste artigo, foca-se no ácido fórmico como molécula promissora para o estoque de hidrogênio, que, em certas condições catalíticas, pode ser desidrogenado gerando hidrogênio altamente puro e dióxido de carbono, com níveis extremamente baixos de monóxido de carbônico gasoso produzido. Vários catalisadores homogêneos disponíveis que geralmente operam em soluções aquosas de ácido fórmico são descritos. Também é descrita brevemente a reação reversa que pode contribuir para tornar o uso de ácido fórmico em estoque de hidrogênio ainda mais atrativo.

  

   

  
    One of the limiting factors to a hydrogen-based economy is associated with the problems storing hydrogen. Many different approaches are under evaluation and the optimum approach will not be the same for all applications, i.e., static, mobile, small and large scale needs, etc. In this article we focus on formic acid as a promising molecule for hydrogen storage that, under certain catalytic conditions, can be dehydrogenated to give highly pure hydrogen and carbon dioxide with only extremely low levels of carbon monoxide gas produced. We describe the various homogeneous catalysts available that usually operate in aqueous formic acid solutions. We also briefly describe the reverse reaction that would contribute to making the use of formic acid in hydrogen storage even more attractive.

    Keywords: hydrogen economy, hydrogen storage, homogeneous catalysis, formic acid, sustainable chemistry, ruthenium, carbon dioxide

  

   

   

  1. Introduction

  A cyclic process involving formic acid and carbon dioxide/hydrogen has been proposed as an efficient way to store and generate hydrogen when it is needed (Scheme 1).1 Indeed, in the last few years, research on the use of formic acid as a hydrogen storage vector has grown rapidly.2 The reason for this interest is threefold. First, formic acid contains 4.4 wt. % of H2, which is equivalent to 53 g hydrogen per litre and has a flash point of 69 ºC, much higher than that of the gasoline (–40 ºC) and methanol (12 ºC). Second, carbon dioxide and carbonates can be hydrogenated to afford formic acid and formates in water and, due to the abundance of CO2 in the atmosphere, it is an ideal C1 building block (formic acid has other industrial uses and is therefore an interesting product beyond being a hydrogen storage molecule).3,4 Third, the reverse reaction, i.e., the dehydrogenation of formic acid to give CO2 and hydrogen is fast and controllable and would be ideal not only for static applications, but also potentially for mobile applications.3

  
    

    [image: Scheme 1. The carbon dioxide-formic acid cycle]

  

   

  2. Research on Hydrogenation of Carbon Dioxide

  The hydrogenation carbon dioxide and carbonates to formic acid/formates is still a challenging reaction to catalyse in an efficient manner.4 While the reaction can be catalysed with heterogeneous catalysts,5 more effort is devoted to heterogeneous methanation catalysts instead of catalysts that give formic acid. Hence, the direct hydrogenation of carbon dioxide to formic acid/formates is usually catalysed by homogeneous catalysts in aqueous solution.4 Irrespective of the type of catalyst used the rate of this reaction depends strongly on the pH of the solution, with basic solutions resulting in highest reaction rates and conversions. The first product of the stepwise reduction of CO2 with H2 is the formic acid, but in gas phase this reaction does not take place,6 as ΔGº298= +32.9 kJ mol–1 (equation 1):

  
    [image: Equation 1]

  

  Dissolution of the gases decreases the entropy term; in aqueous solution, this reaction becomes slightly exergonic with ∆G298= –4 kJ mol–1 (equation 2):

  
    [image: Equation 2]

  

  Addition of a base improves the enthalpy of the reaction (ΔGº298 = –35.4 kJ mol–1; ΔHº298 = –59.8 kJ mol–1; ΔSº298 = –81 J mol–1 K–1), making this reaction largely available (equation 3):

  
    [image: Equation 3]

  

  A particularly well-studied class of catalyst comprises ruthenium(II) complexes with water soluble phosphine ligands (see Table 1). The most recent ruthenium(II) catalytic system reported comprises [RuCl2(PTA)4] (PTA = 1,3,5-triaza-7-phosphaadamantane) in dimethyl sulfoxide (DMSO) and operates in the absence of any base, any additives to afford 1.9 mol L–1 formic acid solutions.7 This concentration is unprecedented and corresponds to more than two orders of magnitude higher concentration than other catalysts without base. Moreover, the catalyst is highly stable and can be recycled and reused multiple times without loss of activity.

  
    

    [image: Table 1. Bicarbonate, carbonate and carbon dioxide hydrogenation]

  

  Although water-soluble ruthenium(II) catalysts have been most extensively studied or this reaction other systems have also been investigated (see Table 2). Indeed, the highest turnover number (TON) reported for CO2 hydrogenation in basic solution, a staggering 3.5 million, was obtained with an Ir(III) complex with a pincer-ligand.19

  
    

    [image: Table 2. Bicarbonate, carbonate and carbon dioxide hydrogenation]

  

  Despite of the important goal in catalysis is to replace noble metal-based catalysts with cheap and earth abundant metals, few reports are available. The first row transition metal based catalytic systems in general have with very low activity. An interesting development in the field is the re-discovery of a stable iron-based catalyst for the hydrogenation of CO2 in basic solutions, as well as the formic acid cleavage to CO2 and H2. The catalyst, first synthetized and published by Bianchini et al. in 1988,32 an iron(II)-tris[(2-diphenylphosphino)-ethyl]phosphine (PP3) complex, contains a tetradentate phosphine ligand that provides stability to the more reactive (unstable) iron(II) centre. In situ multinuclear nuclear magnetic resonance (NMR) spectroscopy was used to study the iron(II)-catalysed reactions for both bicarbonate reduction and formic acid dehydrogenation and several intermediate species, notable metal-hydride species, were detected allowing catalytic cycles to be postulated (Figure 1).29,33

  
    

    [image: Figure 1. Proposed mechanism for the selective iron-catalyzed]

  

   

  3. Research on Dehydrogenation of Formic Acid

  The most important feature of a formic acid dehydrogenation catalyst is that it must be highly selective for this reaction (equation 4), and not catalyse the dehydration of formic acid that results in the formation of water and carbon monoxide (equation 5).

  
    [image: Equation 4]

  

  
    [image: Equation 5]

  

  The dehydration reaction not only reduces the amount of hydrogen produced, but the CO by-product is a poison to fuel cells and in general, the concentration of CO should remain below 10 ppm. A large number of heterogeneous catalysts have been evaluated for this reaction, but lack of selectivity tends to be a problem. Thus, there has been much recent interest in homogeneous catalysts and well-defined, immobilized heterogeneous catalysts derived from them.

  Key examples of homogeneous catalysts used for the selective dehydrogenation of formic acid to CO2 and H2 are listed in Table 3.

  
    

    [image: Table 3. Selective catalytic cleavage of the formic acid]

  

  In keeping with catalysts for the reverse reaction, Ru(II) complexes with water-soluble phosphine ligands have been widely explored although iron, iridium and rhodium complexes also selectively catalyse the dehydrogenation reaction. Notably, several catalysts that meet the stringent requirements for industrial applications have been developed. A high stable and selective Ru(II) catalyst is readily generated from the in situ reaction of RuCl3 with the water-soluble m-trisulfonated triphenylphosphine (mTPPTS) ligand.50 The resulting catalyst selectively decomposes formic acid into carbon monoxide, free hydrogen and carbon dioxide in a very wide pressure range and it is undergoing commercialisation.46 The catalytic cycle has also been elucidated from in situ NMR spectroscopic studies (Figure 2). Heterogeneous catalysts based on immobilisation, have been prepared by the reaction of the ruthenium(II)-mTPPTS dimer and MCM41 silica functionalized with diphenylphosphine groups via alkyl chains. The catalytic system based on MCM41-Si-(CH2)2PPh2/Ru-mTPPTS demonstrated an activity and stability comparable to those of the homogeneous catalyst: a turnover frequency of 2780 h–1 was obtained at 110 ºC, and no ruthenium leaching was detected after turnover numbers of 71000.51

  
    

    [image: Figure 2. Proposed reaction mechanism]

  

   

  4. Conclusions

  Hydrogen is definitelly among the most promising candidates as the energy carrier in the future, though its generation from renewable sources and storage in a safe and reversible way is still challenging. Formic acid is a promising molecule for hydrogen storage and delivery. HCOOH can be generated via catalytic hydrogenation of CO2 or bicarbonate with suitable catalysts. Under mild experimental catalytic conditions, it can be dehydrogenated to give highly pure hydrogen and carbon dioxide. We summarised here the various homogeneous catalysts available that usually operate both in aqueous and in organic formic acid solutions. The homogeneous catalytic decomposition of formic acid in aqueous solution provides an efficient in situ method for hydrogen production that operates over a wide range of pressures, under mild conditions, and at a controllable rate. On the basis of these results one can envisage the practical application of carbon dioxide as hydrogen vector: storage and delivery.
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    Muitos estudos recentes estão direcionados à área de produção de nanocompósitos poliolefínicos já que eles melhoram as propriedades dos polímeros em muitas aplicações. O desafio mais importante é a obtenção de uma boa dispersão das cargas de reforço na matriz polimérica. É consenso nos estudos realizados que a dispersão conduzida pela polimerização in situ é a mais eficiente, conferindo ao sistema, adicionalmente, as vantagens da catálise heterogênea. Esta contribuição oferece uma revisão bibliográfica das características das cargas de reforço mais empregadas, de sua utilização como suporte de catalisadores metalocênicos e da aplicação na produção in situ de nanocompósitos.

  

   

  
    The production of polyolefin nanocomposites has been the field of many studies for improving polymer properties for many applications. The most important challenge on the area is the preparation of the fillers randomly dispersed on polymer matrix. It is general agreement, however, that the dispersion obtained through in situ polymerization is the most efficient and, additionally, confers to the system the advantages of heterogeneous catalysis. This contribution offer a review of characteristics of the most employed fillers, their use as metallocene catalysts supports and the application on in situ production of nanocomposites.

    Keywords: polymer nanocomposites, metallocene catalyst, in situ polymerization, polyolefin, inorganic nanoparticles

  

   

   

  1. Introduction

  Polyolefins compose more than 60% of polymer production in the world nowadays.1 The most important characteristic for this success are the highest turnover of all polymers, low cost, abundance of the monomers and easy processability and long durability.1-3 These characteristics make polyolefins valuable for applications in many industrial fields. Despite all these properties, they present certain limitations in some applications, including those which require improved mechanical properties, decreased gas permeability and flammability, and increased biodegradability.

  For years, addition of fillers and reinforcements to produce polyolefin nanocomposites (NCs) have been used as an alternative to extend the use of these polymers,4-9 improving their mechanical and physicochemical properties for many applications, which favors, for example, the use of these polymeric nanocomposites as replacement for materials like metals, glass and ceramics, and thus decreasing the costs. Polyolefin nanocomposites seem to be the next innovation to potentially bring novel properties and characteristics.10

  One of the most important features that determines the nanocomposite properties is the kind of filler used in their formulation. Many considerations must be taken into account before choosing a filler that, into the polymer matrix, is supposed to produce a certain property as a composite. Some important characteristics of the filler to take into consideration are the chemical surface composition, size and shape of the nanoparticles, structure, pore sizes, interlayer distances, hydrophobicity and mechanical, electrical and thermal properties. The most used particles are silicates (phyllosilicates or lamellar silicates), polyhedral oligomeric silsesquioxane (POSS), carbon nanotubes, metal and/or other inorganic nanoparticles and polymeric fibers.11 New studies involve the production of different and specific fillers, for example, an interesting material for electronic industries was developed by Morelos-Gómez et al.,12 the graphene nanoribbons (GNRs), made of carbon nanotubes ribbons opened in a non-oxidative way.

  Since the successful synthesis of nylon-clay nanocomposites by Toyota researchers,13,14 the use of layered materials as fillers in polyolefin NCs presents a great deal of interest and it is the most studied family of fillers for NCs. This success is probably due to the great improvement on NC's mechanical, thermal and barrier resistance against permeation of gases shown in many publications.15-17

  Other important characteristic that set new properties for NCs is the filler dispersion defined mainly by the type of NC preparation. The production by melt compounding of nonpolar chains, such as polyolefins, leads to an insufficient filler dispersion and then aggregation of the layers, which can deteriorate the mechanical properties of the polymer. This disadvantage can be solved by an in situ polymerization leading to the exfoliation of the filler in the polymer matrix during the polymerization process.18,19 In situ intercalative polymerization starts with the intercalation of the monomer into the interlayer space of the layered material and the beginning of the polymerization process followed by the growth of the polymer chains promoting exfoliation of the lamellas.

  Additionally, the industrial production of polyolefins uses mostly heterogeneous catalysis, where the catalysts are found fixed in a support. After the advent of Ziegler Natta catalysts,20,21 and still nowadays, many studies involving catalysts for polyolefin production are developed. Throughout this time, different complexes were investigated,22 among them, the metallocene catalysts. Metallocene complexes made important contributions for the polyolefin field,23 by producing polymers with new properties and therefore, new applications for them. Their molecular characteristics as aromatic ligands, bridged or not, and the nature of the metal are parameters to control the polymerization, creating polymers with specific stereospecificity (when PP is produced) and polydispersity and providing the preparation of block copolymers.24-27

  Considering these important topics, this contribution has the objective of reviewing the literature from the pioneer publications to nowadays, on nanocomposite production, especially using in situ polymerization catalysis by metallocene supported on different inorganic solid supports for the nanocomposite production. Other preparation methods are also discussed for comparison. The next section, numbered 2, deals with a review of metallocene catalysts and the one on inorganic support materials for these catalysts can be read in section 3. The preparation of nanocomposites by several methods is found in section 4. The morphology and NC's properties are discussed in section 5.

   

  2. Metallocene Catalysts

  The remarkable advances on polyolefin catalysis made by Ziegler and Natta during the 1950s, stimulated researches on novel catalysts for polyolefin production.28,29 The first-generation catalysts were based on 3TiCl3, AlCl3 and Al(C2H5)2Cl and allowed the preparation of polypropene (PP), however with low activity.30 Other generations of catalysts came, Table 1 summarizes the results.29

  
    

    [image: Table 1. Performance of different catalyst generations]

  

  The first use of metallocene catalyst in the production of polyethylene (PE) was reported in the 1950s by Breslow and Natta.20,21 The catalyst was Cp2TiCl2 (Cp = cyclopentadienyl) activated by mixed aluminium alkyl halides in a homogeneous system. This system presented low activity and demanded improvement. Sinn and Kaminsky31 demonstrated better activities by using methylalumoxane (MAO) as cocatalyst for this system. Isotactic PP was obtained for the first time by Brintzinger and co-workers,32 using ansa-bis(indenyl) complexes in a racemic (rac) mixture. After that (in 1988), Razavi and co-workers,33 synthesized an ansa-metallocene complex [ZrC5H4CMe2C13H8Cl2] that favored the production of syndiotactic PP with high activity (order of 103 kg PP mol-1 h-1).

  As made clear above, activation of metallocene is necessary to obtain good activities; MAO proved to be the best cocatalyst by forming a cationic metallocene active species in olefin polymerization. The chemical nature of MAO is still not quite clear. Aluminum and oxygen atoms form a chain and free valences in aluminum are saturated by methyl substituents to form linear-[MeAlO]n-units, where n varies from 5 to 20.34,35 Besides this linear form, cyclic and associated species (Figure 1), were also found; these can aggregate to cages.

  
    

    [image: Figure 1. Unit cyclic (a), linear (b), and associate (c) structures]

  

  The interest in supporting the metallocene catalyst comes from the fact that the homogeneous system would find difficulties to be used in industrial plants that operate with heterogeneous Ziegler-Natta and Phillips catalyst.36 Homogeneous metallocene catalysts present high activities and stereospeciﬁcities for the polymerization of prochiral oleﬁns. As the polyoleﬁn deposits at reactor walls causing boiler scale effect, i.e., changing drastically the mass and heat transfer, a continuous process would not be possible.37 It was also found that the polymers produced by the homogeneous metallocene system have narrow molecular weight (Mw) distributions, which sets good mechanical properties, but hampers polymer processing.38

  Figure 2 shows some metallocenes used in heterogeneous catalysis, where MAO is cocatalyst, to produce PE or PP. Cat1 and Cat2 produce isotactic PP, while Cat3 produces syndiotactic PP and Cat4 atactic PP. All of these metallocenes are also able to synthesize PE.3

  
    

    [image: Figure 2. Structures of metallocenes used for the synthesis]

  

   

  3. Inorganic Support Materials

  The most representative examples of inorganic support materials used for Ziegler-Natta and Phillips catalysts are silica, alumina and magnesium dichloride.36 The importance of the support on activity and polymer properties is remarkable. The support can change profoundly the nature of active sites on the catalyst, which also reflects in polymer properties as molecular weight, polydispersity index and stereospeciﬁcity (when PP is produced).36 The catalyst thermal stability can also be improved by heterogenization. Freitas et al. 39 showed that, when Ph2C(Cp)(Flu)ZrCl2 (flu = fluorenyl) is immobilized on silica, the thermal stability is improved. The activity that decreases with increase in the temperature reaction on homogeneous system, suffers less influence when the polymerization is performed under heterogeneous conditions. Another characteristic of the inorganic supports is the possibility to control the morphology of particles aiming at the protection of the reactor from fouling.40

  Several studies are devoted to finding a support for metallocene that could improve or, at least, maintain the homogeneous characteristics. To reach such challenge, the attention is directed to the development of both immobilization methods and supports. Figure 3 shows important members of nanoparticle families used for in situ composite formation.41 In the rest of section 3, the discussion will be directed to the main properties of the most used supports.

  
    

    [image: Figure 3. Nanoﬁller families including molecules]

  

  3.1. Porous materials

  The most frequently used porous supports are inorganic oxides like silica, alumina or aluminosilicates. These materials are largely used because of low-cost, varied morphologies and particle sizes, and high surface areas (ca. 102 m2 g-1). Their surface chemistry, that basically contains OH groups whose acidity can be designed and identified, are versatile enough to allow the heterogenization of the catalytic system using several methods.1,42-44

  The review of the literature shows many studies using micrometer particles of silica as metallocene supports,45-48 when compared with the respective homogeneous system, they show lower activity. Nanometric silica particles on the other hand, besides producing nanocomposites, showed higher ethylene polymerization activities than microsized catalysts under identical reactions conditions.49-52 A study that tested both metallocene supported in microsized and nanosized silica particles evaluated the influence of particle size on supported metallocene activity in production of PP.53 For that, the authors supported rac-ethylenebis(1-indenyl)zirconium (IV) dichloride (rac-Et[Ind]2ZrCl2) on both MAO pretreated silica supports (by reaction in toluene at 70 ºC for 16 h). The samples were tested with and without the addition of external MAO solution in the reaction mixture ([Al]/[Zr] = 570 and 17, respectively). Figure 4a shows the activity results using metallocene supported on both silica supports at the ratio [Al]/[Zr] = 570 and Figure 4b at 
    [Al]/[Zr] = 17. These results clearly show that the nanosized catalyst had significantly better polymerization activity than the microsized catalyst in the studied range of temperature. No significante influence caused by the catalyst support size was found on the effects of polymerization temperature on polymerization activity.

  
    

    [image: Figure 4. Polymer activity as a function of polymerization]

  

  Another way to increase the activity of silica supported metallocene catalysts is to add Lewis or Brönsted acid functionalities. Acidic sites allow activating the metallocene by stabilizing the ionic pair formed by the cationic zirconocene and the chlorinated MAO species. One way to make it possible is to graft sulfonic groups on mesoporous silica. When the solid presents strong Brönsted acid sites, it may be able to polymerize ethylene in the absence of the common cocatalyst MAO.54-56 A schematic demonstration of the interactions of metallocene Cp2ZrCl2 with species present in neutral or acidic silicate surfaces is shown in Figure 5.

  
    

    [image: Figure 5. Models for the interactions of metallocene]

  

  Casas et al. 24 supported MAO-(nBuCp)2ZrCl2 in mesoporous silica-alumina functionalized with propyl sulfonic acid groups in two different concentrations, 10 wt. % [meso-SiO2-Al2O3/Pr(10)] and 20 wt. % 
    [meso-SiO2-Al2O3/Pr(20)]. They also produced supported MAO-(nBuCp2)ZrCl2 in Al-SBA-15 pure and functionalized with propyl sulfonic acid groups using 20 wt. % 
    [SBA-15/Pr(20)]. They used these samples as heterogeneous catalysts for ethylene polymerization. The results are shown in Table 2.
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  When mesoporous silica-alumina (Si/Al = 25) was functionalized with 10 wt. % of propylsulfonic groups, a remarkable activity is obtained. The authors first considered that the higher activity of this catalyst, comparing with the more functionalized one (20 wt. %), might be related to the presence of higher pore volume. However, they noticed that in previous results, using 10 wt. % propyl sulfonic SBA-15 as a support, lower activity than 20 wt. % propyl sulfonic SBA-15 was obtained, indicating that the porosity was not the main factor affecting the activity. The type of acidity might play the key role. According to the authors, when meso-SiO2.Al2O3/Pr(20), which contained only extra framework aluminium (Lewis acid sites) is used, a lower catalytic activity by comparison with the SBA-15/Pr(20) sample is observed. Thereby, the sample meso-SiO2.Al2O3/Pr(10) 
    contains inside framework aluminium. This aluminium is supposed to have partly the Brönsted acid character, which adds up to the Brönsted acid sites of the propyl sulfonic acid groups, causing a cooperative effect.

  The first use of zeolites as supports for metallocene catalysts was reported in 1994, when Ciardelli and Arribas58 impregnated Cp2ZrCl2 directly on the HY zeolite. The resulting supported catalyst was active in ethylene polymerization in the presence of MAO, but with lower values than the homogeneous equivalent catalyst. The authors attributed the lower activity to the interaction of metallocene with the silanols present in the zeolite. They proved the hypothesis by reacting the support with trimethylaluminium (TMA) that converts the silanols into Si-AlMe2 groups. After that, zirconocene dichloride was impregnated on the silanol-suppressed zeolite and the activity increased to a value close to that obtained for the homogeneous catalyst.

  Metallocene supported in mesoporous silicas was studied for the first time by Maschmeyer et al. . 59 By the diffusion of a chloroform titanocene dichloride solution into the pores of MCM-41, they grafted titanocene complex on the walls of MCM-41, resulting in a well dispersed material with high surface concentration of Ti. In another study,60 this group showed that the ligand structure (electron-donating groups bonded to the metal) is preserved after the direct impregnation of MCM-41 with Cp2TiCl2 solutions. In other words, the carbon framework has remained in the metallocene. It was shown that using this support, the ligand structure of impregnated metallocene remains unchanged and that the active cationic surface species after impregnation with different metallocenes are preserved.61,62 The schematic demonstration of the interaction of metallocene with MCM-41 and followed addition of MAO are shown in Figure 6.

  
    

    [image: Figure 6. Interaction of MCM-41 with a metallocene]

  

  A study that used silica and alumina supports for a Cp2ZrCl2 and (nBuCp)2ZrCl2 mixtures showed how the internal environment inside the pores of the supports and its polarity affect the molecular structure of the grafted metallocenes.63,64 It was proposed that smaller pores that contain higher density of silanol groups have stronger interaction with the coordination sphere around the Zr centre, increasing the Zr-C distances. Such an increase would influence the olefin coordination and chain propagation steps, which in turn, would affect the overall catalyst activity. This proposition is depicted in Figure 7a. The authors defended that the increase in the Zr-C distances, decreases the catalyst activity. Figure 7b shows the relationship between Zr-C interatomic distance and catalyst activity. Another study,60 that aimed the structural characterisation of rac-ethylenebis(1-indenyl)zirconium dichloride bounded to the surface of MAO modified MCM-41, proposed that a short Zr-C bond is an indicative of the increased charge at the metal centre as a result of the interaction between the metal chloride and the support.

  
    

    [image: Figure 7. (a) Proposed interaction between grafted metallocene]

  

  Considerations about the distances between Zr centre and support surfaces indicated that the catalysts with shorter Zr-O bonds produce PEs with higher molecular weight. Silveira et al. 63 suggested that, when the metallocene species are less hindered by the surface (i.e., increasing Zr-O distance), chain termination step is favored, thereby causing a decrease in the Mw of the produced polymer.63 Figure 8 shows the correlation between mean Zr-O interatomic distance and the Mw of the resulting PE.

  
    

    [image: Figure 8. Correlation between the mean Zr-O interatomic]

  

  It is noted that the presence of structural aluminum on the support have a strong influence over the polymerization catalyst since it leads to different sorts of surface acidity in the material. Many studies investigated the influence of the Si/Al molar ratios in olefin polymerization.57,65-71 Moreover, for some of these materials, the acidity characterization can be found in the literature,72,73 which helps in choosing the support depending on the desired activity or/and final polymer properties. From these studies,24,54-57,65-71 it can be concluded that the presence of an acidic element in the framework of the support of metallocene polymerization catalysts acts in order to improve the activity of the systems.

  Polymers prepared with mesoporous supports can exhibit a fibrous morphology after their formation inside of the pores. The first report of this occurrence was made by Kageyama et al.,74,75 that named this phenomena as extrusive polymerisation. Cp2TiCl2 was immobilized on mesoporous silica fibres (pore diameters 27 Å, arranged in a parallel direction to the fiber axis) in combination with MAO. After the production of high Mw PEs, they found by scanning electron microscopy (SEM) micrographs of the freeze-dried PE, bundles of PE fibers (Figure 9A and 9B). The magnification of the view (field emission SEM), shows ultrathin discrete fibers with 30 to 50 nm in diameter (Figure 9C).74 The extrusion polymerization mechanism, postulated by the authors, is shown in Figure 10. The mesopores served as a template, suppressing the kinetically favored chain folding process.

  
    

    [image: Figure 9. (A to C) SEM images of freeze-dried]

  

  
    

    [image: Figure 10. Conceptual scheme for the growth of crystalline]

  

  3.2. Carbon nanotubes

  After their discovery by Ijima,76 carbon nanotubes (CNTs) have attracted intense attention from academics and industrials, all because of their unique mechanical thermal and electrical properties.77,78 These outstanding properties made CNTs attractive materials in a wide range of areas. Polymer nanocomposites using CNTs as fillers represent a new class of materials with remarkable thermo-mechanical performances. In situ ethylene polymerization was made79 using Cp2ZrCl2 adsorbed onto multiwalled carbon nanotubes (MWCNT). Cp2ZrCl2-MWCNT (Figure 11) was obtained by simple mixing in tetrahydrofuran (THF) at room temperature. The adsorbed Cp2ZrCl2 was not removed by washing with THF and toluene. This catalyst produced a high molar weight PE ([image: Caracter 1]w = 1,000,000 g mol-1). The authors consider that the polydispersity index (PDI) of 2 indicates only one Zr-based chemical species of adsorbed catalyst.

  
    

    [image: Figure 11. Preparation of Cp2ZrCl2-MWCNT.]

  

  Dubois et al. 80 treated nanotube surface with a highly active metallocene-based complex, rac-Et(Ind)2ZrCl2/modified MAO (MMAO-3A) for in situ copolymerization of ethylene (E) and 2-norbornene (N). The de-aggregation of the carbon tubes was successfull and after further melt blending with ethylene-vinyl acetate copolymer (27 wt. % vinyl acetate) matrix, a high-performance polyolefinic nanocomposite was produced with mechanical properties being significantly enhanced. In another study, Dubois et al. 81 aiming at breaking up of the native nanotube bundles, used the in situ copolymerization of ethylene (E) and 2-norbornene (N) method that produced homogeneous surface coating of MWCNTs by the polymer. The nanotube surface was first activated by MAO and then submitted to the fixation of the bis(pentamethyl-η5-cyclopentadienyl)zirconium(IV) dichloride (Cp*2ZrCl2) catalyst onto the surface-activated carbon nanotubes. After all, the in situ polymerization promotes the de-aggregation of carbon nanotubes and its coating by the polymer matrix. The schematic procedures for this method are shown in Figure 12A. The morphology of the coated MWNTs evaluated by transmission electron microscopy (TEM) (Figure 12B) showed that MWCNTs were relatively well separated in comparison with the starting highly entangled bundle-like associations, and covered by homogeneous E-N copolymer layer.

  
    

    [image: Figure 12. (A) Scheme of homogeneous surface coating.]

  

  For nanocomposites production, surface modifications on CNTs can be made in order to make them more compatible with the polymer matrix. Two different approaches for the surface modification of CNTs are adopted: covalent and noncovalent; depending on whether or not covalent bonding between the CNTs and the functional groups and/or modifier molecules is involved in the modification surface process.82 Figure 13 shows a typical representation of such surface modifications.

  
    

    [image: Figure 13. Different routes for nanotubes' functionalization]

  

  Park and Choi83 proposed a simple but versatile method to produce nanocomposites of a high Mw PE filled with MWCNT by the adsorption of half-titanocenes onto MWCNTs. As a differentiation of others CNT-supported catalytic systems, they used CNTs as an "external" ligand as well as a support, while other systems use CNTs only as a support. The authors believe that using a method involving neither the chemical treatment of CNTs, nor covalent bonding would be beneficial in industrial processing and other applications.

  3.3. Layered materials

  Polymer-layered silicate (PLS) nanocomposites gained momentum for two major ﬁndings that stimulated the interest in these materials. First because Toyota's group13,14 developed a promissor material composed by Nylon-6 (N6)/clay nanocomposite in which individual silicate layers of about 1 nm thickness are completely dispersed in N6 matrix. In this study, very small amount of loaded layered silicate were enough to promote pronounced improvement on thermal and mechanical properties. Then, Vaia et al. 84 observed that it is possible to melt-mix polymers with layered silicates, without the use of organic solvents.

  The main advantages of PLS nanocomposites are: ultrafine phase dimensions promoted by the two-dimension filler, high aspect ratio of the layers that provides a large surface area contact and the improved properties of the nanocomposites using this material.5,85 Depending on the interfacial interactions between the polymer matrix and the layered silicate, for example the 2:1 phyllosilicates whose structure is shown in Figure 14, three different types of PLS nanocomposites can thermodynamically be prepared. However, to produce a truly nanocomposite, with reproducible and homogeneous properties, exfoliation of the layers into the polymer matrix is required, this is possible by a good interaction of layer-polymer chain.

  
    

    [image: Figure 14. Structure of 2:1 phyllosilicates and schematically]

  

  Despite the numerous clays advantages [large interlayer surface area (ca. 700 m2 g-1), high cation exchange capacity (ca. 100 mol kg-1), expansion in water, and tendency for intercalating organic molecules], montmorillonites (MMTs) and related phyllosilicates present hydrophilic surfaces because of the presence of hydrated inorganic counterions such as Na+ and Ca2+ in the interlayer space.87 These surfaces are immiscible with the hydrophobic polymers. To minimize the incompatibility, studies propose many clay treatments that are supposed to increase the polymer-clay nanocomposite interaction. The three more used clay surface modifications are: organic modification of the clay, thermal treatment of the clay, and treatment of clay with alkylaluminum compounds. These processes will be explained in more detail belows.

  3.3.1. Clay organic modification

  Replacement of inorganic exchange cations on the clay surface by cationic surfactants helps making the clay compatible with the polymer matrix. The most used surfactants for this objective are quaternary alkylammonium, quaternary alkylphosphonium, imidazolium, and pyridinium salts.5,88 This treatment reduces the polarity of the clay surface and increases the interlayer space, which enables catalyst incorporation in the anchoring points.89 An application example is shown in Figure 15, where, as a first step, the organoclay, i.e ., alkylammonium-exchanged MMT, is swelled in alcohol, e.g., n-butanol, and incorporates the alkoxide, e.g ., tetramethoxysilane (TMOS) or tetraethoxysilane (TEOS). In a second step, water is added to produce the hydrolysis/condensation of the alkoxide. Convenient thermal treatment drives to the subsequent elimination of the alkylammonium chains by pyrolysis/combustion, leading to delamination of the clay-nanoparticles materials.

  
    

    [image: Figure 15. Scheme of the delamination of alkylammonium]

  

  3.3.2. Thermal treatment

  The clay thermal treatment is necessary since the water present on the clays acts as a poison to the metallocene catalyst, leading to deactivation and then, the non- exfoliation of the layers upon polymerization. The organo modification of the clay can decrease the water content considerably,91 however, it is still large enough in the form of structural water to cause significant catalyst deactivation.

  3.3.3. Treatment with alkylaluminum compounds

  If the temperature to eliminate water is so high as to cause the collapse of support's structure, the hidrophobization with alkylaluminum compounds such as MAO, TMA, triethylaluminium (TEA) and triisobutylaluminium (TIBA) can allow a moderate thermal treatment to remove the residual water on the clay,92 preserving its structure. A scheme with the representation of surface modification of clay with quaternary and tertiary ammonium salts are shown in Figure 16.

  
    

    [image: Figure 16. Surface modification of clay with quaternary]

  

  3.4. Metallocene supporting

  The first reported method in which the filler surfaces were treated with metallocene-based catalyst for the production of polyolefins in the presence of the filler was made by Kaminsky.94 By this method, the clay surface is treated with an alkylaluminum compound to reduce the water content, and then, the catalyst or cocatalyst solution is impregnated onto the clay surface. A proposed scheme of the reactions during catalyst supporting on Cloisite 93A is shown in Figure 17. This is the most used technique for the in situ synthesis of polymer/clay nanocomposites using metallocene catalysts.93,95-97

  
    

    [image: Figure 17. Proposed reactions during catalyst supporting]

  

  Ren et al. 98 reported a method in which MMTs were intercalated with a polimerizable agent, undec-10-enylammonium chloride, to produce polymerizable montmorillonites (P-MMTs). P-MMTs were chemically linked to the backbones of a part of the PE chains during ethylene polymerization. In this way, the interfacial interaction between PE and MMT was strengthened, promoting exfoliation of P-MMT lamella in the polymer nanocomposites, and a better dispersion of P-MMTs was achieved in comparison with nonpolymerizable organophilic MMTs. Since the authors found a strong dependence of the dispersion and the concentration of P-MMTs in the reaction systems, a mechanism for the evolution process of the microstructure in PE/P-MMTs nanocomposites was proposed and is shown in Figure 18.

  
    

    [image: Figure 18. Schematic illustrations of the formation process]

  

  Considering hydroxyl groups as sites for anchoring metallocene catalyst, Wei et al. 99 proposed an indirect supporting method: SiO2 are deposited onto the clay to increase the hydroxyl population on the surface where the loading of active catalyst occurs. For that, MMT is immersed in MgCl2/alcohol solution to promote the diffusion of MgCl2∙nROH complexes to the MMT's interlayer space. After removal of the alcohol, MgCl2 is deposited on and between the lamella of MMT. MMT-Si is prepared reacting the treated organically modified MMT (OMMT) with dodecylamine and tetraethylorthosilicate under stirring. After precipitation and drying, the MMT-Si was produced. The MMT-Si-Zr catalyst was prepared reacting the MMT-Si pretreated with MAO with Cp2ZrCl2 in toluene. Figure 19 shows the illustration of MMT-Si-Zr and resultant PE nanocomposite.

  
    

    [image: Figure 19. Schematic illustration of mechanism]

  

   

  4. Nanocomposite Preparation

  Polymer nanocomposites are two-phase materials in which the polymers are reinforced by nanoscale fillers. This kind of materials have been widely used, both in industry and in academia, in order to improve the mechanical, thermal, barrier, and other properties of the polymer matrix. However, it is widely established that when the fillers are uniformly dispersed in the polymer matrix, the composite properties can be improved to a more dramatic extent. After the preparation of nanocomposites/layered materials, two main types of polymer-filler morphologies can be obtained: intercalated and exfoliated. The intercalated structure occurs from formation of alternate layers of polymer and inorganic layers. An exfoliated structure results when the individual layers are completely separated and dispersed randomly in a polymer matrix.100 These two types of polymer-layered silicate nanocomposites are shown in Figure 20.

  
    

    [image: Figure 20. Schematic illustration of two different]

  

  The three most common methods to synthesize NCs are by polymer melt compounding,102,103 solution blending,104-106 and intercalation of a suitable monomer and subsequent in situ polymerization.107,108

  4.1. Melt compounding

  Melt compounding is the method where a mixture of polymer and filler is annealed above the glass transition temperature in either static or flow conditions. This method was first demonstrated by Vaia et al. 84 in 1993, that used mica-type layered silicate (MTS) as filler for polystryrene. Using alkylammonium cation as compatibilizer, they obtained the intercalated polymer that is the result of the molecular confinement of the chains within the two-dimensional host galleries.

  This method does not require the use of a solvent or monomer, making it simple, economical and environmentally friendly. It demands that a polymer and filler mixture is heated under either batch or continuous shear (i.e ., in an extruder) above the softening point of the polymer.109 During the heating process, the polymer viscosity decreases and allows the diffusion, promoting filler dissemination through the polymer matrix to form either intercalated or exfoliated material, depending on the degree of filler de-aggregation.110,111 Figure 21 shows an schematic representation of polymer nanocomposite obtained by melt compounding using dimethylbis(hydrogenated-tallow) ammonium montmorillonite [M2(HT)2]/linear low density PE (LLDPE).112

  
    

    [image: Figure 21. Schematic representation of PLS obtained by direct]

  

  The main drawback of this method is that it often leads to an insufﬁcient ﬁller dispersion, especially at a high ﬁller content, which causes filler aggregation and/or intercalation that, in turn, promotes the deterioration of the mechanical properties, when compared to the corresponding exfoliated nanocomposite. In some cases, in situ exfoliation can be achieved during melt mixing, however it is possible only for polymers that can be processed at high temperatures. Usually, the polymer cannot degrade before 230 ºC, temperature generally required for exfoliation.102

  Compatibilizers can be used to improve the filler dispersion. Chun et al. 11 used a compatibilizer to enhance dispersion of MMT (Cloisite 25A and Cloisite 30B) into the polyurethane (PU) matrix by melt mixing. The authors found that the nanoparticle dispersion was the best at 1 wt. % of MMT and it was improved with compatibilizer content for both tested composites. However, the nanocomposite obtained with Cloisite 25A was significantly affected by the presence of the compatibilizer in contrast to Cloisite 30B, which demonstrated less dependence on the compatibilizer content.

  4.2. Solution blending

  Polymer nanocomposite preparation by the blending of the filler with the polymer into a solution requires a suitable solvent that can both solubilize the polymer and swell the filler. After the filler is dispersed into the polymer solution, the nanocomposite is obtained upon the removal of the solvent, that can be made by solvent evaporation or polymer precipitation.114,115 Figure 22 shows an schematic representation of nanocomposite preparation by this method: the case of ethylene vinyl acetate (EVA)/LLDPE/organomodified layered double hydroxide (DS-LDH).116

  
    

    [image: Figure 22. Schematic representation of EVA/LLDPE/DS-LDH]

  

  Aranda and Ruiz-Hitzky118 reported the first preparation of the polyethylene oxide (PEO)/MMT nanocomposites by this method. The authors used different polar solvents, including water, methanol, acetonitrile, and mixtures, to conduct a series of experiments evaluating the influence on intercalation of PEO into Na+-MMT. The polarity of the solvents showed to determine the degree of silicate layers that are intercalated by the polymer through this method. The results showed that the high polarity of water helps with the swelling of Na+-MMT. Methanol was not suitable as a solvent for PEO, however, water/methanol mixtures promoted intercalation.

  The limitation of this method is that it is only applicable to soluble polymers. The use of solvent has the disadvantage of the costs and the environmental impact. Additionally, the polymer solvent must be capable of dispersing the fillers. Kim et al. 104 used melt and solvent blending methods to incorporated graphene, derived from graphite oxide (thermally reduced graphene oxide, TRG), via rapid thermal exfoliation and reduction, into LLDPE and its functionalized analogs (with amine, nitrile and isocyanate). They found that graphene was well exfoliated in functionalized LLDPE (represented in Figure 23b), while phase separated morphology was observed in the un-modified LLDPE (represented in Figure 23a). The carbon sheets were more effectively dispersed by solvent blending than by melt compounding. Figure 24 shows the TEM micrographs of the LLDPE samples grafted with maleic acid (EG-8200-MA) containing 1 wt. % of TRG prepared by (a, b) melt compound and (c,d) solvent blending.

  
    

    [image: Figure 23. (a) Phase separated and (b) randomly distributed]

  

  
    

    [image: Figure 24. TEM images of 1 wt.% TRG with EG-8200-MA]

  

  4.3. In situ polymerization

  The use of in situ polymerization nanocomposite preparation, although not yet established on a large scale, has been shown to give ﬁnely-dispersed ﬁllers in polyoleﬁns.119 In this method, the filler is saturated by the polymer monomer. Subsequent polymerization takes place allowing the formation of polymer chains between the layers of the nanoparticles. Figure 25 shows an schematic representation of nanocomposite production by in situ polymerization, using as example PE/OMMT with supported rac-ethylene bis (4,5,6,7-tetra-hydro-1-indenyl) zirconium dichloride.120

  
    

    [image: Figure 25. Schematic representation nanocomposite production]

  

  The pioneering in situ polymerization work was made by Toyota researchers toward the development of a N6/MMT nanocomposite.13,14 The group results showed that, with only very small amounts of layered silicate loadings, the thermal and mechanical properties have been improved remarkably. Lee et al. 121 found that polyehtylene terephthalate (PET) obtained by in situ polymerization (direct condensation reactions of diol and diacid) in the presence of clay, only produced low Mw polymer nanocomposites. This effect was attributed to a poor control on stoichiometry. Melt intercalation method for the synthesis of PET nanocomposites led only to the production of intercalated nanocomposites. Filler dispersion should be improved. Better results were obtained by using ring-opening polymerization of ethylene terepthalate cyclic oligomers in the presence of organically modified montmorillonites.

  The schematic representation of the process that successfully produced PET nanocomposites is shown in Figure 26. The filler interlayers were swollen with cyclic oligomers. Since these cyclic oligomers present low Mw and low viscosity, they could easily intercalate into the filler interlayer spaces, conducting to the increase in the interlayer distance followed by filler delamination.

  
    

    [image: Figure 26. Schematic representation of nanocomposite]

  

  The general conclusion is that polyolefin nanocomposite preparation by melt compounding and solvent blending can lead to an insufficient filler dispersion, especially at a high filler content. The main observed problems caused by aggregation and intercalation of the fillers is the deterioration of the mechanical properties of NCs.3 In situ polymerization promotes a better dispersion, whereby the metallocene/methylaluminoxane can be adsorbed or anchored on the surface of the nanofillers such as particles, fibers, layers and tubes and allow the olefin polymerization in the nanoparticle surrounds.

   

  5. Morphological Nanocomposite Properties

  The production of NCs promotes superior mechanical, thermal and barrier properties, when comparing with the pristine polymer.2,122-124 However, these properties are closely related with dispersion of the filler into the polymer matrix.

  The structure of nanocomposites are generally determinated by X-ray diffraction (XRD) analysis and TEM. Although XRD analysis offers a convenient method to determine the average interlayer space of layers before and after introduction on nanocomposites, it is impossible to determine the spatial distribution of the layers if it is not organized. Since TEM offers a direct visualization, information about the internal structure, spatial distribution of the phases, and views of the defect structure can be obtained. As can be seen in Figure 27, different morphologies of the inorganic solid support produces different kind of nanocomposite dispersion. By this observation we can conclude that different filler produces different properties on the prepared polymer nanocomposite.

  
    

    [image: Figure 27. Micrographs of exfoliated nanocomposites composed]

  

  Bergman et al. 125 successfully produced exfoliated PE-silicate nanocomposite material. The procedure was the intercalation of organically modified fluorohectorite with a well-defined cationic palladium complex. The exposition to the olefin monomer promoted the layers exfoliation (see Figure 28). The confirmation that silicate delamination occurred was made by monitoring the progress of the reaction using powder XRD analysis. The results in Figure 29 show the absence of diffraction peaks after exposure to ethylene for 24 h. This result strongly suggests the formation of an exfoliated polymer nanocomposite.

  
    

    [image: Figure 28. Schematic representation of silicate intercalated]

  

  
    

    [image: Figure 29. Plot of powder X-ray diffraction intensity versus scattering]

  

  By the morphological properties, the dispersion related with filler concentration can be determined and then, the respective mechanical and thermal propertied can be analyzed together with filler dispersion. Santos et al. 126 evaluated the morphology and properties of 
    PP/organoclay (PP/OMMT) nanocomposites prepared by melt compounding using maleic anhydride-grafted PP (PP-g-MA) and/or organosilane (OTMS) as compatibilizing agents. They fixed the content of OMMt as 2 wt. %, and tested different concentrations of OTMS, OTMS + PP-g-MA and PP-g-MA. In the absence of the compatibilizer, the PP nanocomposites exhibited agglomerated structures, but when either PP-g-MA or OTMS was added, improved clay dispersion was achieved. Figure 30A shows the TEM image of the sample without the compatibilizer and Figure 30B for the sample with 5% OTMS and 1.5% PP-g-MA. Improvement on layers dispersion by the use of the compatibilizer can be noticed. The authors also discussed the dispersion level promoted by different compatibilizer amounts. Figure 30C shows the image of the sample with 1 wt. % OTMS. It was assigned that the sample with 0.5% OTMS and 1.5% PP-g-MA promoted the best filler dispersion, obtaining exfoliation of the C15A (organophilic montmorillonites Cloisite 15A) platelets in the PP matrix. However, it is difficult to reach such a conclusion analyzing only TEM images, since the dispersions observed by them, with exception of the sample without a compatibilizer (Figure 30A), seems similar. In this case, characterization by another technique is necessary.

  
    

    [image: Figure 30. TEM images of the 2 wt.% C15A/PP nanocomposites: without]

  

  Boumbimba et al. 127 used PP matrix mixed with several concentrations of organomodified MMT for a comparative study on the extent of the exfoliation by using TEM, XRD, rheological measurements at low frequencies and light scattering measurements. They aimed at providing that the technique of light scattering is capable to measure the degree of exfoliation in polymer nanocomposite systems. By the TEM images, the authors assigned a good dispersion for PPN-0.5 (PP + 0.5 wt. % Nanomax) (Figure 31Aa), and partially exfoliated morphologies are found for higher concentrations, PPN-1.0, PPN-3.0 and PPN-6.0 (Figure 31Ab, 31Ac and 31Ad, respectively). According to the authors, the presence of maleic anhydride increased the compatibility between the PP matrix and the organoclay. However, by the presented images, an assigned of a dispersed system is not possible for any tested samples. The different filler concentrations seem to provide similar effect, non-effectively dispersed layers. Indeed, X-ray diffraction analyses were also made. The results are shown in Figure 31B.

  
    

    [image: Figure 31. TEM images (A) and XRD patterns (B) of PP nanocomposites]

  

  According to the authors, the diffractogram of PPN-0.5 sample showed the disappearance of the broad XRD peak of the nanomax filler. On the XRD patterns, the intercalated structure is evidencied by the increase in basal spacing. Increase from 22.8 Å, for pure nanomax filler, to 28.2 Å and 25.6 Å, for the nanocomposites PPN-3 and PPN-6, respectively, was observed. Considerations about this work, when comparing with the other prepared composites, PPN-0.5 seems to reach the better layer dispersion. However, it was unclear if it really reached the exfoliated statement.

  Bieligmeyer et al. 128 developed a route to obtain fully miscible PE nanocomposites that was established based on polymer-brush-coated nanoparticles. According to the authors, this is a general route to obtain fully miscible nanocomposites with semicrystalline polymers. PE/iron oxide nanoparticles (maghemite) nanocomposites were prepared choosing a ligand exchange procedure and selecting primary amino groups to functionalize the polymer chain-end. As a suggested method, the procedure was based on the polymerization of ethylene in toluene at 80 ºC using a neodymocene precatalyst [Cp*2NdCl2Li(OEt2)2] and butyloctylmagnesium as an activator/chain-transfer agent (CTA) via catalyzed chain growth (CCG). This method was chosen since it allows the control of polymer Mw by the variation of CTA loading and ethylene consumption. Amino-functionalized PE chains were attached to the maghemite nanoparticles via a ligand exchange process. The dispersion degree of nanoparticles within the nanocomposites was characterized by TEM. Figure 32a shows the images of highly filled rhombic PE nanocomposite crystal with 54 wt. % nanoparticles. Magnification shows that the nanoparticles are homogeneous (Figure 32b). PE with 7.4 wt. % of nanoparticles is shown in Figure 32c. The miscibility of the PE-coated nanoparticles with the PE matrix can be seen by the clearly homogeneous distribution of nanoparticles (Figure 32d). The particle sizes were determined by dynamic light scattering and were found to decrease with increasing nanoparticle loading.

  
    

    [image: Figure 32. Electron micrographs of a highly filled rhombic]

  

  The correlation between the method of preparation with the morphological, mechanical and thermal characteristics of the nanocomposites is found in the literature. Heinemann et al. 103 polymerizated ethylene using MAO-activated N, N-bis (2,6-27-diisopropylphenyl)-1,4-diaza-2,3-dimethyl-1,3-butadienenickeldibromide (DMN) (Figure 33A) in toluene. The polymerization process was made in the presence of bentonite modified with dimethylstearylbenzylammonium cations (DMSB) (Figure 33B). X-ray diffraction helped to examine the nanocomposite formation. Figure 33C compares the bulk layered silicate modified with dimethylstearylbenzylammonium ions, curves a, with those of pure polymer, curves d, and polymer nanocomposites prepared by melt compounding, curves b, and in situ polymerization, curves c. The study showed that the melt compounding reduced the interlayer spacing characterized by the compression of the silicate layers, attributed by the authors to a non compatibility effect. In contrast, in situ polymerization enhanced silicate exfoliation, since the signals from the bentonite modified with dimethylstearylbenzylammonium ions are absent.

  
    

    [image: Figure 33. Structures of (A) DMN and (B) dimethylstearylbenzylammonium]

  

  TEM images showed the significative improved dispersion of bentonite in the nanocomposites (PE/DMSB), prepared by in situ polymerization compared with those prepared by melt compounding (Figure 34).

  
    

    [image: Figure 34. TEM-images of PE/DMSB nanocomposites]

  

   

  6. Conclusions

  Metallocene complexes made important contributions for the PE field. The interest to apply the metallocene complexes supported on inorganic solids comes from industrial interests since the plants operate mainly with heterogeneous Ziegler-Natta catalysis. When the polymerization processes are conducted in the presence of nanoscale inorganic supports, they remain in the final product, leading to the nanocomposites production. Polyolefin nanocomposites represent a huge innovation that brought novel properties and characteristics to the polymers. Polyolefin/clay nanocomposites production has been receiving special attention due to the improvement on mechanical, thermal and barrier resistance of 
    the polymer.

  Properties such as support chemical surface composition, size and shape of the nanoparticles, structure, pore sizes, interlayer distances, hydrophobicity and mechanical, electrical and thermal properties of the fillers have to be taken into account before choosing a desired filler that is supposed, together with the polymer matrix, to reach a determined property. The study of new kinds of inorganic supports, novel anchoring processes to produce new properties and to provide better understanding of nanocomposite for academic purposes is important and should be supported and stimulated.

  This review discussed the use of inorganic solid supports for olefin metallocene catalysts and presented the main characteristcs of these materials as well of the metallocene supporting procedure. Several procedures are applied to improve the filler compatibility with the polymer matrix and to reduce the catalyst de-activation. When the ideal treatment procedure is chosen, the nanocomposite production is achieved. Considering that when polymer nanocomposites are compounded with exfoliated nanoparticles, rapid dissipating energy is obtained, then, significative improvements on the properties can be reached. The catalyst, the support, the polymerization conditions and the type of the activator have a profound effect on the catalyst kinetic behavior in the olefin polymerization. The morphology of the nanoparticles also promotes particular changes on final polymer properties.

  Above all the considerations about these important topics, it is deeply important, for nanocomposite materials production, that the filler is randomly dispersed on polymer matrix. In order to obtain the desired product characteristics, an important study of the literature about the many influences on filler dispersion must be made. This contribution aimed to discuss, in a general way, the main considerations of the methods cited by published studies and the polymerization application results in the field of polyolefin nanocomposites.
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    A grande capacidade do paládio de formar ligações carbono-carbono entre substratos apropriadamente funcionalizados permitiu que os químicos orgânicos efetuassem transformações antes impossíveis ou alcançáveis somente através de rotas muito longas. Neste contexto, uma das mais elegantes e importantes aplicações das reações de acoplamento cruzado catalisadas por paládio é a síntese de compostos de interesse farmacêutico. A presente revisão tem por objetivo apresentar uma visão geral do uso de acoplamentos cruzados na síntese de componentes de medicamentos (ou de candidatos a medicamentos), independentemente da escala, compreendendo o período de 2011 até o final de julho de 2014.

  

   

  
    The impressive ability of palladium to assemble C-C bonds between appropriately functionalized substrates has allowed synthetic organic chemists to perform transformations that were previously impossible or only possible using multi-step approaches. In this context, one of the most important and elegant applications of the Pd-catalyzed C-C coupling reactions currently is the synthesis of pharmaceuticals. This review is intended to give a picture of the applications of Pd-catalyzed C-C cross-coupling reactions for the synthesis of drug components or drug candidates regardless of the scale from 2011 through to the end of July, 2014.
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  1. Introduction

  Palladium-catalyzed cross-coupling reactions comprise one of the most efficient methods for the construction of carbon-carbon bonds.1-3 The impressive ability of palladium to assemble C-C bonds between appropriately functionalized substrates has allowed synthetic organic chemists to perform transformations that were previously impossible or only possible using multi-step approaches. Therefore, these cross-coupling methodologies have revolutionized the way of thinking regarding synthetic organic chemistry, having found widespread use in organic synthesis and material science, as well playing an important role in pharmaceutical, agrochemical and fine chemical industries.4-8 In this scenario, the award of the Nobel Prize in Chemistry in 2010 was a deserved recognition, rewarding jointly Richard F. Heck, Ei-ichi Negishi9 and Akira Suzuki10 for their remarkable contributions for the Pd-catalyzed cross-couplings in organic synthesis.11

  The generally accepted mechanisms for Pd-catalyzed C-C cross-coupling reactions are summarized in Scheme 1. All reactions start with a Pd zerovalent species preformed or formed in situ from Pd divalent catalyst precursors. The first step is common for all reactions, consisting of the oxidative addition reaction of organic halide (or pseudohalide) to the Pd zerovalent species affording the R1-Pd-X intermediate. In the case of coupling reactions involving an organometallic partner (R2M), the R1-Pd-R2 intermediate is formed by a transmetalation step. Finally, reductive elimination provides the R1-R2 coupling product, and regenerates the Pd zerovalent species. The Sonogashira reaction involves the coupling between organic halides and alkynes. When copper salts are used as the co-catalyst, copper acetylides are formed in situ and are involved in the transmetalation step. A different catalytic cycle is involved in the Heck-Mizoroki reaction. In this case, the alkene is coordinated to the common R1-Pd-X intermediate. Then, a syn migratory insertion occurs and the organopalladium species formed undergoes β-hydride elimination to form the alkene product. Finally, a base-assisted elimination of HX regenerate the Pd(0) catalyst.12-17 When an aryldiazonium salt is used in place of an aryl halide, the reaction is known as Heck-Matsuda reaction.18-21 The difference in terms of mechanism is that the oxidative addition of aryldiazonium salts to the Pd zerovalent species generates a cationic [R1-Pd]+ intermediate.

  
    

    [image: Scheme 1. General catalytic cycles for the Pd-catalysed reactions]

  

  In our opinion, the most important and elegant application of the coupling reactions is the synthesis of pharmaceuticals. In this context, there is an excellent review about the applications of Pd-catalyzed coupling reactions. This review covers the period from 2001 to 2008, and highlights examples that have been performed on at least a kilogram scale in the chemical and pharmaceutical industries.5 In addition, Pfizer researchers have reviewed the large-scale applications of transition metal-catalyzed coupling reactions for the manufacture of drug components in the pharmaceutical industry through to the end of August, 2010.4 This review is intended to give a picture of the applications of Pd-catalyzed C-C cross-coupling reactions for the synthesis of drug components or drug candidates, regardless of scale, from 2011 through to the end of July, 2014.

   

  2. Suzuki-Miyaura Reactions

  The transition metal-catalyzed reaction between an organoboron compound and a halide or pseudohalide is known as Suzuki-Miyaura cross-coupling.22 This important reaction is well-known for the assembly of biphenyl motifs.23 For example, Dalby et al. 24 reported a concise synthesis of D159687 (1), a partial allosteric modulator of phosphodiesterase 4 (PDE4), an enzyme related to inflammatory and respiratory diseases. The first synthesis of 1 involved six steps, with one Suzuki reaction step, with an overall yield of 8%.25 By using the benzyl aryl dibromide 2 as starting material, the synthesis of 1 was shortened to two-steps with an overall yield of 47% on the gram scale (Scheme 2).

  
    

    [image: Scheme 2. Sequential Suzuki reactions in the synthesis]

  

  The more reactive benzyl bromide moiety of dibromide 2 was coupled with a pinacol arylboronic ester, providing diarylmethane 3 in 66% yield. Activation of the remaining bromide in 3 was carried out using the same conditions, only changing the temperature and reaction time, and furnishing 1 at a yield of 71%.  The optimal conditions displayed in Scheme 2 were established after a screening of Pd sources [Pd(PPh3)4, PdCl2(PPh3)2 and Pd(OAc)2/PPh3], 
    solvents [dimethoxyethane/EtOH/H2O, dioxane/H2O and dimethylformamide (DMF)] and bases (K3PO4, K2CO3, Na2CO3 and Cs2CO3). It is worth noting that a reduction of the amount of catalyst increased the conversion in some cases, while higher amounts generally increased the level of impurities and difficult purification. This process was applied to the synthesis of two new PDE4D partial allosteric modulators, D159404 (4) and D159153 (5) (Figure 1), with overall yields of around 26% for the two Suzuki reactions.

  
    

    [image: Figure 1. PDE4D allosteric modulators]

  

  Thiel et al. described the preparation of several inhibitors of p38 mitogen-activated protein (MAP) kinases, which are enzymes that positively regulate the production of pro-inflammatory mediators (TNF-a and IL-1).26 These mediators are involved in rheumatoid arthritis, Crohn's disease and psoriasis. The original synthetic route27 presented some challenges for scaling-up, most notably the employment of toxic carbon tetrachloride, silver salts and microwave irradiation. Therefore, the authors optimized the route, on a kilogram scale, employing the aryl chloride 6 as starting material and avoiding the use of toxic solvents (Scheme 3). For activation of the less reactive C-Cl bond, ligand screening was necessary, and MePhos (7) was identified as the most effective. Thus, this ligand combined with a mixture of ethanol/aqueous sodium hydroxide was employed with Pd2(dba)3, where dba = dibenzalacetone, as pre-catalyst to provide 8 in yields between 70 and 81%. In contrast to the medicinal chemistry route, the final step did not employ a palladium-catalyzed reaction, allowing easier removal of this metal: the synthesis of 9 employed 1,1-carbonyldiimidazole (CDI) and cyclopropylamine in ethyl acetate leading to the desired product in 70% yield after two steps. The authors believe that any significant amount of palladium present as an impurity in intermediate 8 was removed quantitatively with the aid of imidazole employed in the carbonyl activation step.

  
    

    [image: Scheme 3. Suzuki reaction of an aryl chloride en route]

  

  It is worth noting that the large scale synthesis of 10, another inhibitor of p38 MAP kinases, demanded a completely different catalytic system for the Suzuki reaction. While the original medicinal chemistry route employed Pd(PPh3)4 for the coupling of 11 with a boron pinacolate derivative, on a large scale, the authors were capable of reducing the catalyst loading (albeit no amounts were disclosed in the text) by using PdCl2(APhos) (12), allowing a very clean reaction to be performed due to the high activity of this catalyst (Scheme 4).26 Thus, the Suzuki product 13 was obtained in 93% yield by treating 11 with the appropriate arylboronic acid in the presence of 12 and potassium phosphate, with a mixture of isopropyl alcohol and water as solvent. Finally, treatment of 13 with CDI in tetrahydrofuran (THF) provided 10 in 94% yield.

  
    

    [image: Scheme 4. Optimized Suzuki reaction for the synthesis]

  

  Gillmore et al. developed a multi-kilogram preparation of PF-01367338 (14), a drug candidate for the treatment of breast and ovarian cancers.28 It is an inhibitor of poly(ADP ribose) polymerase (PARP), an enzyme that is responsible for repairing damaged DNA in normal and tumour cells.28 The described synthetic route delivered 2 kg of the salt 14, and the authors described how they had to overcome some synthetic challenges in order to scale up the synthesis to multi-kilogram scale. The overcome problems include: understanding of the thermal hazards of the Leimgruber-Batcho indole synthesis, installation of the side chain through a reductive alkylation procedure, improvements in the robustness of the Suzuki coupling, removal of hydrogen cyanide generation during a reductive amination reaction, and reliable generation of good-quality free base for the final salt formation step.

  The Suzuki reaction between the tricyclic bromide 15 and 4-formylphenylboronic acid was first carried out in multi-kilogram scale using by Pd(PPh3)4 as catalyst. The reaction did not reach completion requiring an additional catalyst charge. In the sequence, the Suzuki reaction was performed with [PdCl2(dppf)·CH2Cl2] as a pre-catalyst, and full conversion was obtained after 2 h at 90 ºC (Scheme 5), providing 16 with yield of 92%.

  
    

    [image: Scheme 5. Suzuki reaction for the synthesis]

  

  Grongsaard et al. reported a scalable synthetic route of 17, an inhibitor of Akt kinase, which is an enzyme that is up-regulated in several types of cancer, such as colon, breast, brain, lung and prostate.29 This interesting polycyclic was prepared on small scale through a Suzuki reaction between a pyridyl chloride and an aryl boronate. However, given the harsh conditions required for this reaction [140 ºC, microwave heating, 20 mol% of Pd(PPh3)4], an improvement of this step was clearly necessary for scale-up. Thus, an optimization study was performed for the Suzuki reaction between triflate 18 and boron pinacolate 19, with a screening of ligands [XPhos, 1,4-bis(diphenylphosphino)butane (dppb), (R)-(2,2'-bis(diphenylphosphino)-1,1'-binaphthyl) (BINAP), 1,1'-bis(diphenylphosphino)ferrocene (dppf) and 1,1'-bis(di-i-propylphosphino)ferrocene (dippf)]. Electron-rich, ferrocen-derived phosphines presented superior performances (Scheme 6). Also, a mixture of THF and water was found to be the optimal solvent, but 2-MeTHF was chosen instead of THF because enables a simpler purification by crystallization. Notably, water proved to be essential to this transformation, the yields were lower in anhydrous media. However, the authors did not provide an explanation for this. Optimal conditions were found and are shown in Scheme 6: 3 mol% of both Pd(OAc)2 and dippf (20) were employed with potassium phosphate as base and a mixture of 2-MeTHF and water as solvent, with the heating temperature steadily raised from room temperature to 50 ºC. The desired product 21 was obtained in 84% yield, and removal of the tert-butyloxycarbonyl (Boc)-protecting group afforded 17 in 93% yield.

  
    

    [image: Scheme 6. Synthesis of 17 by means of a Suzuki reaction]

  

  In the Suzuki reaction mentioned above, the valuable boron pinacolate 19 was employed only in slight excess. Even though borylations are out of the scope of this review, the synthesis of 19 deserves particular mention, since this compound demanded more than ten steps to be reached starting from acid 22 and was finally obtained by an elegant Pd-catalyzed borylation of the aryl chloride 23 (Scheme 7).

  
    

    [image: Scheme 7. Synthesis of boron pinacolate derivative]

  

  Tian et al. described a convergent synthesis for GDC-094130 (24), a phosphatidylinositol 3-kinase (PI3K) inhibitor (Scheme 8). The PI3K pathway is frequently activated in tumours and its inhibition has a role in human cancers. The indazole-derived boronic acid 26 was employed as its tetrahydropyran-protected derivative due to solubility issues and to render an easier purification. Previous studies identified Pd- or Ni-catalyzed systems for this Suzuki reaction. The first employed PdCl2(PPh3)2 with Na2CO3 as base and 1,4-dioxane as solvent; regarding the economically more attractive nickel, Ni(NO3)2.6H2O/PPh3 was identified as an optimal pre-catalyst, with K3PO4 as base and acetonitrile as solvent. In the Ni-catalyzed reaction, boronic acid 26 performed better than the corresponding boronate ester. The yield of the Pd-catalyzed reaction was 60%, whereas the Ni-catalyzed reaction provided 27 in 79% yield. Mild removal of the THP-protecting group then provided 24. Regarding purification after the Suzuki reaction, residual Ni was easily removed through an aqueous ammonia wash followed by crystallization, while the removal of residual Pd demanded expensive scavengers and a large volume of solvents. The easy removal of nickel traces compensated for the high loadings of its pre-catalyst (30 mol%); Pd loadings were lower (4.5 mol%), however the lower yield and difficult purification impaired the use of this noble metal.

  
    

    [image: Scheme 8. Synthesis of GDC-0941 (24) through a Suzuki]

  

  Hicks et al. reported the synthesis of 28 (Scheme 9), a molecule connected to PI3K and AKT/PKB signalling pathway that inhibits cell proliferation and tumour growth.31 Initially, Suzuki coupling of 29 with 30 was performed in the presence of Na2CO3, but attempts to decrease the initial loading (3 mol%) of the palladium pre-catalyst (see Scheme 9) with this base resulted in incomplete conversions. Surprisingly, substitution of sodium carbonate by potassium phosphate allowed an impressive decrease of the Pd loading to 0.2 mol%; nonetheless, careful removal of palladium impurities was necessary, and after some testing with L-cysteine, an optimal procedure was disclosed in which the desired Suzuki product was isolated as 1:1 N,N-dimethylacetamide solvate 31 and redissolved in DMF, with Pd being removed by means of a scavenger supported on silica. Thereafter, ethanol was added as an anti-solvent for crystallization, providing 28 with palladium amounts lower than 1 ppm.

  
    

    [image: Scheme 9. Optimized Suzuki reaction en route]

  

  A process chemistry development was performed for the synthesis of CEP-32215 (32) (Scheme 10), an antagonist of the histamine H3 receptor;32 its antagonists can be used in a variety of central nervous system (CNS) disorders associated with attention and cognitive deficits (wakefulness, attention-deficit hyperactivity disorder, Alzheimer's disease, mild cognitive impairment and schizophrenia). The synthesis of this compound employed a curious Suzuki-type reaction of acid chloride 33 and arylboronic acid 34: this boronic acid was used in its crude form, since it was more reactive than the chromatography-purified product. The authors attributed this remarkable behaviour to the fact that, in its crude form, the boronic acid was more soluble in toluene than in its purified crystalline version. A screening of different bases, solvents, catalysts and temperatures led to the identification of PdCl2(PPh3)2 as an optimal pre-catalyst and cesium carbonate as the most effective base. Toluene proved to be the best solvent, and a small amount of water was necessary in order to solubilize the cesium carbonate. Additional ligands generally impaired the reaction. Therefore, ketone 35 was obtained in 75% yield.

  
    

    [image: Scheme 10. Suzuki-like reaction of acid chloride]

  

  Hong et al. developed a scalable synthesis of a Bruton's tyrosine kinase (BTK) inhibitor (36), an important cell signalling enzyme involved in early B cell development and mature B cell activation and survival.33 These cells play a key role in autoimmune and inflammatory diseases. In the first approach for this compound, a Suzuki reaction between aryl chloride 37 and boronate ester 38 was applied in a late synthetic stage (Scheme 11).

  
    

    [image: Scheme 11. First generation conditions or the Suzuki]

  

  Even though this reaction was successful in providing the desired product 39, up to 20% of impurities (40) arising from condensation of the aldehyde moiety of 39 were detected by high performance liquid chromatography (HPLC) when the reaction was carried out for longer times (as it is commonly the case in large scale synthesis). Therefore, a new strategy for this final coupling was necessary. An initial attempt was performed by protection of the free nitrogen of 38 with the Boc group, thus rendering the pyridinone ring of 39 less nucleophilic: indeed, a cyclization like that observed in 40 was avoided after the Suzuki reaction; nonetheless, conditions for removal of the Boc group cleaved the morpholine moiety as well. Thus, instead of aldehyde 39, the authors envisioned a Suzuki coupling between alcohol 41 and boron pinacolate 38. However, this change in the electronic nature of the aryl halide coupling partner demanded re-optimisation of the Suzuki reaction, and then tricyclohexylphosphine and Pd(dba)2 were identified as the optimal ligand and pre-catalyst, respectively. The solvent could be switched from DMF to 2-MeTHF with no yield losses. Once the Suzuki reaction had been performed, palladium was removed by treatment with activated charcoal, and 36 was obtained in 83% yield and 99% purity as judged by HPLC (Scheme 12).

  
    

    [image: Scheme 12. Optimized Suzuki reaction in the synthesis]

  

  Kallman et al. reported a synthesis of LY2801653 (42), a type-II ATP competitive inhibitor of mesenchymal epithelial transition factor (MET), which is a member of the receptor tyrosine kinase family.34 The MET pathway has been associated with the progression of some tumours and MET overexpression has been observed in many, including colon, renal, lung, head and neck squamous cell carcinoma and gastric cancer. In a first study, Suzuki coupling between bromide 43 and protected pinacolboron 44 furnished a mixture of 45 and 46, showing that the Boc protecting group was not stable under the employed Suzuki conditions. Moreover, 46 significantly poisoned the Pd catalyst (Scheme 13).

  
    

    [image: Scheme 13. Aiming at 42 by means of a Suzuki]

  

  The conditions for the Suzuki reaction were screened again, and with THF as solvent and Boc2O as additive, the yield of 45 could be improved to 75%. Nonetheless, further manipulation of 45 led to cleavage of the Boc group and gave rise to dangerous, mutagenic impurities. As a result, the authors decided to investigate a different approach to the synthesis, performing a Suzuki reaction with aryl bromide 47, which is very close to the final product, thus minimizing the manipulation of the Boc-containing product. Removal of this protecting group could then be performed in basic media, which prevented the amide linkage of 48 from being cleaved (Scheme 14).

  
    

    [image: Scheme 14. Optimized synthesis]

  

  Tetrasubstituted tiophenes 49-51 were identified by Huang et al. as highly promising candidates for the selective inhibition of the PI3K receptor, a property that is associated with the treatment of some types of cancer (Figure 2).35

  
    

    [image: Figure 2. Examples of PI3K selective inhibitors]

  

  The initial routes to these compounds displayed no cross-coupling reactions, with the benzene rings of 49-51 being introduced in the first step of the synthesis, therefore making a common intermediate impossible. For the scale-up, a synthesis featuring a Suzuki reaction between substituted iodothiophenes 51 and the corresponding arylboronic acids was envisioned (Scheme 15); however, some challenges were anticipated, such as the poor reactivity of iodothiophenes in the coupling step and the sterically demanding nature of 51. The Suzuki cross-coupling reaction indeed proved itself to be difficult; for example, reaction with 51a furnished only low to moderate yields of the desired product after approximately 100 conditions being tested, with large amounts of deiodinated by-products being observed. The authors believe that the poor solubility of 52a impaired the Suzuki reaction, and an additional drawback was the fact that the corresponding cross-coupling product was also poorly soluble, therefore making purification difficult. On the other hand, when the corresponding ethyl ester 52b was investigated, very satisfactory conditions could be identified after the employment of a high-throughput experimentation methodology, with catalysts [Pd(tBu3P)4, Pd(PPh3)4, PdCl2(dppf)], bases (CsF, diisopropylethylamine, K2CO3, K3PO4) and solvents (toluene, dioxane, ethanol, water) being combined under 200 different conditions. After data analysis, the conditions displayed in Scheme 15 were identified, with the three desired coupling products being obtained in good to excellent yields after purification by crystallization.

  
    

    [image: Scheme 15. Suzuki reaction of iodothiophenes]

  

  Walker et al. developed a large-scale synthesis of a GPR40 receptor agonist, a class of compounds that is being currently investigated as possible therapeutic agents for the treatment of type 2 diabetes.36 The target compound, AMG 837 (53), was obtained in a convergent way by joining Suzuki cross-coupling derived biphenyl 54 with enantiomerically pure β-alkynylcarboxylic acid 55 (Scheme 16).

  
    

    [image: Scheme 16. Retrosynthetic plan for the final steps]

  

  The first synthetic approach to 53 was based on a Suzuki reaction between aryl bromide 55 and arylboronic acid 56. A catalytic system containing palladium supported on charcoal, sodium carbonate and diisopropylamine/water as solvents was employed (Scheme 17), providing biphenyl 57 in 91% yield. In turn, compound 53 was obtained by borane-mediated reduction of 57 and bromination of the resulting benzylic alcohol.

  
    

    [image: Scheme 17. Original Suzuki reaction employed]

  

  Further investigation, however, was carried out in order to shorten the preparation of 54 and to avoid the reduction step. Thus, the authors were able to couple economically more attractive aryl chloride 59 with arylboronic acid 60 employing 1 mol% of Pd2(dba)3 as a pre-catalyst and 2.2 mol% of tricyclohexylphosphine as a ligand in a mixture of water and THF, 61 was obtained in an excellent yield of 95% (Scheme 18). Hydroxyl displacement with SOBr2 then furnished biphenyl 54 in an overall yield of 86% starting from the aryl chloride 59.

  
    

    [image: Scheme 18. Optimized preparation of biphenyl]

  

  En route to producing large quantities of Crizotinib (62), a c-Met/anaplastic lymphoma kinase (ALK) inhibitor in advanced clinical tests, De Koning et al. employed a Suzuki reaction in order to generate an advanced intermediate.37 However, before describing the large-scale synthesis itself, it is worth noting some aspects of the initial medicinal chemistry screening: compounds with the basic structure 63 were obtained through a sequence of protection, palladium-catalyzed borylation, deprotection and Suzuki reactions (Scheme 19) in order to allow for late-stage functionalization with substituted bromopyrazoles.

  
    

    [image: Scheme 19. Simplified initial route for preparation]

  

  Then, once crizotinib (and its R isomer) had been identified as the most promising candidate, the Suzuki cross-coupling was performed in an inverse way: the pyrazol moiety was employed as its boron pinacolate derivative (64, Scheme 20). Even though 64 was obtained in a moderate 40% yield, its Suzuki reaction furnished the desired product in excellent quantities, thus allowing a better use of the valuable chiral intermediate 65.

  
    

    [image: Scheme 20. Modified Suzuki reaction in the synthesis]

  

  The large-scale synthesis demanded further modifications: the preparation of multi-kilogram amounts of imidazole 64 presented high levels of dimerization; therefore, the palladium-catalyzed borylation was abandoned in favour of a Knochel-type procedure.38 The Suzuki cross-coupling was performed in a different solvent system: in order to avoid the undesirable DME, toluene and water were employed together with the phase-transfer catalyst tetrabutylammonium bromide (TBAB). This new procedure allowed the catalyst loading to be reduced to 0.9 mol% with a significant simplification of the purification procedure, once the cross-coupling product was soluble in toluene and hence easily separated from the water layer (Scheme 21).

  
    

    [image: Scheme 21. Employment of a different solvent system]

  

  The β2-adrenoreceptor PF-00610355 (66, Scheme 22), recently found to be effective in the treatment of respiratory diseases, was synthesized on a large scale by Thomson et  al. .39 The biaryl moiety of the target compound was assembled by means of Suzuki cross-coupling, which delivered 67 in good yield with a very low charge of palladium pre-catalyst (Scheme 22). Interestingly, in this reaction, 3% of the aryl bromide 68 remained unconverted after 2 h of reaction, demanding a second loading of the same initial amount of the pre-catalyst in order to achieve full conversion.

  
    

    [image: Scheme 22. Low loading of Pd in a Suzuki reaction]

  

  Bowles et al. developed a large-scale preparation of PF-03052334-02 (69), a pyrazole displaying reduced risk of musculoskeletal side effects in the treatment of coronary diseases (Scheme 23).40 For coupling of the diol-containing side chain, the authors envisioned a Suzuki cross-coupling between triflate 70 and vinylboronic acid 71; however, due to stability issues surrounding 71, this reaction failed to deliver the desired product. Therefore, an alternative was found in which 70 was coupled with styrenyl boronic acid 72, delivering the Suzuki product 73 in excellent yield. After that, 73 was submitted to ozonolysis, providing aldehyde 74 in 76% yield. The side chain was then installed by a Wittig reaction, whose product 75, after chemo- and regioselective reductions and deprotections, afforded 69.

  
    

    [image: Scheme 23. A Suzuki reaction followed by ozonolysis]

  

  Regarding bench-scale processes, Patel and Barret achieved a total synthesis of AT13387 (76), a molecule that is capable of interacting with chaperones that are essential for the survival of cancer cells.41 In their synthesis, the piperazino-iso-indoline 77 was assembled by a sp3-sp2 Suzuki cross-coupling reaction employing the Molander protocol (Scheme 24).42

  
    

    [image: Scheme 24. Preparation of 76 by means of a Suzuki reaction]

  

  Donohoe et al. achieved a total synthesis of the antitumor antibiotic (±)-streptonigrin (78), employing a variety of transition metal-catalysed reactions.43 While out of the scope of this text, it is worth noting that pentafunctionalized pyridine 79 was obtained by means of a challenging ring-closing metathesis reaction. Then, for constructing the AB-C ring system, the authors expected the triflate moiety of 79 to be more reactive towards Pd(0) oxidative addition in comparison to the bromide, mostly due to the increased reactivity of cross-coupling active substituents at the 2-position of pyridine (Scheme 25).

  
    

    [image: Scheme 25. Key steps in the synthesis]

  

  Thus, Stille reaction of pyridine 79 with stannylquinoline 80 provided the AB-C core of the desired product in 77% yield. Thereafter, Suzuki reaction with activation of the bromine substituent in 81 provided the tetracyclic compound 82 in 74% yield. Once the C-D ring system is configurationally stable, giving rise to atropoisomers, the authors also tried to perform the above Suzuki cross-coupling in an enantioselective fashion, with the best ratio between yield and enantioselectivity being achieved by means of the phosphino hydrazone 83 as a ligand (Figure 3) (65% yield and 42% ee).

  
    

    [image: Figure 3. Chiral ligand employed for the asymmetric]

  

   

  3. Negishi Reaction

  The Negishi reaction is the coupling between an aryl (or vinyl) halide and an organozinc compound.44,45 This coupling presents a greater tolerance towards sensitive groups like esters or amides when compared to organomagnesium or organolithium-based reactions; moreover, the enhanced reactivity of organozinc compounds allows this reaction to be performed at or even below room temperature, while boron or tin coupling partners demand harsher conditions.

  In 2013, a Negishi coupling was employed as one of the key steps in a new synthetic approach to BMS-599793 (84), an HIV entry inhibitor licensed from Bristol-Myers Squibb (BMS) by the International Partnership for Microbicides aiming towards its further development as a topical microbicide candidate for use in underdeveloped countries.46 While the original medicinal chemistry route employed a Stille coupling as the last step of the sequence, this new synthetic approach anticipates the metal-catalyzed C-C bond forming reaction using a Negishi coupling as the first step, which eliminated the inconvenience of high levels of toxic tin residues previously observed in the final product. The coupling between diarylzinc reagent 85 and azaindol 86 led to adduct 87, obtained in 41 to 59% yield for several batches of 400 g each. A single experiment carried out at a 1.5 kg scale afforded 87 in 54% yield and 99.6% HPLC purity (Scheme 26).

  
    

    [image: Scheme 26. Synthesis of 84 with a Negishi coupling as key step]

  

  Acylation of the adduct's azaindole moiety with methyl chlorooxalate followed by ester hydrolysis and amidation afforded the final product which, however, still exhibited a high residual content of palladium (16 ppm) and zinc (100 ppm), requiring additional purification steps. At the end of the synthetic sequence, product treatment with activated charcoal followed by several washes, a precipitation step and polymorphic conversions led to the final active pharmaceutical ingredient (API) with Pd and Zn contents of only 1 ppm each.

  A Negishi reaction was also used in a multi-gram synthesis of compound 88, a CHRT2 receptor antagonist with good pharmacological profile that was previously identified by Roche.47 Since it is believed that CHTR2 plays a pro-inflammatory role in allergic processes, its antagonists are viewed as potential new drugs for the treatment of asthma, allergic rhinitis, chronic obstructive pulmonary disease (COPD) and atopic dermatitis, among other diseases. En route to 88, the Negishi coupling between benzylzinc reagent 89 and aryl triflate 90 represented a major challenge. According to the previously developed medicinal chemistry synthetic route, the arylzinc preparation required a highly exothermic zinc activation process and the subsequent coupling step employed very high catalyst loadings, both of which are serious drawbacks for the scaling-up of the synthesis (Scheme 27).

  
    

    [image: Scheme 27. Synthesis of 88 with low loadings]

  

  During the process development, a traditional zinc activation approach was found to be effective, and by using trimethylchlorosilane in DMF, 237 g of zinc dust could be activated with only a 5 ºC temperature increase over a 30 min period.

  Regarding the proper Negishi coupling step, in a first moment, the authors were able to perform a 20-fold reduction in both palladium and phosphine quantities; however, the high cost of SPhos ligand was still prohibitive for large-scale production, even at 1 mol% loading. Fortunately, the inexpensive PdCl2(PPh3)2 complex was equally effective when employed as the sole catalyst at 0.5 mol% loading. Due to safety reasons associated with transferring a high reactive zinc reagent, the coupling reaction was performed at the same pot of zincate formation by the sequential addition of the Pd source and aryl triflate followed by heating to 60-65 ºC, which initiated the reaction. Without further heating, a temperature increase of up to 30 ºC in a 10 min period was observed for batches involving 500 g of trifate 90, which should be bypassed for further scale-up. Filtration of the reaction crude trough Celite and treatment with N-acetyl-L-cysteine followed by crystallization afforded the coupling product 91 in 95% yield and > 99% HPLC purity. The final hydrolysis step afforded the desired API, which displayed well-controlled levels of residual palladium and zinc (6 and 20 ppm, respectively).

   

  4. Sonogashira Reactions

  The construction of a new bond between sp2- and sp-hybridized carbons is known as the Sonogashira reaction,48 and it is nowadays a widely employed methodology for the construction of arylacetylenes.3,49,50 For example, a Sonogashira coupling was employed by the research and development group of Kyowa Hakko Kirin in a new and concise synthetic route for olopatadine hydrochloride (92), a commercial anti-allergic drug that was previously developed by the same company.51

  The reported synthesis goes through the Sonogashira reaction between the easy accessible aryl halide 93 and alkyne 94 leading to adduct 95 in 94% yield. This adduct is then subjected to a second metal-catalyzed transformation, a stereospecific palladium-catalyzed intramolecular cyclization, whose optimum conditions were identified based on an elegant and comprehensive Design of Experiments (DoE) investigation to provide 96 (Scheme 28).

  
    

    [image: Scheme 28. Optimal Sonogashira conditions for the synthesis]

  

  Elaboration of the cyclization product 96 through aminomethylation and ester hydrolysis followed by acid work-up completes the synthesis of the final target. Although the presented synthetic route is very promising and concise, providing olopatadine hydrochloride in 54% overall yield for 6 steps from commercially available materials, it has so far been reported only on a laboratory scale (5 g for the Sonogashira coupling and 200 mg for the cyclization step).

  In 2012, in order to obtain necessary quantities for preclinical and phase 1 clinical studies, investigators at Wyeth Research reported the process implementation for the multi-kilogram preparation of GRN-529 (97), a highly selective mGluR5 negative allosteric modulator that was previously identified by the same company.52 The authors opted for the development of the synthetic route initially presented by the medicinal chemistry group, which featured a Sonogashira coupling as one of the key steps. Despite the good yield observed for this transformation, the conditions originally employed were not amenable for the scale-up of the reaction, requiring high loadings of metallic catalysts and drastic reaction conditions, as well as chromatographic purification of the product. During the developmental work, process friendly conditions were identified for the effective coupling between aryl halide 98 and alkyne 99, resulting in at least 10-fold reduction of metal catalyst loadings and considerably lower reaction temperatures (Scheme 29).

  
    

    [image: Scheme 29. Sonogashira cross-coupling with alkynyl]

  

  A purification process involving the treatment of the crude reaction with an aqueous cysteine and ammonia solution followed by crystallization of the product afforded the coupling adduct 100 with high purity, acceptable levels of residual palladium and copper, and an even higher yield (86%). Elaboration of the coupling product 100 through ester hydrolysis followed by amidation furnished the final API, which was further purified via crystallization, leading to even lower residual levels of palladium and copper (< 1 and 15 ppm, respectively). This process was successfully employed in the preparation of 5.5 kg of 97.

  Process chemistry researchers from Merck recently employed Heck and Sonogashira reactions in the multi-gram preparation of the macrocyclic compound MK-1220 (101),53 a potent hepatitis C virus (HCV) protease inhibitor with good therapeutic profile which has been evaluated as a potential new drug for the treatment of hepatitis C.54

  As an early synthetic step, a Heck reaction was used to introduce the nitrogen and two carbon atoms of the isoquinoline moiety present in the final target. The presence of a bulky substituent in the olefin 102 allowed the achievement of a 90:10 regioselectivity favouring the arylation of the terminal carbon, leading to adduct 103 in 76% isolated yield (Scheme 30).

  
    

    [image: Scheme 30. Heck reaction as a tool for assembling]

  

  A Sonogashira reaction was employed at a later stage of the synthesis, allowing the coupling of the advanced fragments 104 and 105 in 90% yield. The reaction conditions for this coupling were chosen based on a high throughput screening (HTS) study, which evaluated, among other factors, the use of 12 distinct ligands. Among them, only PtBu3.HBF4 led to a clean reaction and satisfactory conversion. The triple bond reduction of the coupling adduct 106 with concomitant removal of carboxybenzyl (CBz) protecting group led directly to the substrate for the key macrocyclization step (107). The side chain installation in 107 completed the total synthesis of MK-1220. According to the authors, this synthetic sequence could be successfully scaled-up to produce kilograms of the final API.

  The Sonogashira reaction has also recently been used in the synthesis of Filibuvir (108), a potential drug for hepatitis C treatment, which acts as an inhibitor of RNA polymerase and has been evaluated by clinical and toxicological studies.55

  The coupling between the alkyne 109 and aryl bromide 110 (Scheme 31), employed to introduce the pyridine moiety present in the final target, required the careful exclusion of oxygen from the reaction medium and addition of the palladium source prior to the copper catalyst, taking special care to avoid the formation of by-products through the oxidative coupling of the alkyne coupling partner (Scheme 31).

  
    

    [image: Scheme 31. Sonogashira reaction between bromide]

  

  The coupling adduct 111 was then subjected to an acylation reaction followed by reduction of the triple bond to afford 112. One of the drawbacks initially observed in this sequence was the high catalyst loading required for the hydrogenation step, which was attributed to poisoning of the metallic catalyst by residues of copper and phosphine derived from the initial Sonogashira coupling. Thus, previous purification of the acylated coupling product by washes with aqueous ethylenediaminetetraacetic acid (EDTA) followed by filtration through activated charcoal was necessary. This sequence of reactions was carried out on a pilot scale, producing 11.95 kg of the advanced intermediate 112.

  It should be mentioned that alkyne 109 is prepared by an aldol addition to the ketone 113 which, in turn, may also be prepared through a Sonogashira-type reaction involving the acid chloride 114 followed by desilylation. Although the authors present alternative and possibly more suitable synthetic routes for the preparation of this alkynyl ketone, the procedure based on the coupling between 109 and 110 could be successfully employed in the preparation of 100 kg of this material.

   

  5. Stille Cross-Coupling

  The coupling between an organic electrophile and an organotin compound is known as the Stille reaction.56 It may be employed for the construction of vinyl-vinyl, aryl-vinyl or aryl-aryl bonds. Although the toxicity and difficult removal of tin compounds, which can present problems on an industrial scale, the Stille coupling reaction presents similar advantages to the Suzuki reaction (accessibility of organostannanes, air and moisture stability, tolerance towards most functional groups) and is usually superior for the synthesis of complex molecules, affording an alternative for the synthesis in medicinal chemistry scale. For instance, a Pd-catalyzed intramolecular Stille cross-coupling was applied as a key macrolide formation in a total synthesis of the iejimalide B (115) (Scheme 32), an anticancer compound isolated from the tunicate species Eudistoma cf. rigida, which is  native to the coral reefs in Japan.57 A system based on Pd2(dba)3.CH3Cl and Ph3As provided cyclic advanced intermediate 116 with 72% yield. However, it must be mentioned that 60 mol% of palladium was employed in the reaction. The Stille coupling was chosen instead of a Suzuki reaction for this macrocyclization due to the fact that hydroboration of the alkyne intermediate 117 proved difficult to generate the Suzuki partner while the hydrostannylation afforded the intermediate stannane 118 with 75% yield. This result was attributed to the high functional group tolerance of the hydrostannylation in comparison with hydroboration.

  
    

    [image: Scheme 32. Intramolecular Stille reaction to provide macrocycle]

  

  In 2013, the total synthesis of the HIV-1 integrase inhibitor 119 was described in a nine step route (Scheme 33).58 The authors employed the bromopyridine 120 as starting material and the target compound was obtained with 18% overall yield. In the insertion of a side chain in the pyridinone central ring, the Stille cross-coupling of a vinyl stannane was applied and led to the product 121 with 83% yield after 1 h of reaction in DMF. A large amount (10 mol%) of the pre-catalyst PdCl2(PPh3)2 in combination with a 20% excess of the tin reagent was necessary to provide high yields. It must be mentioned that the iodinated substrate was also applied in the cross-coupling; however, according to the authors, the bromo derivative was preferred due to a simpler chromatographic purification.

  
    

    [image: Scheme 33. Total synthesis of the HIV-1 integrase inhibitor]

  

   

  6. Kumada Cross-Coupling

  The coupling of organomagnesium compounds and organic electrophiles is known as the Kumada reaction and is normally catalyzed by palladium or nickel complexes.59 ST1535 (122) is a highly selective adenosine A2A receptor ligand antagonist with good pharmacological properties, which might be considered a potential new drug for the treatment of Parkinson's disease.60 Previous approaches for its synthesis explored Stille or Suzuki couplings for the installation of the alkyl side chain present in the final target.61,62 Despite the good yields observed, both approaches suffered from major drawbacks such as drastic reaction conditions, low turnover number and frequency for the palladium catalysts employed, the need to prepare organoboron or tin reagents and the toxicity of starting materials and by-products in the special case of Stille reaction.

  In this context, in 2014, the authors described a new approach exploring the Kumada coupling of a Grignard reagent, one of the cheapest organometallic reagents available, catalyzed by Fe(acac)3, where acac = acetylacetonate, which is also a low-cost and easily removable catalyst. Besides the advantages regarding the cost of reagents and catalysts, the new procedure also generates less waste, due to the intrinsic higher atom-economy and also by not requiring an excess base, as seen for the Suzuki coupling approach. This procedure was successfully employed in the preparation of 38.5 g of 123, which could be converted to 122 through bromination and bromine displacement with triazole followed by benzyl protecting group removal, as previously described in the literature (Scheme 34).

  
    

    [image: Scheme 34. Example of an iron-catalyzed Kumada reaction]

  

   

  7. Heck Reactions

  The palladium-catalyzed olefination of a sp2 or benzylic carbon attached to a (pseudo)halogen is known as the Heck reaction.2,63 It is a powerful tool, mainly used for the synthesis of vinylarenes, and it has also been employed for the construction of conjugated double bonds. The widespread application of this reaction can be illustrated by numerous examples in both academia small-scale64 and industrial syntheses.5 As an example, in 2011, a idebenone (124) total synthesis based on a Heck reaction was described (Scheme 35).65 This compound, initially designed for the treatment of Alzheimer's and Parkinson's diseases, presented a plethora of other interesting activities, such as free radical scavenging and action against some muscular illnesses. The key step in the synthesis was the coupling of 2-bromo-3,4,5-trimethoxy-1-methylbenzene (125) with dec-9-en-1-ol affording products 126. Under non-optimized conditions (Pd(OAc)2, PPh3, Et3N, 120 ºC), a mixture composed of 60% linear olefins 126 and 15% of the undesired branched product 127 was obtained after three days of reaction. Therefore, the conditions were optimized, allowing the preparation of 126 in 67% yield with no detection of 127 after only 30 min of reaction employing DMF, Pd(PPh3)4, iPr2NEt under microwave heating. To conclude the synthesis, the Heck adducts were submitted to hydroxyl protection/deprotection, hydrogenation, and ring oxidation. After these reactions, idebenone was obtained with 20% overall yield over 6 steps.

  
    

    [image: Scheme 35. Synthesis of idebenone (124) based on Heck reaction]

  

  A similar strategy to link an aryl and an alkyl group by means of a Heck reaction was applied in 2013 in the synthesis of ginkgolic acid (13:0) (128), a tyrosinase inhibitor, as shown in Scheme 36.66 Benzoic acid 88 was used as starting material in order to obtain the triflate 130. This intermediate and the 1-tridecene were employed as coupling partners in the Heck reaction to obtain 131. The system used was based on PdCl2(dppf) and K2CO3, affording the coupling product in 78% yield after 12 h with 3.2 mol% of palladium. An alternative pathway to link the alkyl and aryl fragments was also tested: the coupling was performed in the presence of 9-borabicyclo(3,3,1)-nonane (9-BBN) to generate an alkylborane in situ from olefin 132 and achieve Suzuki coupling. However, this methodology was not productive. Once the Heck reaction was performed, 128 was obtained with 34% overall yield after the reduction of the double bond and the hydrolysis of the acetal protecting group.

  
    

    [image: Scheme 36. Synthesis of the ginkgolic acid based on the Heck]

  

  An intramolecular Heck-based cyclization was used as a key step for commendable synthesis of the antihistaminic drug olopatadine (133) and its trans isomer (134).67 Besides the Heck reaction, another vital step in this route was a stereoselective Wittig olefination using a non-stabilized phosphorus ylide that afforded the olefins 135 and 136 (E:Z ratio = 9:1 for 135, for instance). Concerning the Heck reaction, Pd(OAc)2, K2CO3, and NBu4Cl (TBAC) were allowed to react with 135 and 136 at 60 ºC during 24 h, providing the cyclic adducts 137 and 138 with reasonable 60% and 55% yields, respectively. However, it is important to note that in catalytic terms, the results were not encouraging, considering that 20 mol% of palladium was used and a disappointing turnover number (TON) of 3 was observed (Scheme 37).

  
    

    [image: Scheme 37. Heck reaction in synthesis of olopatadine]

  

  In relation to the stereochemistry of the Heck products, the above results were not surprising since they were consistent with a syn-insertion of the arylpalladium intermediate (provided by oxidative addition step) at the olefinic moiety followed by a syn β-elimination that afforded the product with the ascribed stereochemistry. Finally, with the cyclic products in hands, the syntheses were completed by alkaline hydrolysis of methyl esters that afforded the target olapatadine and trans-olapatadine.

  Two Heck-based strategies were applied in the synthesis of caffeine-styryl compounds (139) with dual A2A antagonist/MAO-B inhibition properties and potential application in Parkinson's disease (Scheme 38).68 In the first approach, the bromide 140 was submitted to a Suzuki cross-coupling with vinylboronic acid pinacol ester affording the vinyl-caffeine intermediate 141 in 67% yield. This intermediate was used as substrate in the Heck reaction with various aryl bromides in a system composed of Pd(OAc)2, P(o-tol)3, Et3N and DMF. Accordingly, the caffeine-styryl analogues 139 were obtained with yields ranging from 30 to 84% in 2 h of reaction at 80 ºC, with 10 mol% of palladium. In the second approach, the organic bromide 140 was used directly under Heck conditions in combination with styrene derivatives, DMF, NBu4Br (TBAB) and Pd(OAc)2. With this strategy, the target compounds 139 obtained with 20 to 86% yield in 20 h of reaction with 5 mol% of catalytic precursor. In terms of biological activities, the compound that exhibited the best results was 142, the structure of which is shown at the bottom of Scheme 38.

  
    

    [image: Scheme 38. Two Heck-based approaches employed in the synthesis]

  

  A facile synthesis of styryl analogues of piperidine alkaloids was developed recently using N-Boc-piperidine as starting material (Scheme 39).69 These alkaloids, including the (+)-caulophyllumine B (143), display high anti-cancer activity in vitro.69 The first step of the synthesis was an enantioselective vinylation of the starting material affording the intermediate 144 that was used as substrate for Heck reactions with aryl iodides. In order to perform this Heck reaction, palladium acetate (5 mol%) was used as a pre-catalyst, in combination with an N-heterocyclic carbene (NHC) precursor and the phase transfer reagent TBAB. Under these conditions, styryl-piperidine adducts 145 were produced in excellent yields (88-93%). Finally, the target structures 146 were obtained by the reductive removal of the Boc protective group of compounds 145. Compound 143 could be prepared after methylation of the appropriate precursor 146.

  
    

    [image: Scheme 39. Synthesis of piperidine analogues]

  

  Recently, Pfizer researchers described an efficient Heck- and Migita-based multi-kilogram process for the vascular endothelial growth factor (VEGF) inhibitor axitinib (147) (Scheme 40).70 A Migita coupling was used in the first step of the synthesis in order to assemble the mercaptobenzamide moiety of 147. In the last step of the route, a Heck reaction between 148 and 2-vinyl-piridine was designed. However, the free NH of 148 impaired the reaction. Therefore, the authors decided to acylate the indazole for both protecting the NH group and rendering the oxidative addition to palladium easier. The protection was achieved in situ with Ac2O and when no more than 2% of 148 was present, the Heck reaction was started using 4 mol% of Pd(OAc)2, 4 mol% of XantPhos and six equivalents of 2-vinyl-pyridine. When the reaction was completed, 1,2-diaminopropane (DAP) was added in THF for removal of the protective group and to chelate the palladium before product crystallization. With this strategy, 29 kg of axitinib could be obtained with 50% overall yield in a six steps route.

  
    

    [image: Scheme 40. Process for axitinib based on palladium catalyzed]

  

  A variation of the Heck reaction that has attracted considerable attention in recent years is the so-called Heck-Matsuda arylation, which is based on the use of aryldiazonium salts as electrophiles.71 These compounds have the advantages of lower cost and improved reactivity in comparison to more traditional electrophiles like aryl halides.18 As an example, a Heck-Matsuda based strategy via aryl-coumarins was used in the synthesis of (R)-tolterodine (149), a drug that is employed in urinary incontinence treatment.72 The coupling was employed in the first step of the route between the ortho-substituted cinnamate 150 and the 4-bromo substituted arenediazonium salt 151, using 10 mol% of Pd(OAc)2 as a pre-catalyst and CaCO3 as base. It is important to note that the target molecule tolterodine contains no bromine substituents, for this reason, after completion of the Heck reaction, the product was not isolated, being directly submitted to debromination under H2 atmosphere and subsequently isolated as 152 with 63% over two steps (Scheme 41). The employment of the bromo-substituted aryldiazonium salt instead of phenyldiazonium salt was justified by the lower yield of the Heck reaction using PhN2BF4 (only 41% yield). Nonetheless, compound 152 had already been synthesized via a Heck reaction with 77% yield without requirement of the debromination step.73 With the desired coumarin 152 in hands, the synthesis was accomplished by a copper-catalyzed enantioselective conjugate reduction, furnishing 153, followed by reductive amination. With this methodology, (R)-tolterodine was obtained in 30% overall yield and 98% ee after four steps.

  
    

    [image: Scheme 41. Synthesis of (R)-tolterodine based on a Heck-Matsuda]

  

  A Heck-Matsuda methodology was applied in the synthesis of the anti-cancer tetrahydroisoquinoline alkaloid ectenascidin 743 (154).74 The diazonium salt 156 was generated in situ by the treatment of 155 with BF3.OEt2 and tBuONO and reacted with the enamide intermediate 157 in the presence of Pd2(dba)3 (15 mol%) and NaOAc. In this way, the reaction occurred exclusively in the less hindered face of the olefin, affording 158 with regio- and stereocontrol. It is important to mention that 158 was roughly purified and employed for subsequent dihydroxylation, leading to 159 in 93% yield for the two steps in a 2.15 gram scale, which is a significant amount given the complexity of the targets (Scheme 42).

  
    

    [image: Scheme 42. Heck-Matsuda reaction applied in the synthesis]

  

  Heck-Matsuda reactions of substituted allylamines were employed as key steps in the synthesis of the bioactive compounds abamine-SG (160), abamine (161) and naftifine (162) (Scheme 43).75 Concerning the abamines, the reaction between the allylamine 163 and the corresponding diazonium salt in the presence of 10 mol% of Pd2(dba)3 afforded the adduct 164 with 84% yield and no detection of the undesired branched product. With the coupling product in hands, the syntheses were accomplished with 55% and 53% overall yields. With respect to naftifine, 4 mol% of the pre-catalyst were employed in the coupling of PhN2BF4 with the allylamine 165, leading to the intermediate 166 with 85% yield and total regio- and stereocontrol. The authors believe that this excellent selectivity arises from a substrate-directed reaction: in complexing with both the olefin and carbonyl moieties of the substrate, the cationic arylpalladium intermediate takes part in a stable six-membered ring that favourably delivers the desired product. After the Heck reaction, a simple ester reduction was necessary to provide the target molecule in 68% yield.

  
    

    [image: Scheme 43. Heck-Matsuda as key step in the syntheses]

  

  Still exploring the Heck-Matsuda arylation of allylamine derivatives, Correia and co-workers recently reported new and concise synthetic routes for the lab-scale preparation of three other drugs: cinacalcet hydrochloride, alverine and tolpropamine.76 Cinacalcet hydrochloride (167) is a calcimimetic drug commercialized under the trade names Sensipar and Mimpara, which is therapeutically useful for the treatment of secondary hyperthyroidism and also indicated against hypercalcemia in patients with parathyroid carcinoma. In the new synthetic approach, the main carbon skeleton of the final target was assembled through the arylation of allylformamide 168 with diazonium salt 169 leading to the adduct 170, which was in situ reduced, taking advantage of the palladium content from the arylation step, to afford intermediate 171 in excellent yield for the two steps. It is worth noting that the reduced steric volume of the nitrogen formyl protecting group proved to be essential for the observed high reactivity and regioselectivity of the arylation step. The deformylation of 171 under acidic medium with concomitant hydrochloride formation completed the synthesis of 167 (Scheme 44).

  
    

    [image: Scheme 44. Synthesis of 167 by means of a Heck-Matsuda]

  

  Alverine (172), a smooth muscle relaxant used for the treatment of gastrointestinal disorders such as diverticulitis and irritable bowel syndrome, was prepared from N,N-diallylacetamide 173 by means of a double Heck-Matsuda reaction/hydrogenation: a one-pot sequence furnished 175, in 72% yield, after reduction of the Heck adduct 174 in a tandem fashion. Acetyl group reduction of 175 with AlH3 afforded the final target in excellent yield (Scheme 45).

  
    

    [image: Scheme 45. Double Heck-Matsuda arylation en route]

  

  For the preparation of tolpropamine (176), an antihistaminic drug used for the treatment of allergies, a synthetic strategy involving a step-by-step bis-arylation of the allylamine derivative 177 was envisioned for the construction of the non-symmetrical diarylmethane fragment present in the final target. However, an initial model study, aiming at the preparation of the simpler symmetrical bis-arylated product, revealed some difficulties: although the terminal mono-arylated adduct 178a could be isolated in the pure form after the first arylation step, the second arylation reaction showed only moderate regioselectivity, leading to a mixture of the isomeric products 179a and 179b, which displayed very difficult separation (Scheme 46).

  
    

    [image: Scheme 46. Initial model studies for the synthesis]

  

  Thus, a new synthetic strategy featuring the Heck-Matsuda arylation of a methyl cinnamate derivative was proposed. Unfortunately, the appropriate combinations of cinnamate substrates and aryldiazonium salts, which could lead directly to the coupling product with the substitution pattern present in the final target, were found to be unreactive under the studied conditions.

  Alternatively, the Heck-Matsuda reaction involving the corresponding halogenated coupling partners 180 and 181 led to the diaryl product 182 in excellent yield. In situ double bond hydrogenation and concomitant dehalogenation afforded the properly substituted intermediate 183 in 92% yield for the 2 steps. Ester hydrolysis followed by amidation and reduction reactions completed the synthesis of 176 (Scheme 47).

  
    

    [image: Scheme 47. Synthesis of 176 by means of a modified Heck-Matsuda procedure]

  

   

  8. Conclusions and Perspectives

  The ongoing efforts towards the use of Pd-catalyzed C-C cross-coupling reactions for the synthesis of drug components or drug candidates highlighted in this review demonstrated how powerful these methodologies are. The Suzuki reaction is the most exploited cross-coupling reactions, especially when the creation of a biaryl motif is involved. One of the main advantages of this methodology is the use of air- and water-stable, non-toxic and ease to manipulate organoboronic acid and its derivatives. Heck reactions are also intensely exploited for inter or intramolecular coupling involving Csp2 double bonds. Despite the success of the coupling reactions, several challenges need to be overcome in order to have an economic, robust and reliable industrial process. Scale-up from the small (medicinal chemistry synthesis) to large scale usually requires new Pd catalyst precursors and several modifications to the reaction parameters. From the economic standpoint, in some cases, the cost of the precious metal palladium, as well as the ligand itself, can be a problem. There is a plethora of palladium catalyst precursors described in the literature that promote the C-C cross-coupling reactions. However, when these reactions need to be applied for the synthesis of complex molecules such as drug components or drug candidates, a few simple catalyst precursors are usually the first choice: Pd(OAc)2, Pd2(dba)3, Pd/C, PdCl2L2, Pd(PPh3)4. For aryl iodides or some very activated aryl bromides, ligand-free Pd catalysts can be used. However, in most of the reactions involving the synthesis of drugs, a phosphine ligand is necessary and triphenylphosphine is the most frequently used ligand. This cheap and stable phosphine is usually used already complexed in the Pd precursor (PdCl2(PPh3)2 and Pd(PPh3)4) or in association with a simple Pd precursor (Pd(OAc)2 or Pd2(dba)3). When a bidentated ligand is necessary, dppf or other ferrocenil-based bidentated phosphine ligands are used, with PdCl2(dppf)2 being the catalyst precursor of choice. Economically more attractive aryl chlorides have been used in some cases due to the development of electron-rich- and steric demanding phosphine ligands. However, the quest for precursor catalyst and ligands that allow high TON and turnover frequency (TOF), that would make the process economically attractive is still a challenge. Another important point that needs to be taken in account is the contamination of the product with palladium and the need for further purification steps. Therefore, practical and feasible catalytic systems that allow the easy recovery of palladium or coupling reactions involving cheaper transition metals are welcomed.

   

  9. Acknowledgements

  We thank the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), Fundação de Amparo à Pesquisa do Estado do Rio Grande do Sul (FAPERGS), PRONEX-FAPERGS and the Instituto Nacional de Ciência e Tecnologia de Catálise (INCT-Catálise) for partial financial support. We also thank the CAPES (J.L., A.F.P.B, and T.S.C.) and PETROBRAS (C.S.S.) for scholarships.

  
    [image: Adriano L. Monteiro]

  

  Adriano L. Monteiro obtained his PhD degree from the Université Paul Sabatier (Toulouse, France) in 1993 working with PhD Igor Tkatchenko, and was a postdoctoral fellow in 1998 at Massachusetts Institute of Technology (Cambridge, USA) working with Prof Stephen L. Buchwald. He joined the Department of Organic Chemistry of UFRGS (Porto Alegre, Brazil) in 1994 as assistant professor and is currently associate professor of Organic Chemistry. His research focuses on homogeneous catalysis with emphasis on metal-mediated synthetic methodologies for the construction of C-C bonds.

  
    [image: Cristiane S. Schwalm]

  

  Cristiane S. Schwalm obtained her PhD degreein 2014from Universidade Estadual de Campinas (Campinas, Brazil) under advice of Prof Carlos Roque Duarte Correia. She is currently a postdoctoral fellow in Laboratory of Molecular Catalysis at Universidade Federal do Rio Grande do Sul (Porto Alegre, Brazil), where she works on the synthesis of novel ligands for ethylene oligomerization under the supervision of Prof Adriano Lisboa Monteiro.

  
    [image: Thiago S. Claudino]

  

  Thiago S. Claudino graduated in Pharmacy (2003) and Master in Pharmaceutical Sciences (2009) from Universidade Federal do Rio Grande do Sul. Currently, he is a PhD student in Chemistry at the Universidade Federal do Rio Grande do Sul under guidance of Prof Adriano Lisboa Monteiro. He has experience onthefollowing subjects: organic synthesis, catalysis and medicinal chemistry.

  
    [image: André F. P. Biajoli]

  

  André F. P. Biajoli studied at Universidade Estadual de Campinas (Campinas, Brazil), obtaining a PhD in organic chemistry under the guidance of Prof Carlos Roque D. Correia. He is currently a postdoctoral fellow in the Laboratory of Molecular Catalysis (LAMOCA) at Universidade Federal do Rio Grande do Sul (Porto Alegre, Brazil) with Prof Adriano L. Monteiro as supervisor, with his research focusing mainly on cross-coupling reactions.

  
    [image: Jones Limberger]

  

  Jones Limberger obtained his PhD degree from Universidade Federal do Rio Grande do Sul (Porto Alegre, Brazil) in 2012 under advice of Prof Adriano Lisboa Monteiro. He has currently a postdoctoral fellow in Laboratory of Molecular Catalysis (Porto Alegre, Brazil), under supervision of Prof Jairton Dupont. His current research interests focus on development of novel metal-catalyzed methodologies for the obtainment of fine chemical products.

   

  References

  1. Miyaura, N.; Suzuki, A.; Chem. Rev. 1995, 95, 2457.

  2. Beletskaya, I. P.; Cheprakov, A. V.; Chem. Rev. 2000, 100, 3009.

  3. Chinchilla, R.; Najera, C.; Chem. Soc. Rev. 2011, 40, 5084.

  4. Magano, J.; Dunetz, J. R.; Chem. Rev. 2011, 111, 2177.

  5. Torborg, C.; Beller, M.; Adv. Synth. Catal. 2009, 351, 3027.

  6. Nicolaou, K. C.; Bulger, P. G.; Sarlah, D.; Angew. Chem., Int. Ed. 2005, 44, 4442.

  7. Corbet, J.-P.; Mignani, G.; Chem. Rev. 2006, 106, 2651.

  8. Roughley, S. D.; Jordan, A. M.; J. Med. Chem. 2011, 54, 3451.

  9. Negishi, E.-I.; Angew. Chem., Int. Ed. 2011, 50, 6738.

  10. Suzuki, A.; Angew. Chem., Int. Ed. 2011, 50, 6722.

  11. Johansson Seechurn, C. C. C.; Kitching, M. O.; Colacot, T. J.; Snieckus, V.; Angew. Chem., Int. Ed. 2012, 51, 5062.

  12. Bräse, S.; Meijere, A. D. In Metal-Catalyzed Cross-Coupling Reactions; Wiley-VCH Verlag: GmbH, 2008, p. 217.

  13. Echavarren, A. M.; Cárdenas, D. J. In Metal-Catalyzed Cross-Coupling Reactions; Wiley-VCH Verlag: GmbH, 2008, p. 1.

  14. Marsden, J. A.; Haley, M. M. In Metal-Catalyzed Cross-Coupling Reactions; Wiley-VCH Verlag: GmbH, 2008, p. 317.

  15. Mitchell, T. N. In Metal-Catalyzed Cross-Coupling Reactions; Wiley-VCH Verlag: GmbH, 2008, p. 125.

  16. Miyaura, N. In Metal-Catalyzed Cross-Coupling Reactions; Wiley-VCH Verlag: GmbH, 2008, p. 41.

  17. Negishi, E.-I.; Zeng, X.; Tan, Z.; Qian, M.; Hu, Q.; Huang, Z. In Metal-Catalyzed Cross-Coupling Reactions; Wiley-VCH Verlag: GmbH, 2008, p. 815.

  18. Taylor, J. G.; Moro, A. V.; Correia, C. R. D.; Eur. J. Org. Chem. 2011, 2011, 1403.

  19. Bonin, H.; Fouquet, E.; Felpin, F.-X.; Adv. Synth. Catal. 2011, 353, 3063.

  20. Roglans, A.; Pla-Quintana, A.; Moreno-Mañas, M.; Chem. Rev. 2006, 106, 4622.

  21. Sabino, A. A.; Machado, A. H. L.; Correia, C. R. D.; Eberlin, M. N.; Angew. Chem., Int. Ed. 2004, 43, 2514.

  22. Suzuki, A.; Pure Appl. Chem. 1985, 57, 1749.

  23. Han, F.-S.; Chem. Soc. Rev. 2013, 42, 5270.

  24. Dalby, A.; Mo, X.; Stoa, R.; Wroblewski, N.; Zhang, Z.; Hagen, T. J.; Tetrahedron Lett. 2013, 54, 2737.

  25. Burgin, A.; Gurney, M.; Kiselyov, A.; Magnusson, O.; Singh, J.; WO2010059838-A2, WO2010059838-A3, 2009.

  26. Thiel, O. R.; Achmatowicz, M.; Milburn, R. M.; Synlett 2012, 23, 1564.

  27. Herberich, B.; Cao, G.-Q.; Chakrabarti, P. P.; Falsey, J. R.; Pettus, L.; Rzasa, R. M.; Reed, A. B.; Reichelt, A.; Sham, K.; Thaman, M.; Wurz, R. P.; Xu, S.; Zhang, D.; Hsieh, F.; Lee, M. R.; Syed, R.; Li, V.; Grosfeld, D.; Plant, M. H.; Henkle, B.; Sherman, L.; Middleton, S.; Wong, L. M.; Tasker, A. S.; J. Med. Chem. 2008, 51, 6271.

  28. Gillmore, A. T.; Badland, M.; Crook, C. L.; Castro, N. M.; Critcher, D. J.; Fussell, S. J.; Jones, K. J.; Jones, M. C.; Kougoulos, E.; Mathew, J. S.; McMillan, L.; Pearce, J. E.; Rawlinson, F. L.; Sherlock, A. E.; Walton, R.; Org. Process Res. Dev. 2012, 16, 1897.

  29. Grongsaard, P.; Bulger, P. G.; Wallace, D. J.; Tan, L.; Chen, Q.; Dolman, S. J.; Nyrop, J.; Hoerrner, R. S.; Weisel, M.; Arredondo, J.; Itoh, T.; Xie, C.; Wen, X.; Zhao, D.; Muzzio, D. J.; Bassan, E. M.; Shultz, C. S.; Org. Process Res. Dev. 2012, 16, 1069.

  30. Tian, Q.; Cheng, Z.; Yajima, H. M.; Savage, S. J.; Green, K. L.; Humphries, T.; Reynolds, M. E.; Babu, S.; Gosselin, F.; Askin, D.; Kurimoto, I.; Hirata, N.; Iwasaki, M.; Shimasaki, Y.; Miki, T.; Org. Process Res. Dev. 2013, 17, 97.

  31. Hicks, F.; Hou, Y.; Langston, M.; McCarron, A.; O'Brien, E.; Ito, T.; Ma, C.; Matthews, C.; O'Bryan, C.; Provencal, D.; Zhao, Y.; Huang, J.; Yang, Q.; Heyang, L.; Johnson, M.; Sitang, Y.; Yuqiang, L.; Org. Process Res. Dev. 2013, 17, 829.

  32. Wang, Y.; Przyuski, K.; Roemmele, R. C.; Hudkins, R. L.; Bakale, R. P.; Org. Process Res. Dev. 2013, 17, 846.

  33. Hong, J.-B.; Davidson, J. P.; Jin, Q.; Lee, G. R.; Matchett, M.; O'Brien, E.; Welch, M.; Bingenheimer, B.; Sarma, K.; Org. Process Res. Dev. 2014, 18, 228.

  34. Kallman, N. J.; Liu, C.; Yates, M. H.; Linder, R. J.; Ruble, J. C.; Kogut, E. F.; Patterson, L. E.; Laird, D. L. T.; Hansen, M. M.; Org. Process Res. Dev. 2014, 18, 501.

  35. Huang, Q.; Richardson, P. F.; Sach, N. W.; Zhu, J.; Liu, K. K. C.; Smith, G. L.; Bowles, D. M.; Org. Process Res. Dev. 2011, 15, 556.

  36. Walker, S. D.; Borths, C. J.; DiVirgilio, E.; Huang, L.; Liu, P.; Morrison, H.; Sugi, K.; Tanaka, M.; Woo, J. C. S.; Faul, M. M.; Org. Process Res. Dev. 2011, 15, 570.

  37. De Koning, P. D.; McAndrew, D.; Moore, R.; Moses, I. B.; Boyles, D. C.; Kissick, K.; Stanchina, C. L.; Cuthbertson, T.; Kamatani, A.; Rahman, L.; Rodriguez, R.; Urbina, A.; Sandoval, A.; Rose, P. R.; Org. Process Res. Dev. 2011, 15, 1018.

  38. Baron, O.; Knochel, P.; Angew. Chem., Int. Ed. 2005, 44, 3133.

  39. De Koning, P. D.; Castro, N.; Gladwell, I. R.; Morrison, N. A.; Moses, I. B.; Panesar, M. S.; Pettman, A. J.; Thomson, N. M.; Org. Process Res. Dev. 2011, 15, 1256.

  40. Bowles, D. M.; Boyles, D. C.; Choi, C.; Pfefferkorn, J. A.; Schuyler, S.; Hessler, E. J.; Org. Process Res. Dev. 2011, 15, 148.

  41. Patel, B. H.; Barrett, A. G. M.; J. Org. Chem. 2012, 77, 11296.

  42. Molander, G. A.; Gormisky, P. E.; Sandrock, D. L.; J. Org. Chem. 2008, 73, 2052.

  43. Donohoe, T. J.; Jones, C. R.; Kornahrens, A. F.; Barbosa, L. C. A.; Walport, L. J.; Tatton, M. R.; O'Hagan, M.; Rathi, A. H.; Baker, D. B.; J. Org. Chem. 2013, 78, 12338.

  44. Negishi, E.; Acc. Chem. Res. 1982, 15, 340.

  45. Negishi, E.-I.; Bull. Chem. Soc. Jpn. 2007, 80, 233.

  46. Pikul, S.; Cheng, H.; Cheng, A.; Huang, C. D.; Ke, A.; Kuo, L.; Thompson, A.; Wilder, S.; Org. Process Res. Dev. 2013, 17, 907.

  47. Shu, L.; Wang, P.; Gu, C.; Liu, W.; Alabanza, L. M.; Zhang, Y.; Org. Process Res. Dev. 2013, 17, 651.

  48. Sonogashira, K.; Tohda, Y.; Hagihara, N.; Tetrahedron Lett. 1975, 16, 4467.

  49. Bakherad, M.; Appl. Organomet. Chem. 2013, 27, 125.

  50. Chinchilla, R.; Nájera, C.; Chem. Rev. 2007, 107, 874.

  51. Nishimura, K.; Kinugawa, M.; Org. Process Res. Dev. 2012, 16, 225.

  52. Sperry, J. B.; Farr, R. M.; Levent, M.; Ghosh, M.; Hoagland, S. M.; Varsolona, R. J.; Sutherland, K.; Org. Process Res. Dev. 2012, 16, 1854.

  53. Song, Z. J.; Tellers, D. M.; Dormer, P. G.; Zewge, D.; Janey, J. M.; Nolting, A.; Steinhuebel, D.; Oliver, S.; Devine, P. N.; Tschaen, D. M.; Org. Process Res. Dev. 2014, 18, 423.

  54. Rudd, M. T.; McCauley, J. A.; Butcher, J. W.; Romano, J. J.; McIntyre, C. J.; Nguyen, K. T.; Gilbert, K. F.; Bush, K. J.; Holloway, M. K.; Swestock, J.; Wan, B.-L.; Carroll, S. S.; DiMuzio, J. M.; Graham, D. J.; Ludmerer, S. W.; Stahlhut, M. W.; Fandozzi, C. M.; Trainor, N.; Olsen, D. B.; Vacca, J. P.; Liverton, N. J.; ACS Med. Chem. Lett. 2011, 2, 207.

  55. Singer, R. A.; Ragan, J. A.; Bowles, P.; Chisowa, E.; Conway, B. G.; Cordi, E. M.; Leeman, K. R.; Letendre, L. J.; Sieser, J. E.; Sluggett, G. W.; Stanchina, C. L.; Strohmeyer, H.; Blunt, J.; Taylor, S.; Byrne, C.; Lynch, D.; Mullane, S.; O'Sullivan, M. M.; Whelan, M.; Org. Process Res. Dev. 2014, 18, 26.

  56. Stille, J. K.; Angew. Chem., Int. Ed. 1986, 25, 508.

  57. Chen, Q.; Schweitzer, D.; Kane, J.; Davisson, V. J.; Helquist, P.; J. Org. Chem. 2011, 76, 5157.

  58. Okello, M.; Nishonov, M.; Singh, P.; Mishra, S.; Mangu, N.; Seo, B.; Gund, M.; Nair, V.; Org. Biomol. Chem. 2013, 11, 7852.

  59. Tamao, K.; Sumitani, K.; Kumada, M.; J. Am. Chem. Soc. 1972, 94, 4374.

  60. Bartoccini, F.; Piersanti, G.; Armaroli, S.; Cerri, A.; Cabri, W.; Tetrahedron Lett. 2014, 55, 1376.

  61. Minetti, P.; Tinti, M. O.; Carminati, P.; Castorina, M.; Di Cesare, M. A.; Di Serio, S.; Gallo, G.; Ghirardi, O.; Giorgi, F.; Giorgi, L.; Piersanti, G.; Bartoccini, F.; Tarzia, G.; J. Med. Chem. 2005, 48, 6887.

  62. Bartoccini, F.; Cabri, W.; Celona, D.; Minetti, P.; Piersanti, G.; Tarzia, G.; J. Org. Chem. 2010, 75, 5398.

  63. Heck, R. F.; Nolley, J. P.; J. Org. Chem. 1972, 37, 2320.

  64. De Vries, J. G.; Can. J. Chem. 2001, 79, 1086.

  65. Tsoukala, A.; Bjørsvik, H.-R.; Org. Process Res. Dev. 2011, 15, 673.

  66. Fu, Y.; Hong, S.; Li, D.; Liu, S.; J. Agric. Food Chem. 2013, 61, 5347.

  67. Bosch, J.; Bachs, J.; Gómez, A. M.; Griera, R.; Écija, M.; Amat, M.; J. Org. Chem. 2012, 77, 6340.

  68. Rivara, S.; Piersanti, G.; Bartoccini, F.; Diamantini, G.; Pala, D.; Riccioni, T.; Stasi, M. A.; Cabri, W.; Borsini, F.; Mor, M.; Tarzia, G.; Minetti, P.; J. Med. Chem. 2013, 56, 1247.

  69. Kankala, S.; Kankala, R. K.; Balaboina, R.; Thirukovela, N. S.; Vadde, R.; Vasam, C. S.; Bioorg. Med. Chem. Lett. 2014, 24, 1180.

  70. Chekal, B. P.; Guinness, S. M.; Lillie, B. M.; McLaughlin, R. W.; Palmer, C. W.; Post, R. J.; Sieser, J. E.; Singer, R. A.; Sluggett, G. W.; Vaidyanathan, R.; Withbroe, G. J.; Org. Process Res. Dev. 2014, 18, 266.

  71. Kikukawa, K.; Nagira, K.; Wada, F.; Matsuda, T.; Tetrahedron 1981, 37, 31.

  72. Barancelli, D. A.; Salles, A. G.; Taylor, J. G.; Correia, C. R. D.; Org. Lett. 2012, 14, 6036.

  73. Ulgheri, F.; Marchetti, M.; Piccolo, O.; J. Org. Chem. 2007, 72, 6056.

  74. Kawagishi, F.; Toma, T.; Inui, T.; Yokoshima, S.; Fukuyama, T.; J. Am. Chem. Soc. 2013, 135, 13684.

  75. Prediger, P. C.; Barbosa, L. S. F.; Génisson, Y.; Correia, C. R. D.; J. Org. Chem. 2011, 76, 7737.

  76. Prediger, P.; Da Silva, A. R.; Correia, C. R. D.; Tetrahedron 2014, 70, 3333.

   

   

  Submitted on: August 28, 2014.

  Published online: November 4, 2014.

   

   

  
    *e-mail: adriano.monteiro@ufrgs.br

    This article is dedicated to the memory of Prof Roberto F. de Souza.

  





  DOI: 10.5935/0103-5053.20140257

  REVIEW

  
    Aresta M, Dibenedetto A. Catalysis for the Valorization of low-value C-streams. J. Braz. Chem. Soc. 2014;25(12):2215-28

  

  
    Catalysis for the Valorization of low-value C-streams

  

   

   

  Michele ArestaI,II*; Angela DibenedettoII,III

  IDepartment of Chemical and Biomolecular Engineering, National University of Singapore, 119077 Singapore, Singapore

  IIConsorzio Interuniversitario Reattività Chimica e Catalisi (CIRCC), via Celso Ulpiani 27, 70126 Bari, Italy

  IIIDipartimento di Chimica, University of Bari, 70126 Bari, Italy

   

  
    A necessidade de uma melhor gestão de carbono e redução das emissões de CO2 leva na direção de uma melhor gestão de carbono  que inclui reciclagem (CR) em detrimento a economia de carbono linear(LCE). Isso implica na utilização de fluxos de processos gasosos e líquidos sub-utilizados até o momento, e frequentemente enviados a combustão ou descartados. Neste trabalho, quatro casos são discutidos, nomeadamente: corrente de alcanos de baixo peso molecular, CO2 industrial, resíduo ligno-celulósico e glicerol contendo água e sais. O papel da catálise na valorização de tais fontes de C é discutido e exemplos de processos inovadores são apresentados.

  

   

  
    The need for a better carbon management and the reduction of CO2 emissions push away from the linear-carbon economy (LCE) towards a better carbon management including carbon recycling (CR). This implies the utilization of gaseous and liquid process streams so far under-utilized, and often either sent to combustion or disposed of. In this paper, four cases are discussed, namely: low-alkane streams, industrial CO2, ligno-cellulosic waste and salty-watery-glycerol. The role of catalysis in the valorization of such C-sources is discussed and examples of innovative processes are presented.
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  1. Introduction

  The anthropogenic emission of CO2 (ca. 33 Gt y–1), despite representing only a few percentage points (4.6%) of the natural carbon cycle (NCC) (ca. 721 Gt y-1), is not buffered by the latter and is causing CO2 accumulation in the atmosphere. Such increase (from 275 ppm in the preindustrial era to the current 390 ppm) is directly or indirectly considered the origin of climate change (CC) that causes increase (or decrease) of temperature with other side effects. Strategies for the reduction of the CO2 immission in the atmosphere are under investigation and include: (i) efficiency in the production and utilization of electric energy; (ii) fuel shift in the production of electric energy and in industry; (iii) use of perennial energy sources, such as solar, wind, hydro, geothermal; (iv) industrial reduction of waste production; (v) CO2 capture and storage (CCS); and (vi) CO2 capture and utilization (CCU). Technologies (i)-(iv) avoid the production of CO2 and improve the use of natural reserves of carbon; CCS disposes of in natural sites (spent natural gas wells, the most secure sites, coal beds, aquifers, deep waters, others) the captured CO2 from anthropogenic fixed sources; CCU recycles the captured carbon, mimicking nature. Efficiency technologies and carbon recycling1 are of great value for the future as they reduce the extraction of fossil carbon (FC) and are examples of responsible care towards future generations. Recycling carbon would represent a step away from the linear-carbon economy (LCE) today exploited towards the cyclic carbon economy (CCE).2

   

  2. Discussion

  The industrial production is today characterized by four negative aspects, namely: (i) low carbon utilization fraction (CUF). The ratio Cstored in products / Cin raw materials is, in fact, much less than 1. CUF index can be applied also to energy production. The ratio energy produced/extracted fossil carbon rarely exceeds 20%, considering all the steps of the production chain (extraction/shipping of raw materials/refining/conversion/distribution of end-energy form) from source to utilization, with 80% of the original energy lost in many forms, more often as heat transferred to the atmosphere, with perturbation of its thermal structure; (ii) high carbon footprint (CF). This index is another way of demonstrating the efficiency of processes: the lower the carbon footprint the higher the efficiency of the process; (iii) high waste production presented as Efactor, that is the ratio mass of waste produced / mass of usable products.3 Such factor varies in the range 0.01 → 100. The former is typical of refineries, while the latter is characteristic of the pharmaceutical industry. The intermediates (Efactor = 1-5) and the specialty chemicals (Efactor = 5-15) are placed between such limits; (iv) high energy consumption factor (ECR), representing the ratio of the energy furnished to a process to the energy stored in a product generated in that process: Ein Eout-1. This ratio is often much higher than 1.

  Such factors should be much improved in order to exploit better production conditions.

  In several cases, catalysis can play a key role for a better carbon management, and new catalysts need to be developed for the conversion of the new raw materials that have structural differences with respect to those used today (hydrocarbons), due to the particular inertness or chemical composition (high O-content) of substrates.

  In this paper, some selected cases exemplifying potential improvement of carbon utilization will be discussed, that require catalyst development and new synthetic strategies.

  2.1. Tail gas streams from the petrochemical and gas industry (C1-C4)

  Tail gas streams are produced in the petrol refining4 and gas processing industry.5 For a long time, such gas streams were flared, but recently a new approach became necessary, due to the constraints about CO2 emission and carbon tax implementation in some countries.6 The new approach foresees the recovery-purification of the gas stream and the separation of components and their utilization. The purification is finalized to the elimination of sulfur residues (SO2 or H2S present in the range 1-3%) that produce negative environmental effects. Purity of 99.9% is today reached in China using catalysts such as C234 based on Co-Mo that operate at 515 K.7 The newest catalyst C-734 operates at a temperature below 500 K with higher energy efficiency. The purified gas stream can undergo fractionation8 for ethane extraction by turbo-expansion without mechanical refrigeration. Cracking of the gas mixture is often applied that increases the complexity as new species are produced. The final mixture coming from cracking is in general formed by methane, ethane, ethene, propane, propene, butane, butene, and higher hydrocarbons (HCs).

  The separation of the components of tail gas is made complex by its physical properties that recall those of natural gas (NG). Table 1 shows the molecular mass, the melting and boiling points and water solubility of some tail gas components compared to NG.

  
    

    [image: Table 1. Some properties of C1-C4 tail gas]

  

  In general, fractions such as C1–C2–C2=, C3–C3=, C4–C4=, >C4 are separated. The low-alkane fraction can be catalytically converted into useful products and such conversion can make the separation of the components easier, as their physical properties would differ more than those of the parent compounds.

  Possible conversion would be the photocatalytic carboxylation of alkanes or their selective oxidation to alcohols. Table 2 shows the properties of some derivatives of C1-C4 alkanes. If compared with the same properties of the parent compounds, it is evident that the products can be separated in a easier way as the melting and boiling points differ much more than those of the parent compounds. Obviously, the formation of azeotropes would make the situation less straightforward.

  
    

    [image: Table 2. Comparison of the physical properties]

  

  The question is how to realize such conversions. The selective oxidation of alkanes into their alcohol derivatives is not an easy process. It is not yet developed at the industrial level, despite its great importance and economic value. For example, the single-step direct conversion of methane into methanol would have a great industrial relevance as methanol can be used as fuel, or combustible in fuel cells, or intermediate for the synthesis of several chemicals. Scheme 1 shows the variety of compounds derived from methanol.

  
    

    [image: Scheme 1. Chemicals derived from methanol]

  

  The selective oxidation of methane into methanol in nature is achieved using Fe(IV) and Cu(II) moieties bearing the Fe(O) and Cu–O–Cu functionalities.9 Two methane monooxygenase (MMO) enzymes are known to mediate the oxidation process in methanotrophic bacteria: a membrane-bound MMO called particulate-MMO (pMMO) and a water-soluble form referred to as a soluble-MMO (sMMO). pMMO is a multicopper protein, while sMMO is a nonheme-diiron protein. Both systems exploit metal-clusters to catalyze this difficult reaction.

  Biomimetic systems try to repeat the catalytic site in a simplified organization. Several attempts have been done so far in order to identify the most active catalysts. So far, tricopper systems, Pt(II)10 complexes and FePO4 species have been identified as being among the most active ones. The so-called trilobate-Cu-complexes11 are an interesting example of biomimetic catalysts. The ligands are schematized in Figure 1, while the reaction mechanism is shown in Figure 2.

  
    

    [image: Figure 1. Ligands used in the partial oxidation]

  

  
    

    [image: Figure 2. Reaction mechanism in the partial selective]

  

  The conversion yield is still very low for exploitation (1-2%), but the route is selective (100%).

  An alternative route is represented by the selective catalytic (modified La2O3 oxides) chlorination of CH4 to CH3Cl (Scheme 2) followed by the hydrolysis of the latter to CH3OH.12

  
    

    [image: Scheme 2. Catalytic chlorination]

  

  This route gives better yields (a few percentage points), but raises the issue of use of chlorine and the generation of chlorinated waste.

  Another interesting approach is the photochemical conversion of alkanes to afford several useful products. Table 3 shows various steps that may convert a low-alkane either into a longer chain or into derivative as carboxylates. The direct carboxylation of low alkanes would be a process of great industrial relevance as the production of carboxylic moieties is today achieved via tortuous routes implying either the oxidation of organic moieties, such as –CH3 groups or aromatic rings or the hydrolysis of cyanides. Such processes are neither selective nor very efficient for carbon utilization.

  
    

    [image: Table 3. Photocatalytic conversion of methane in the presence]

  

  Examples of carboxylation reactions have been recently reported in the literature13 based on the use of engineered photocatalysts based on TiO2 as principal photomaterial. TiO2 has a band gap that does not allow the use of visible light. When modified on the surface with various additives the new photocatalysts can work under solar light and promote C–H activation. Functionalization of activated and non-activated C–H bonds has been reported.13

  So, acetylacetone (Scheme 3) can be photochemically carboxylated both at the –CH2– (activated) group and the -CH3 (non activated) group. Interestingly, the photochemical carboxylation with respect to the chemical carboxylation shows a different reactivity. The chemical carboxylation with organic bases14 or ionic liquids as catalysts15 brings only to the carboxylation at the –CH2– moiety. Conversely, photocatalytic carboxylations brings to the production of two compounds: the species carboxylated at the –CH2– and the new one carboxylated at the –CH3 moiety. The two products have been isolated and fully characterized and were shown to be formed in a 2CH2 / 1CH3 molar ratio for what concerns the site of carboxylation.

  
    

    [image: Scheme 3. Photochemical carboxylation of acetylacetone]

  

  2.2. Utilization of CO2 in synthetic chemistry and for the synthesis of fuels

  Photocarboxylation introduces the topic of CO2 utilization as a way to recycle carbon. CO2 is a valuable source of carbon1,16 for the synthesis of chemicals or fuels. A key point is the source of CO2. The most abundant is for sure the flue gas from power stations, that suffers from low concentration and presence of pollutants (SOx and NOy, noxious for catalysts and biosystems) which need to be separated with high cost (energetic and economic). Scheme 4 presents some media for CO2 separation.

  
    

    [image: Scheme 4. Separation media for CO2 from process]

  

  The use of solid phases reduces the loss of sorbents and the environmental impact, but demands higher energy consumption in the release of CO2. Recently, several large investments have been done by public agencies and industries for the development of high efficiency separation media that are under assessment at the demo-plant size. It is worth emphasizing that whatever one wishes to do with CO2 (CCS or CCU) it must be first separated from the source stream. This requires that the lowest possible cost (energetic and economic) technology must be applied.

  RWE AG (Germany) has implemented the recovery of 90% of emitted CO2 (300 kg h-1) by a lignite-fired plant with a total efficiency of 43% in Niederaussem: 20% energy reduction in CO2 separation has been targeted with the use of the new solvent OASE@blue. The plant was developed with BASF-Linde.17 The Department of Energy (DOE, USA) has developed a pilot plant in Wilsonville designed to limit the increase of levelized cost of electricity to no more than 35% compared to about 80% added cost for existing technologies. The new plant is like the Linde one described above.18 KEPRI (Korea)19 has built (in collaboration with UBC (Canada), AIST (Japan) and NETL (USA)) a pilot plant operated with proprietary "solid sorbents" that has been upgraded to a demo scale (2000 Nm3 h-1 in 2012) and will be brought to a commercial scale (1.5 MN m3 h-1) by 2030. This process is said to reduce energy requirements and costs by 30% or more.

  Separation technologies are listed in Table 4 and compared for their pros and cons.

  
    

    [image: Table 4: Separation technologies and their pros and cons]

  

  Cryogenic technology is quite interesting, but the electricity used must come from non-fossil sources. Alternative sources to flue gases from power stations are the industrial sources (Table 5).

  
    

    [image: Table 5. Industrial sources]

  

  All of them do not contain SOx and NOy as pollutants; therefore, the purification cost may be much lower than that of power station flue gases. For example, CO2 from fermentation is quite pure and, in some applications, can be used without any treatment. CO2 produced in the NH3 industry is already recovered and used in the production of urea.

  The separated CO2 can be either disposed of (technology not discussed in this paper) or used. The utilization of CO2 includes the technological, chemical and enhanced biological exploitation. The latter option is relevant to the conversion of CO2 into biomass (mainly aquatic) under non-natural conditions (concentration of CO2 up to 150 times the natural one). Such practice is under serious assessment these days as it is considered to have good potential for large scale CO2 conversion into useful products (chemicals and fuels) in the medium term.

  The actual use of CO2 sizes at ca. 200 Mt y–1; 172 Mt y–1 used for the synthesis of chemicals and 28 Mt y–1 in technological applications (Table 6).

  
    

    [image: Table 6. Utilization of CO2 in the chemical industry]

  

  The perspective use in terms of production of chemicals, based on the market growth of products with a market > 1 Mt y–1,20 foresees use of some 350 Mt y–1 of CO2 by 2030 with an avoided amount of ca. 1 Gt y–1. It is worth to emphasize that the used CO2 is the amount fixed in a chemical, while the avoided CO2 is the non-emitted CO2, with respect to processes on stream, a benefit derived from the introduction of innovative, more direct, synthetic technologies.21 A great expectation is the growth of aquatic biomass for the production of chemicals and fuels. The moment being, while the growth of microalgae for the production of chemicals is economically viable, it is not for the production of fuels. Several parameters, such as energy input, source of micronutrients, harvesting, and drying, still need improvement for an economically viable production of fuels. The overall 20-20-20 target in general for biomass is still uncertain, what will be the contribution of aquatic biomass is more difficult to say; the other targets set for 2030 and 2050 are also 
    uncertain.

  If we wish that larger volumes of CO2 be converted into useful products it is necessary to move to the area of fuels,22 that have a volume market some 12-14 times higher than that of chemicals. But such shift requires the use of hydrogen and energy for CO2 hydrogenation and reduction. In the short term, such hydrogen (which cannot have a fossil-carbon origin) can be produced by electrolysis of water using excess electric energy; in the medium term the use of photovoltaics (PV) for water electrolysis will play a key role, while in the long term it will be possible to exploit photochemical technologies mimicking natural photosynthesis.23 Today, the cost of H2 generated by PV is too high (2.8-4 € kg–1 H2) compared to the cost of H2 produced by gas reforming (1.10-1.15 € kg–1) for a large scale application.

  The foreseen increase of PV efficiency (from current 20 to 40%), lowering of the cost of PV settings, and the longer life of new devices will favor the decrease of the PV technology and a large scale implementation of such technology for CO2 reduction to fuels. Noteworthy, CO2 can be directly electroreduced in water avoiding H2 production/storage/transport.

  As a transition technology, that will favor the recycle of carbon and the reduction of the CO2 immission into the atmosphere, producing fuels to be used in the existing assets of personal and mass transport means, the use of PV for H2 production for CO2 conversion into fuels, can be considered as a optimal technology despite the fact that the conversion of electricity into fuels will cause the loss of some 30 percentage points in efficiency and the primary sources (sun and wind) are not continuous. Such loss will most likely be compensated by the gain in efficacy derived from the higher energy density of liquid fuels generated from CO2 with respect to batteries used today as electric energy storage or as a portable electric energy source. Liquid fuels have a volume energy intensity up to 15 to 100 times higher than batteries, depending on the fuel and the battery considered.23 Intermittency of the sources is not a major issue as this option must be considered in an integrated system.

  2.3. Exploitation of non-edible biomass

  Recycling of carbon mimicking nature brings to the exploitation of biomass. Table 7 gives a perspective on future feedstock for the chemical industry and energy based on existing programs of development of use of perennial and renewable sources of materials and energy. The real implementation of such programs is a question impossible to answer today and attach uncertainty to the scenarios in Table 7.

  
    

    [image: Table 7. Perspective feedstock for the chemical industry]

  

  The use of biomass (residual or non-edible) requires the implementation of the biorefinery concept.24 The approach to the use of biomass is changing from "one technology (gasification) for any biomass" to "several technologies for a single biomass" with the utilization of a cascade of technologies for a better utilization of the organized structures existing in the biomass. Figure 3 gives a representation of the entropy change in the utilization of biomass as we move from the actual approach (based on syngas production, a strongly endoergonic process that requires high temperature) to the one based on biorefinery. The entropy factor plays a key role in a number of synthetic innovative applications. Several processes that have a negative enthalpy, result to have a positive free Gibbs energy, due to the change in entropy, resulting in a scarce applicability. The extraction of platform molecules (5-hydroxymethylfurfural (5-HMF)) from the cellulosic fraction of solid biomass that may give new monomers for polymers or new-concept fuels, avoids the conversion of biomass into syngas and the subsequent re-production of assembled C-units (see Scheme 5).

  
    

    [image: Figure 3. Profile of the entropy change in the gasification]

  

  
    

    [image: Scheme 5. Roadmap to the valorization]

  

  Table 7 gives a perspective of the use of feedstock for the chemical industry and the energy sector. The use of biomass will be maximized by 2030. Afterwards, the use of CO2 will play a key role in C-recycling.

  The gasification of biomass to CO and H2 implies a high entropy increase and requires high temperature. Energy is again spent for building new complex molecules from syngas. The implementation of the concept of biorefinery skips the destruction of organized structures present in the biomass and allows the selective extraction of complex molecules, with a much lower overall entropy change. The energy saving is quite important in such shift and the high temperatures necessary for the production of syngas are avoided. Catalysis is necessary for the modification of raw molecules extracted from biomass. New processes are required that may convert the extracted molecules (polyols or aromatic entities) that have a high oxygen content compared to hydrocarbons now used as feedstock in the chemical industry.

  Catalysis, mainly heterogeneous and enzymatic catalysis, plays, thus, a key role in the utilization of biomass. Homogeneous catalysis has its role in the conversion of platform molecules.25 Scheme 5 shows a possible "roadmap" to the valorization of "non-edible" biomass along three routes: from biomass to gas (BTG), liquids (BTL) and chemicals (BTC).

  Cellulose is expected to be one of the main sources of chemicals and fuels. Biotechnology and chemistry combined together can achieve much better results than when the technologies are singly applied. In fact, biotechnology can effectively convert cellulose either into fuels (ethanol, butanol, other molecules) or platform molecules (glucose, fructose, others) and catalysis can further convert the intermediates into fine chemicals or more complex fuels or new biomaterials.

  The direct catalytic conversion of cellulose is still an open issue and requires research before exploitation. Scheme 6 shows how C6-sugars, derived from cellulose via biotechnology, can be converted into useful molecules via catalysis.

  
    

    [image: Scheme 6. Use of cellulose-derived C6 for making]

  

  Table 8 lists a number of processes based on cellulose or cellulose-derived monomers and the catalysts employed, with the indication of the conversion yield and selectivity towards the target product.

  
    

    [image: Table 8. Chemicals derived from cellulose derived monomers]

  

  It is important to emphasize that when starting from cellulose, it has to be depolymerized first affording glucose and fructose (C6 sugars). A two-step process converts then the C6-sugars into 5-HMF: the glucose isomerization to fructose (base catalyzed) and the dehydration of the latter to 5-HMF (acid catalyzed). Therefore, the overall process itself is quite complex, and also the simpler conversion of C6-sugars obtained upon cellulose depolymerization is not so straightforward as it requires bi-functional catalysts for the best exploitation.

  As shown in Table 8, several raw materials, catalytic systems and reaction conditions have been investigated. Cellulose can be used as raw material, or sucrose, glucose or fructose; the latter affords the best conversion yields and selectivity into its dehydrated form 5-HMF, a platform molecule according to the DOE classification.27 Inorganic acids and organic bases (amines) have been used in water, with low selectivity due to the condensation of 5-HMF and formation of soluble and insoluble humins. Organic solvents have been used to improve the 5-HMF yield, as they prevent dimerization-oligomerization of the monomer, but require more complex post-process separation technologies. 5-HMF can be converted into a number of products, such as levulinic acid, γ-valerolactone, furanics (ethers or esters of 5-HMF). The latter have an interest as fuels considered that they have a heating value (8.7 kWh L-1) quite close to diesel (8.8 kWh L-1). Research for finding the most active and selective catalysts and the most effective catalytic conditions is still necessary as an effective conversion of cellulose into the species shown in Scheme 6 would be of great economic value. A target is to produce levulinic acid, a potential fuel, at a cost lower than 1 € kg–1.

  Lignine has an interesting structure made of aromatic units linked by C3-bridges (glycerol units or its derivatives) (Figure 4).

  
    

    [image: Figure 4. Structure of lignine with the glycerol units in squares]

  

  Nano-sized lignine is a quite useful material used in the production of composites. It can also be the source of a variety of useful monomers to be used as such or after chemical transformation.

  Examples of added value chemicals obtained from lignin are: vanillin (fragrance), substituted phenols (antiaging), glycerol, lipids, aromatic di-acids (monomers for polymers; such conversion would be of great industrial value as lignin-derived di-acids would substitute those today produced from fossil sources), and other specialty molecules. The efficient catalytic cleavage of lignin still remains an open issue due to the fact that the cleavage of ethereal bonds is not an easy task. Several strategies have been attempted with alternate success: de-polymerization under basic conditions, radical chemistry, transition metal mediated cleavage of ethereal bonds, and oxidative depolymerization. One of the issues is that often the monomers produced polymerize again affording products not useful or not easily convertible into useful molecules. Table 9 lists some catalysts and products obtained from lignin upon oxidative de-polymerization, an interesting strategy.

  
    

    [image: Table 9. Catalytic oxidative cleavage of lignin: catalysts]

  

  Figure 5 shows the potential of the oxidative depolymerization.

  
    

    [image: Figure 5. Some of the products of the oxidative depolymerization]

  

  Research in this field is still open and the potential of the catalysis must still be defined.

  2.4. Use of process bio-glycerol

  The last case we wish to discuss in this paper is bio-glycerol. It is formed in the hydrolysis or transesterification of lipids (Figure 6).

  
    

    [image: Figure 6. Transeserification of lipids in aqueous solution catalyzed]

  

  The most extensively used technology for lipid transesterification to fatty acid methyl esters (FAMEs) (used as biodiesel, if they contain maximum one unsaturation) is the base-catalyzed methanolysis in aqueous homogeneous conditions. Such process produces low-value salty aqueous glycerol that requires much energy for purification. Also, such catalysis cannot be conveniently applied to lipids rich in free fatty acids (FFAs), as lipids extracted from aquatic biomass may be, as the base converts the acids into soaps producing a loss of FAMEs and an increase of the complexity of the separation technology due to emulsion formation. As a matter of fact, the base-catalyzed production of FAMEs is applied to lipids containing less than 1% FFAs. It is not usable with lipids derived from aquatic biomass, which may contain up to 20% of FFAs nor with waste oils. An alternative to such process is the hydrolysis of lipids followed by esterification of the FFAs.29 Most recently, bifunctional catalysts have been developed that catalyze at the same time the transesterification of lipids (that require basic catalysts) and the esterification of FFAs (that requires acid catalysts) and do not require water.29,30 The result is that non aqueous, salt-free glycerol is produced that could be immediately used in chemical transformation or as fuel.

  The bifunctional catalysts are made of mixed oxides that have tunable acid and basic properties. An oxide such as CeO229 or WO230 is combined with one or more basic oxides so that the acid-basic properties can be tuned for a more efficient catalysis, as required by the amount of FFAs in lipids, that completely converts lipids and FFAs into FAMEs.29,30 As mentioned above, the glycerol obtained using bifunctional catalysts is water- and salt-free and more directly usable for conversion into chemicals. This new catalysis improves the quality of glycerol and reduces the cost of its purification for further industrial utilization as raw material to afford many useful products (Figure 7).

  
    

    [image: Figure 7. Products derived from glycerol: pure glycerol]

  

  Figure 8 shows an example of derivatives that find large application in the chemical industry.

  
    

    [image: Figure 8. Glycerol conversion]

  

  In particular propanediol, acrolein, acrylic acid, and propylene glycol are products that may have markets in the order of several Mt and find, or may find, application, among others, in the polymer industry. Such application is of great interest, as it would produce materials of biological origin in place of fossil carbon-derived chemicals. Glycerol carbonate is an interesting building block for several new chemicals or polymers.31

  Aqueous-salty-glycerol, which is not easily usable in chemical processes as salts and water may destroy the catalysts, can conversely find use in biotechnological applications, as microorganisms are not so sensitive to salts and live in water. The conversion into 1,3-propanediol has been known for a long time.32 Recently, new bacterial strains have been developed able to afford both 1,3-propanediol and n-butanol.33 The former is used for the production of 1,3-trimethylene carbonate, a monomer for bio-polymers,34 the latter for the production of maleic anhydride,35 that can substitute the fossil carbon-derived phtalic anhydride in polymers.

  Another interesting application of aqueous-salty-glycerol is the biotechnological production of hydrogen. Recently, new bacterial strains have been identified that can convert glycerol into H2 and can work under 0.6 MPa of H2.36 This finding is of great interest as one of the issues with bio-hydrogen is the low pressure at which it is generated that requires pressurization for utilization. Collecting bio-H2 at 0.6 MPa would allow its direct distribution, for example, in fuel cells. Table 10 compares the properties of bio-H2 derived from glycerol and H2 produced via vapor phase reforming (VPR) of the polyol, a process that has serious issues in the short time-life of the catalysts and the purity of produced H2.

  
    

    [image: Table 10. Comparison of the properties of H2 produced from glycerol]

  

  It must be emphasized that the biotechnological production is less intensive than VPR, with a lower production per unit time and volume, but affords H2 of much better quality. In particular, bio-H2 is CO-free, and this is a quite interesting value as such H2 would be used, for example, in fuel cells without further treatment. VPR-generated H2, which contains CO, would require partial oxidation (PO) processing for the oxidation of CO into CO2 that can easily be eliminated. Therefore, bio-H2 produced at 0.6 MPa from actual aqueous-salty raw glycerol has a great value.

   

  3. Conclusions

  Low-value or low-concentration C-streams or residual biomass can conveniently be used as source of carbon for the synthesis of chemicals and fuels. New catalytic processes (chemical or biotechnological or combined) need to be discovered and applied. In general, the molecules to be converted are either inert HCs or are rich in oxygen. Such substrates are quite different from raw materials used until now, mainly represented by HCs and syngas. A new catalysis must be discovered and applied.

  Two reactions dominate the new chemistry: (i) C–H activation and (ii) conversion of high oxygen content substrates. In both cases new catalysts are needed with respect to those actually in use in the chemical industry and this will open new opportunities to chemistry and catalysis. Additionally, new synthetic technologies will be necessary. Photocatalysis can play a key role in driving a number of new reactions, using solar energy as a primary energy source more than fossil carbon. This will require the development of new photocatalysts active in the visible light range.

  Heterogeneous catalysis will play a central role in the new transformations of polyols, with metal oxides on the frontline.

  CO2 and water will play a key role in the future: stepping towards a CO2-H2O-based economy facilitated by the use of perennial energy sources such as solar/wind/geothermal is a need, not only a dream.

  The integration of chemistry and biotechnology is another important strategy that may allow the conversion of unreactive molecules into useful products. In general, biotechnology can be used for the conversion of biomass into platform molecules that can be further converted into fine chemicals using catalysis. In such latter operation, also homogeneous catalysis may play an important role.
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    Brazil e Estados Unidos são os maiores produtores mundiais de bioetanol e a principal aplicação desse álcool é como combustível. Como o etanol brasileiro é o mais barato do mundo, há um interesse crescente no seu uso como precursor nas biorefinarias para síntese de moléculas maiores. O bioetanol pode ser usado na produção direta de olefinas como etileno, propileno, 1,3-butadieno e hidrocarbonetos maiores, assim como a produção de moléculas oxigenadas, como 1-butanol, acetato de etila, acetaldeído e ácido acético. Nesse review crítico, será discutido o desenvolvimento de catálise heterogênea para a conversão de etanol em produtos com maior valor agregado.

  

   

  
    Brazil and the USA are the major bioethanol producers in the world, and the main application of this alcohol is as fuel. Since Brazilian ethanol is the cheapest in the world, there is a crescent interest in its use as a building block for biorefineries. Bioethanol can be used for the direct production of drop-in chemicals, such as ethylene, propylene, 1,3-butadiene and larger hydrocarbons, as well as for the production of oxygenated molecules, such as 1-butanol, ethyl acetate, acetaldehyde, and acetic acid. In this critical review, the development of heterogeneous catalysts for the conversion of ethanol into these commodity chemicals will be discussed.
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  1. Introduction

  Before the 19th century, energy and materials were obtained mainly from biomass. Since the upcoming of the industrial revolution and the petroleum-age, biomass has been replaced by non-renewable sources, such as minerals, coal, gas, and petroleum, which were cheap and widely available.1 Throughout the years, the chemistry of petroleum has been extensively developed and consolidated, and modern society relies on petroleum to meet its needs for energy, transportation fuels, goods and building blocks for commodity and specialty chemicals. Thus, it is not surprising that the petroleum price has been rising, not only because of market regulation, but also for political reasons.2 The petroleum consumption is significantly higher in developed and emerging countries,2 and while its worldwide average daily consumption per capita is approximately 2 L, in Brazil and in the USA it is around 7.1 and 9.5 L per day, respectively.3,4

  Even though petroleum has been the major source of carbon, in different moments and for different reasons, the discussion of using biomass has emerged. For example, in the 1930s, due to a large agricultural surplus in the USA, the US Department of Agriculture has founded regional laboratories for studying the industrial utilization of "farm products" as feedstock for chemicals.1 Also, during the Second World War, Europe faced problems in obtaining petroleum, which motivated the use of biomass for the production of fuels, resulting in the so-called biodiesel, produced from the reaction between vegetal oils and alcohols.5 Later in the 1970s, the Brazilian government was concerned about the country's strong dependence on imported petroleum. Therefore, seeking the energetic independence, Brazil invested in the production of biomass-derived fuels, such as ethanol from sugarcane (ProAlcohol Program) and biodiesel (ProOleo Program).6 ProAlcohol was very successful and since then, ethanol has been used as fuel or as an additive to gasoline. Nowadays, most Brazilian cars are prepared to run with either hydrated ethanol or with gasoline containing 25% anhydrous ethanol.

  Recently, the interest in using biomass as carbon source for the production of chemicals and fuels has emerged again, mainly due to concerns on petroleum depletion and on environmental issues caused by the chemical and petrochemical industries. Academia, industry, and government agencies have joined forces to promote the development of biomass conversion, which has as ultimate aim producing chemicals and fuels in biorefinaries.

  In chemical industry, the main use of biomass is for ethanol production. In this process, the glucose syrup from sugarcane or the glucose obtained from corn starch hydrolysis is fermented to obtain bioethanol. The remaining solid biomass is usually burned to generate heat. Brazil was pioneer in the large-scale production of bioethanol from sugarcane, and for many years, bioethanol has been economically viable only in Brazil. In the 2000s, the USA started investing in the bioethanol production from corn and, in 2005, surpassed Brazil as the main producer (Figure 1). In 2013, Brazil and the USA accounted for 84% of the bioethanol produced worldwide (Figure 2).7-9 Even if Brazil is not the largest bioethanol producer, the technology developed and improved along the years, makes the Brazilian sugarcane bioethanol the cheapest in the world.10
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  In 2004, the US Department of Energy released a report13 electing the top value-added chemicals from biomass. Surprisingly, ethanol was not in the top 30 chemicals and the justification was that ethanol is a limited building block and would potentially become a super commodity. Clearly, while bioethanol was commercially used in large scale in Brazil for 30 years, for the rest of the world, bioethanol did not seem to be economically viable. Few years later, Bozell and Petersen14 revised the report and included ethanol as one of the top 10 most valuable chemicals obtained from biomass. The inclusion of ethanol in their list was due to recent technology developments and strategic commercial partnerships, that would have improved its platform potential.14 However, the fact that the USA triplicated its bioethanol production in the six years gap between the two publications (Figure 1), must have influenced the authors' choice.

  Since the 1980s, fuel has been the main use for bioethanol and its consumption has been increasing significantly (Figure 3). In the USA, for example, the Energy Independence and Security Act of 2007 (public law 110-140) mandates that by 2022, 36 billion gallons year–1 of transportation fuels will be replaced with biofuels.15 In Brazil, the large-scale consumption of bioethanol as fuel started in 1938 (law number 737), when adding ethanol to gasoline became mandatory. The Brazilian ethanol has competitive prices compared to gasoline (even without government subsides) and therefore its consumption has been increasing in the last 20 years. For instance, in 2013, according to the Brazilian National Agency for Petroleum, Natural Gas and Biofuels, the total national consumption of bioethanol (anhydrous and hydrated) for fuel purposes was 21.1 billion L, while the gasoline C (for light and medium vehicles) consumption was 41.3 billion L. These numbers revel that, currently, bioethanol accounts for approximately one third of the fuels used in light and medium size vehicles in Brazil.
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  The bioethanol production exceeds significantly its consumption as fuel8 and, therefore, there is room for its use as a platform molecule for the production of chemicals. As shown in Figure 3, the use of ethanol in the chemical industry almost doubled from 1990 to 2010, however, this increase was not as accentuated as the one observed for fuel. The challenges to increase the use of bioethanol as chemical feedstock are related to the development of novel high performance catalysts and to the cost for replacing well-established processes and products for biomass-derived ones. Bioethanol has an advantage compared to other biomass feedstocks, such as lignin, cellulose, hemicellulose and fatty acids: it can be directly converted, in one-pot processes, into "drop-in" chemicals. This means that bioethanol can be used to obtain some of the same building block chemicals that are currently obtained from petroleum, such as ethylene, 1,3-butadiene, propylene, and higher hydrocarbons. In this case, the changes in chemical industry to incorporate ethanol as feedstock could be minimized. However, the costs for producing these drop-in chemicals from ethanol are still higher than the conventional petroleum-based processes, even though the difference in cost has been decreasing.16

  In Brazil, due to the low cost of the sugarcane and public incentives, bioethanol has recently been used in the chemical industry for the production of ethylene (or bioethylene). Since 2010, Braskem, chemical company based in Brazil, has a commercial plant with a capacity of producing 200,000 metric tons of polyethylene from bioethylene.16,17 Dow Chemicals and Solvay also produce or use bioethylene.14 Recently, Braskem, in collaboration with Genomica, started a new industrial plant for the production of 1,3-butadiene from bioethanol.18 However, according to the company, the success of this process still depends on public incentives.17 Besides the drop-in chemicals, other commodity chemicals can be industrially produced from ethanol. For example, Johnson Matthey Davy Technologies has developed in the UK a one-pot process for the partial dehydrogenation of bioethanol into ethyl acetate, using copper supported on chromium oxide.19,20 According to the company, their plant in South Africa produces 50,000 tons per year.21

  While the direct production of drop-in chemicals from ethanol can sound more interesting due to their broad use in current chemical industry, from the economical point of view, biomass is more suitable to produce oxygenated compounds. Biomass components, such as cellulose and hemicellulose are highly functionalized and present an O/C molar ratio close to 0.8 (Figure 4).22 Crude oil, on the other side, has an O/C ratio close to zero, due to its non-functionalized nature. Therefore, in a traditional refinery, for the production of oxygenated molecules, oil has to be functionalized, while in the biorefinary, biomass has to be deoxygenated.
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  Therefore, in an emerging concept, it would be more rational to produce unfunctionalized molecules from oil and functionalized molecules from biomass. In fact, studies show that some oxygenated compounds such as ethanol and acetic acid could be produced at lower costs from biomass, as well as the drop-in chemical ethylene, that can be readily obtained by ethanol dehydration (Figure 5).23
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  Ethanol is a versatile building block for biorefinaries, and can be used for the direct production of drop-in chemicals, such as ethylene, propylene, 1,3-butadiene and hydrocarbons, as well as for the production of oxygenated molecules, such as 1-butanol, ethyl acetate, acetaldehyde and acetic acid. Figure 6 shows some ethanol-derived organic molecules. In this critical review, the development of heterogeneous catalysts for the conversion of ethanol into commodity chemicals will be discussed.
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  2. Drop-in Chemicals: Ethylene, Propylene, Butadiene and Larger Hydrocarbons

  As previously discussed, converting ethanol into drop-in chemicals would facilitate the integration of the ethanol biorefinary into the current chemical industry processes. Ethylene is probably the most obvious chemical to be obtained from ethanol, first because the reaction involves a simple dehydration, and second because ethylene is the largest-volume petrochemical produced worldwide.24 In 2006, the ethylene worldwide production was around 113 million tons.24 Ethylene is used almost exclusively as a chemical building block, and over 80% of the ethylene is used to produce ethylene oxide, ethylene dichloride, ethylbenzene, and polyethylene.24

  The ethanol conversion into ethylene is endothermic and catalyzed by solid acids. In the reaction, ethanol is directly dehydrated to ethylene or etherified to diethyl ether. The ether can be subsequently converted to ethylene and is therefore considered a reaction intermediate.25 In general, when the reaction is carried out at temperatures between 150 and 300 ºC, diethyl ether is observed as a product, but at higher temperatures, the ether is readily converted to ethylene.25 The main byproducts of the reaction are acetic acid, ethyl acetate, acetaldehyde, acetone, methanol, methane, propane, propylene, butane, butenes, hydrocarbons, carbon dioxide, carbon monoxide, and hydrogen. A large variety of catalysts has been tested for this reaction, but commercially alumina has been the most used.25 In the 1960s, there has been an effort to revel the mechanism of ethanol conversion into ethylene and diethyl ether over γ-alumina.26-32 It has been proposed that ethylene formation should proceed via a surface compound, in which an alcohol molecule is joined by two angular H-bonds to an OH group and an oxygen ion on the surface.29 However, since alumina is amphoteric, it has also been suggested that the acid sites could lead to ethylene formation, while the basic sites to diethyl ether.31 A recent density functional theory study proposed that the Brønsted acids in the alumina surface are weak, and therefore the adsorption of ethanol over these sites does not lead to any reaction. Therefore, the Lewis acid sites should be responsible for catalyzing the conversion of ethanol into both ethylene and diethyl ether.33 Diethyl ether formation happens most probably by a Sn2 mechanism, by a nucleophilic attack of a free ethanol molecule at an ethanol molecule coordinated to the alumina surface.33 The decomposition of diethyl ether into ethylene can take place by two mechanisms: the hydrolysis of the ether into two alcohol molecules followed by dehydration or by an elimination mechanism in which the ether would be directly converted into ethylene and an ethoxide coordinated to the catalyst surface.31-33

  Alumina is indeed a cheap catalyst and therefore interesting for industrial applications. However, for ethanol dehydration, high temperatures (450 ºC) are required and the ethylene yield is not particularly high (in the range of 80%).34,35 Consequently, there has been an interest in finding alternative catalysts. Since alumina has been such a popular catalyst for ethanol dehydration, one alternative is to improve its performance by modification with other metal oxides. Alumina doped with titania has shown to be active for ethanol dehydration.36,37 When used in a microchannel reactor, alumina doped with 10% of titania led to ethylene yields comparable to pure alumina, however, at reaction temperatures 50 ºC or lower. This is attributed mainly to the stronger Lewis surface acidity of the TiO2-Al2O3 catalyst.37 Amorphous silica-alumina catalysts have also shown ethylene yields comparable to pure alumina (76.7%), but at considerably lower temperature (300 ºC),38 however, amorphous silica is not particularly stable at the reaction conditions. Mixed oxides of Mn2O3, Fe2O3, Al2O3, and SiO2 at various ratios have also been studied. The catalyst with the molar composition 45Mn2O3:45Fe2O3:10SiO2 presented the best performance, reaching 66% yield for ethylene at 400 ºC.39 Similar results have been observed for the mesoporous silica MCM-41 modified with vanadium 
    (V/Si molar ratio of 0.04).40 Using V-MCM-41, however, the reaction follows a dehydrogenative pathway and therefore, oxygen is required (ethanol/oxygen ratio of 2) in order to reduce the dehydration energy barrier. If oxygen is not used, very little ethylene is formed.40 Between the metal oxide catalysts, one of the most promising results for ethanol dehydration was obtained with WOx-silicate (W/Si ratio of 0.16), which led to an ethylene yield of ca. 92% at 350 ºC.41 WOx based catalysts need further studies as dehydration catalysts. This class of catalysts can be an interesting model catalyst to probe the effect of the surface acidity, since their Brønsted/Lewis acid ratio as well as the strength of the acid sites can be finely controlled by the preparation conditions.

  In fact, WOx based catalysts are derived from heteropolyacids, which have been also studied with success for ethanol dehydration. Heteropolyacids, such as tungstophosphoric acid (H3PW12O40, TPA), tungstosilicic acid (H4SiW12O40, STA), and molybdophosphoric acid (H3PMo12O40, MPA) were tested in ethanol dehydration. The best results were obtained with TPA, leading to ethylene yields of ca. 77% (88% ethanol conversion and 87% ethylene selectivity) at 250 ºC.42 Ethylene selectivity using STA and MPA as catalysts were ca. 61 and 27%, respectively. The presence of a small quantity of water (10% of water in ethanol) led to a reduction of the catalysts activity.42 This is a general problem in ethanol dehydration, since water will compete with ethanol for the active sites. Even though the ethylene yield obtained with TPA as catalyst was similar to that obtained using alumina, the reaction temperature was significantly lower. When the temperature is further reduced to 180 ºC and TPA is used as catalyst, the main product was diethyl ether (74% selectivity at 58% conversion). Between the heteropolyacids studied, STA was reported to be the most stable.42

  In another study, a series of potassium tungstophosphoric acids with the composition KxH3–xPW12O40 (x = 0, 1, 1.5, 2, and 3) were supported on silica and tested as catalyst for ethanol dehydration.43 For all values of "x", ethanol was fully converted, however, at low temperatures (200 ºC), only catalysts with at least one proton in its structure (x = 0, 1 and 2) reached full conversion (selectivities were not reported).43 From these results, it can be concluded that both Lewis and Brønsted acid sites are active in ethanol dehydration; however, strong Brønsted acids catalyze the reaction at lower temperatures. When the protons of TPA were exchanged with silver (Ag3PW12O40), the catalyst was shown to achieve ethylene yields above 95% at 200 ºC.44 The silver provides redox sites in this catalyst and, under certain reaction conditions, the catalyst is active in dehydrogenation, which is confirmed by the formation of acetaldehyde.44 Although Ag3PW12O40 has shown promising results, the catalyst is not stable at the reaction temperature and this seems to be a general statement for many heteropolyacids. This class of catalyst presents strong Lewis and Brønsted acid sites, however, questions related to catalyst stability, resistance to water, and effect of the support remain unanswered. Up to now, the results presented for heteropolyacids do not justify considering this catalyst as a replacement for alumina.

  By far, the most promising catalysts for replacing alumina as commercial catalyst for ethanol dehydration are zeolites. ZSM-5 with SiO2/Al2O3 ratios of 20-25 has been extensively studied, reaching ethylene yields higher than 95% at temperatures as low as 180 ºC.38 For lower aluminum contents (e.g., SiO2/Al2O3 = 90), temperatures above 300 ºC are required.38,45,46 The stability of this catalyst is not particularly high, and a sharp deactivation is observed (which is comparable with the alumina deactivation). The catalyst deactivation is usually attributed to coke formation, that shields the acid sites,38,45 but its activity can be fully regenerated by calcination. The formation of coke is due to the high strength of the acid sites, which lead to ethylene oligomerization and subsequently to carbon deposits. The use of small fractions of water mixed into the ethanol feed diminishes the activity of the catalyst since it decreases the surface acid site strength, and therefore, also minimizes the coke formation.45 A synthetic alternative to improve the ZSM-5 stability involves the modification with 3 wt. % of lanthanum, which doubles the catalyst life time by decreasing coke formation and can be fully regenerated by calcination.47 The effect of the lanthanum is not completely clear, but it leads to a decrease in the strength of the ZSM-5 acid sites, which should be the reason for a lower formation of carbon deposits. Similar results have been observed for ZSM-5 modified with lanthanum phosphate.48 Nanosized ZSM-5 has also shown a slower deactivation compared to regular ZSM-5, which has been attributed to a lower residence time of the product (ethylene) inside the catalyst pores, minimizing oligomerization reactions.49

  Other zeolites, such as mordenite, beta, and Y have also been tested as catalysts for ethanol dehydration, reaching ethylene yields of > 99, 57, and 71% at 180 ºC (250 ºC for Y zeolite), respectively.38 Mordenite with SiO2/Al2O3 ratios of 25 and 90 presented similar performance, however, the catalyst with a lower aluminum loading (SiO2/Al2O3 = 90) presented slower deactivation.38 The silicoaluminophosphate SAPO-34 and its parent form modified with nickel, Ni-SAPO-34 were compared with alumina and ZSM-5 in the dehydration of ethanol into ethylene.35 Ni-SAPO-34 led to ethylene yields similar to ZSM-5, while the SAPO-34 performance is similar to alumina. The deactivation of the SAPO-34 catalysts was considerable slower than alumina and ZSM-5.35 The main drawback of SAPOs is the high working temperature required (350 ºC).

  Zeolites are the most promising catalysts for industrial application in ethylene synthesis from bioethanol, since they are more selective than alumina and allow reaction at much lower temperatures. Zeolites are commercially available and already used in numerous industrial processes, including the traditional refinery. Yet, there are questions to be addressed related to the zeolite stability. It seems that controlling the acid strength is a key factor for the selectivity of the catalyst. Another point to be addressed is related to the presence of water in the reaction feed, which is inevitable for ethanol. Even though small amounts of water in the feed (5-10%) reduce coke formation, the hydrothermal stability of these aluminosilicates is not particularly high. Therefore, systematic studies on the catalyst performance and stability have to be carried out. The performances of selected catalysts for ethanol dehydration into ethylene are summarized in Table 1.
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  As discussed before, neat ZSM-5 at low temperatures (< 250 ºC) is selective to convert ethanol to ethylene. However, at temperatures around 400 ºC, ZSM-5 further converts ethylene into heavier hydrocarbons, forming, for example, the so-called BTX (benzene, toluene and xylene) with selectivity of 52.9% (30.9% xylenes, 18.9% toluene, and 3.1% benzene).51 Ethylene (or butene) formed from ethanol can undergo different reactions, such as oligomerization, aromatization, cracking, transmethylation, etc., forming a large number of saturated and unsaturated hydrocarbons with different carbon chain length. One of the challenges of this process is to tailor the catalyst composition in order to control the product distribution.

  Other zeolites, such as USY, mordenite and beta, even at 400 ºC, still display selectivities of 86-96% for ethylene.51 In fact, ZSM-5 is the most studied catalyst for the direct transformation of ethanol into hydrocarbons. The Si/Al ratio has an important effect on the product distribution, as shown in Figure 7.52 After 1 h on stream, the major products are hydrocarbons with carbon length between C5 and C11 (which could be used as gasoline), followed by C3-C4.52 The selectivity for the C5-C11 fraction is shown to increase with increasing Si/Al ratios, reaching a maximum at Si/Al = 140. After 16 h on stream, ZSM-5 with a Si/Al ratio of 16 and 40 present the highest selectivity for the C5-C11 fraction, i.e., ca. 70%, and ca. 28% for the C3-C4 fraction.52 However, ZSM-5 with a Si/Al ratio of 40 is more selective to paraffins, while ZSM-5 with a Si/Al ratio of 140 is more selective to olefins. By increasing the Si/Al ratio, the selectivity for the lower fraction increases after 16 h on stream, by expense of the heavier fraction, and olefin formation becomes predominant.52
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  Comparison of the methanol to gasoline (MTG) and the ethanol to gasoline (ETG) processes using ZSM-5 as catalyst shows that both processes lead to the same products. However, in the ETG process the compounds trapped inside the zeolite pores are ethyl-substituted aromatics instead of methyl-substituted aromatics common for the MTG process. An assumption is that the heavier products trapped inside the zeolite pores in the ETG process turn more easily into coke, which blocks the zeolite active sites, leading to a faster catalyst deactivation.53 Study of the coke formation shows that the products trapped inside the zeolite pores (mainly alkylbenzenes and akylnaphthalenes) undergo radical reactions, leading to bulkier molecules.54,55 As mentioned before, the presence of water in the feed attenuates coke formation.56 However, ZSM-5 does not have a particularly high hydrothermal stability and in the presence of water, catalyst degradation is observed. At high water concentrations (for example 1/1 ethanol/water), the catalyst cannot be regenerated.57

  A benchmark study showed that modification of ZSM-5 with metal ions affects the product distribution in the ethanol to hydrocarbon reaction.51 For ZSM-5 (SiO2/Al2O3 = 29) containing Mg, Co, Cu, or Re, ethylene remains the main product, indicating that these metals present no activity for converting ethylene. On the other hand, when ZSM-5 is modified with Fe, Ga, Ru, Rh, Pd, Ir, Pt or Au, the main products are BTX (benzene, toluene and xylene). For all these catalysts, xylene is the major product, followed by toluene, while benzene selectivity if low. Ga-ZSM-5 is the most selective catalyst for BTX, reaching 73.6% (46.6% xylenes, 24.5% toluene and 2.5% benzene), but coke formation is considerably high. After reaction, the catalyst had its mass increased by 5.5% due to carbon deposits.51 With this respect, the Au-ZSM-5 catalyst presented a lower carbon deposition (2.5 weight gain due to coke) and its selectivity for BTX was still considerably high, i.e., 56.8% (30.5% xylenes, 22% toluene, and 4.3% benzene).51 ZSM-5 modified with iron also presented low coke formation, however the catalyst performance was similar to neat ZSM-5.51,58 However, using Fe-ZSM-5 and co-feeding hydrogen to the reactor, the selectivity for heavier hydrocarbons increased.58 The reduction of coke formation in Fe-ZSM-5 has been attributed to modifications of the zeolite surface acidity.59,60

  Between the several possible products obtained by the reaction of ethanol on ZSM-5 at high temperatures, one has received special attention in the literature: propylene. Propylene is the second most important chemical commodity produced from petroleum and is used as feedstock for chemicals and polymers.61 Propylene is commercially obtained as a byproduct of ethylene and its production ranges around 30 million tons per year,61 in a market that moved ca. 90 billion dollars in 2008.62 Braskem, for example, is already investing in polypropylene production from bioethanol-derived propylene. In general, ZSM-5 with high Si/Al ratios are more selective for propylene. For example, ZSM-5 with a SiO2/Al2O3 ratio of 80 leads to a propylene yield of ca. 30%, however after 4 h on stream, the propylene yield starts to drop due to catalyst deactivation.63 Similar results have been obtained for ZSM-5 with a SiO2/Al2O3 ratio of 280, while lower propylene selectivity is observed for ZSM-5 with a SiO2/Al2O3 ratio of 40.64 ZSM-5 (SiO2/Al2O3 ratio of 80) modified with Zr,63 Sr,65 and P66 also showed propylene yields of ca. 30%, but the catalyst showed higher stability compared to plain ZSM-5. A mechanistic study proposed that ethanol is first dehydrated to ethylene, which then forms CH2* carbene species via a π-complex with the ZSM-5 surface. The carbene reacts with an ethylene molecule to form propylene.67 It has also been proposed that ethylene oligomerizes to polyenes, which undergo acid catalyzed cracking, forming propylene as one of the products.68

  Since the propylene production from ethanol using ZSM-5 as catalyst is limited to ca. 30% yield, different reaction routes have been studied. For example, ethylene from ethanol is dimerized to butene (Dimersol process). A mixture of ethylene and butene is then subjected to metathesis to form propylene.69 An example of a metathesis catalyst is the FSM-6 mesoporous silica impregnated with nickel, which leads to a ca. 30% propylene yield at 400 ºC.69

  An alternative reaction pathway involves the dehydrogenation of ethanol to acetaldehyde, which is then converted to acetone. Acetone can be reduced to isopropanol, and the alcohol dehydrated to propylene.70 This reaction pathway has been gaining attention in recent years. Scandium-modified indium oxide has shown remarkable selectivity for propylene from ethanol, reaching up to 61.8% yield at 550 ºC. The main byproducts were butane (14.7%), ethylene (1.2%), acetone (0.1%) and acetaldehyde (2.9%). Bare indium oxide led to only 34% propylene yield.70 Study of the reaction pathway revealed that it proceeds through acetaldehyde, acetic acid, and acetone as intermediates, with carbon dioxide and ethyl acetate being generated as byproducts. It was found that both acetaldehyde and acetic acid can be converted to acetone. The role of scandium was found to be mainly preventing the reduction of indium oxide, thus prolonging its stability.71 Indium, however, has a prohibitive price for the application as catalyst for the production of commodities. Other catalysts have been tested, but propylene yields were lower. For example, ceria modified with Y and Nb reached only ca. 32% propylene yield.72 For a selective propylene production, the reaction pathway though acetone seems to be the most promising, however, catalyst research and development is needed, mainly to further improve the catalyst performance and stability. Further elucidation of the reaction mechanism is also needed.

  Another important drop-in chemical produced from ethanol is butadiene. This diene is one of the most important platform chemicals obtained in the petrochemical industry, reaching 9 million tons in 2007.16,73 Commercially, butadiene is obtained as a byproduct of the ethylene synthesis.73 In the last years, an increase in butadiene production costs has been observed,16 and therefore the interest in the production from ethanol has emerged.16 Recently, two excellent reviews have appeared on the ethanol conversion into butadiene,16,74 and therefore the discussion in this text will be more practical.

  The one-pot process for butadiene synthesis from ethanol is the most studied (Figure 8),75 since it is more appealing for a large-scale production. The first catalyst for this process was developed and patented in the early 1930 by Sergei Lebedev, and the process was named after him.16 One decade later, Giulia Natta, identified the catalyst being a mixture of silica and magnesia.76 Surprisingly, after almost one century, the best catalysts for this reaction are still based on MgO/SiO2, as shown in Table 2.16 There is, however, a lack of understanding of the reaction mechanism and of how each of these oxides contributes to the overall performance of the catalyst. For example, studies from the 1970s indicate that the catalyst is extremely sensitive to the preparation method.75,77-79 When the MgO/SiO2 catalyst is prepared by wet kneading, it leads to a butadiene yield of 42%. On the other hand, a simple physical mixture of MgO e SiO2 yields only a few percent of butadiene, similar to the yield obtained with pure MgO.79 This behavior is justified by the fact that the wet-kneading preparation leads to a higher interaction between the silica and magnesia particles,80 which is apparently important for the catalyst selectivity. However, when MgO/SiO2 is prepared by sol-gel methods, which supposedly maximize the silica-magnesia interaction, the butadiene yield is not higher than 10%. Furthermore, variations in catalyst performance are observed even using the wet-kneading method. For example, if the silica used was obtained by the sol-gel method, the optimal MgO:SiO2 ratio is 1:1, while it is 3:1 when Aerosil silica is used.
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  Therefore, further studies are needed to identify the actual structure and surface properties of the MgO/SiO2 catalyst in order to understand the real role of each of the oxides in the ethanol conversion to butadiene. This knowledge will be useful to design new and high-performance catalysts for the reaction.

  An alternative for the one-pot conversion of ethanol into butadiene is the two step process in which ethanol is first dehydrogenated to acetaldehyde, which is then reacted with ethanol to give butadiene. The reaction mechanism is believed to be the same observed to the one-pot reaction. Therefore, differences between the one pot and the two-step reaction are mainly related to the process itself. This two-step process was commercial in Brazil starting in 1967 at the former Companhia Pernambucana de Borracha Sintética (COPERBO) for the production of rubber with 27,500 tons per year capacity and 70% yield.85 COPERBO shut down the butadiene plant in the 1980th, due to increasing exportation of sugar cane syrup from Brazil and the importation of rubber produced at lower cost from non-renewable sources.

   

  3. Oxygenated Chemicals: Acetaldehyde, Acetic Acid, Ethyl Acetate and Butanol

  Acetaldehyde, acetic acid, and ethyl acetate have industrial importance and are typically derived from petroleum or natural gas. The industrial production of these three organic molecules are interconnected, as shown in Figure 9.86,87
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  Acetaldehyde production in 2003 reached 1 million tons and the commercial process for ethylene oxidation is the so-called Wacker process.16 The main use of acetaldehyde is the production of acetic acid and esters (mainly ethyl acetate and vinyl acetate), however, other important products such as pyridine and pentaerythritol can be obtained.87 Acetaldehyde was, for several years, the main precursor for acetic acid, however, nowadays this ester is mostly produced by methanol carbonylation (Monsanto process).86 The worldwide acetic acid production reached 5 million tons in 2006, and its main use is the production of vinyl acetate and acetic anhydride. Furthermore, acetic acid can also be converted to ethyl acetate or other esters by Fisher esterification.16,86 Ethyl acetate is an important low-toxic solvent that can replace aromatic solvents in paints and inks.88 Moreover, it can be used in the pharmaceutical, cosmetics and food industry.89 The worldwide ethyl acetate production reached 1.3 million tons in 2004 and Rhodia-Brazil is one of the largest producers.89

  Acetaldehyde and ethyl acetate can be obtained from ethanol by two different routes (Figure 10). In an inert atmosphere, ethanol can be dehydrogenated to acetaldehyde using a redox catalyst. In the presence of a bifunctional redox/acid catalyst, acetaldehyde couples with ethanol to produce ethyl acetate and hydrogen. Under aerobic conditions and in the presence of a redox catalyst, ethanol can be oxidized to acetaldehyde, followed by a second oxidation to acetic acid. If the catalyst also has an acidic functionality, acetic acid readily esterifies with ethanol to ethyl acetate. In the aerobic oxidation, water is formed. The great advantage of the reaction at inert atmosphere is the production of hydrogen, a valuable compound in chemical and petrochemical industry. On the other side, the reaction under aerobic atmosphere can be carried out at lower temperature, and studies have shown that it has one third of the energetic costs and CO2 emission, compared to the reaction under an inert atmosphere.90
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  The dehydrogenation of ethanol to acetaldehyde and subsequently to ethyl acetate has been studied using mainly Cu, Pd and Au based catalysts on different supports. The support, in fact, has an important role in the product distribution, i.e., in a higher selectivity for the aldehyde or the ester. For example, using Cu supported on silica as catalyst, a 87% selectivity for acetaldehyde and only 5.3% selectivity for ethyl acetate has been observed at 41% ethanol conversion at 225 ºC (other byproducts include methyl ethyl ketone, butanol, crotonaldehyde, and ethyl ether).91,92 Using Cu supported on monoclinic zirconia, the selectivity for acetaldehyde and ethyl acetate at 43% ethanol conversion was found to be, respectively, 23 and 73% at 200 ºC.92 Cu+ species were prevalent over Cu0 on the metal surface of the Cu/SiO2 catalyst and the ionic species is more selective to acetaldehyde formation. Using Cu/ZrO2, the support leads to an increase in the metal electron density, and therefore its surface is dominated by Cu0 species.92,93 Figure 11 shows a proposed reaction scheme for the 
    Cu/ZrO2 catalyst. Ethanol is activated to CH3CH2O* by Cu+ sites or on the zirconia surface. When this activation takes place on the Cu+ sites, the ethanol can be dehydrogenated and transferred to Cu0 sites as an activated species CH3(C*)O. This species would undergo coupling reaction with CH3CH2O* found on the Cu+ or zirconia sites. As already mentioned, the copper surface (when supported on zirconia) is poor in Cu+, which is mainly involved in dehydrogenation reaction. Therefore it is highly probable that the coupling reaction happens on the surface between the metal and support.93 This is endorsed by the fact that if the support does not activate ethanol (such as silica), the whole reaction takes place on the Cu/Cu+ species, which causes a poor ethyl acetate selectivity (ca. 5%).92,93
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  Palladium supported in several metal oxides (such as zinc, tin, silicon, aluminum, and tungsten) has been used for ethanol dehydrogenation.94 Using Pd/ZnO, 40.9% selectivity for acetaldehyde and 48.5% selectivity for ethyl acetate (40.4% ethanol conversion) was observed at 250 ºC.94 Contrarily, PdZnO/SiO2 was more selective for acetaldehyde, reaching 95.6% at 21.1% of ethanol conversion.94 In studies using PdO/ZnO/Al2O3 as catalyst in an inert atmosphere, selectivities of 90.1% for acetaldehyde and only 1.6% for ethyl acetate (16.8% ethanol conversion) were achieved at 175 ºC.95 This catalyst, therefore, is efficient in the dehydrogenation of ethanol, but not in the promotion of the acetaldehyde and ethanol coupling to ethyl acetate. When monoclinic zirconia was physically mixed with this catalyst, selectivities to acetaldehyde and ethyl acetate were, respectively, 51.9 and 42.9% (33.4% ethanol conversion) at 175 ºC.95 Similarly, when a Zn-Zr-Al mixed oxide catalyst was used for this reaction at 220 ºC, selectivities to acetaldehyde and ethyl acetate were, respectively, 5.7 and 85% at 66% ethanol conversion.96 However, to achieve such high ethyl acetate selectivity, the support has to be neutralized with sodium or potassium carbonate. Gold supported on silica showed high selectivity to acetaldehyde in an inert atmosphere.97 At 250 ºC, for example, selectivity to acetaldehyde was close to 100% at ca. 12% ethanol conversion. To achieve high yields, high temperatures have to be used, such as 400 ºC, giving acetaldehyde selectivity above 90% at an ethanol conversion of ca. 90%.97 Studies of the gold particle size showed that ca. 10 nm is the optimal diameter for this reaction.97

  When the ethanol conversion is carried out under aerobic conditions, acetic acid is also formed as a product (Figure 10). Using PdO/ZrO2 as catalyst leads to selectivities of 25.1, 32.0 and 34.5%, respectively, for acetaldehyde, acetic acid, and ethyl acetate (32.4% ethanol conversion) at 175 ºC.95 When additional zirconia is physically mixed with the catalyst, there is an increase of the acid sites concentration, leading to the esterification of the acid to ethyl acetate. In this case, the selectivies are 23.9, 2.5 and 63.3%, respectively, for acetaldehyde, acetic acid, and ethyl acetate (41.5% ethanol conversion).95 Titanium pyrophosphate (TiP2O7) modified with Pd showed high activity in ethanol conversion (96%), and the selectivies for the main products were 37.1% of acetic acid and 46.7% of ethyl acetate at 200 ºC.98 Pd supported on Y zeolite showed 50% selectivity to ethyl acetate and 7% to acetic acid (83% ethanol conversion) at 110 ºC.99 These results are particularly interesting, since the reactions were carried out at low temperature. Gold catalysts supported in several metal oxides were tested for ethanol conversion. A recent report shows that 1% gold supported on different oxides, such as molybdenum, lanthanum, strontium, aluminum, titanium, tin, zinc, vanadium, and copper, can reach acetaldehyde yields above 60% at temperatures between 180 and 280 ºC, depending on the support. Interestingly, using these catalysts, acetaldehyde was not oxidized to acetic acid.100 Contradictory results can be found in the literature on the selectivity of gold catalysts for acetaldehyde. For example, one report indicates over 85% acetic acid yield for 1% gold on TiO2, Al2O3 or ZnO at 150 ºC.101 Similarly, 0.07% gold on MgAl2O4 led to an 83% acetic acid yield at 180 ºC.102 However, Au (0.5%) on SiO2 showed high selectivity for acetaldehyde and the catalyst performance was dependent on the gold particle size.103 The optimal particle size was found to be ca. 6 nm, and the acetaldehyde and ethyl acetate selectivities at 200 ºC were, respectively, 75 and 20% at 45% ethanol conversion.103 Increasing the gold loading to 5% on silica and reducing the reaction temperature to 100 ºC, an increase in the ethyl acetate selectivity was observed, reaching 90% at 39% ethanol conversion.103

  1-butanol is an important chemical which is commercially manufactured by propylene hydroformylation (oxo process) with subsequent hydrogenation of the aldehyde formed, using metal catalysts such as Co, Rh, or Ru.104 In 2002, the global production of this alcohol was around 5.1 million tons. The main use of 1-butanol is for the manufacture of butyl acetate used as a solvent for monomers applied in surface coating. The acrylic ester of 1-butanol has also become increasingly important since it is used as essential component of latex.104 Recently, the use of butanol as fuel has been proposed; however, it has a lower octane number than ethanol.
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  1-butanol can be produced from ethanol and two reaction pathways are proposed, as shown in Figure 12. One mechanism proposes a dimerization starting with the deprotonation of the C2 carbon of ethanol by the basic catalyst, followed by the coupling of this carbon with the C1 carbon of another ethanol. In the other mechanism, ethanol is dehydrogenated to acetaldehyde, which undergoes aldol-condensation with another acetaldehyde forming 3-hydroxybutanal, which undergoes dehydration and hydrogenation to form crotonaldehyde or butyraldehyde, which are hydrogenated to 1-butanol.108,109
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  Mechanistic studies have shown evidences that the preferred mechanism is the ethanol dimerization.105-107 However, the pathway involving the aldol condensation is still widely accepted, since the expected reaction intermediates are usually found in the reaction mixture.108,109 In general, the direct transformation of ethanol into 1-butanol is catalyzed by solid bases. A benchmark study using typical solid bases, such as MgO, CaO, BaO, and γ-Al2O3, pure or impregnated with metals or mineral acids, has been carried out and MgO has been identified as the most selective catalyst, reaching 18.39% selectivity for butanol with 56.14% ethanol conversion at 450 ºC.106 Typical byproducts were acetaldehyde, butanal, crotonaldehyde, and 2-butanol. Hydroxyapatite, a calcium phosphate, has also been used as catalyst for the reaction. A non-stoichiometric hydroxyapatite with the formula Ca10-z(HPO4)z(PO4)6-z(OH)2-z. nH2O (0 < z ≤ 1, n = 0-2.5) showed 76.3% selectivity for 1-butanol with 14.7% ethanol conversion at 300 ºC.110 At 350 ºC under optimal conditions, 1-butanol yield reached 19.8%, which is significantly higher than the yield obtained with other calcium phosphate catalysts such as Ca4(PO4)2O (3% at 500 ºC), or other base catalysts, such as hydrotalcite (12.2% at 350 ºC).110 Hydroxyapatite modified with strontium with a Sr/P ratio of 1.70 led to 11.3% ethanol conversion and 86.4% 1-butanol selectivity. Strontium affects both the densities of the relatively strong acid and basic sites, but the basic site density was found to be significantly higher than the acidic site density.109 Furthermore, the strontium-modified hydroxyapatite has shown to inhibit coke formation, which could be another reason for its higher selectivity to 1-butanol.111

  A MgO/Al2O3 mixed oxide with a 3:1 ratio led to ca. 33% ethanol conversion and ca. 36% selectivity to 1-butanol at 350 ºC.108 The modification of MgO/Al2O3 with a transition metal, such as Pd, Ag, Mn, Fe, Cu, Sm, or Yb improved the selectivity to 1-butanol. The Pd and Sm modified catalysts presented the best selectivities for 1-butanol, 72.7% at 3.8% ethanol conversion and 66.3% at 1.3% ethanol conversion at 200 ºC, respectively.112 The high selectivity of these two catalysts is probably due to the high concentration of basic and low concentration of acid sites. In fact, controlling the basic and acid sites loading has shown to be a major concern for the ethanol to 1-butanol conversion. Zirconia, for example, when impregnated with sodium ions, showed a reduction in the surface acidity and an increase in the basic sites concentration, which, consequently, led to an increase in the 1-butanol selectivity.113 Importantly, the impregnation with sodium led to an increase in the activation energy for the dehydration reaction (to form ethylene) and a decrease in the activation energy for the dehydrogenation reaction. Ni and Co metal powders and Raney Cu were also shown to be active in the ethanol conversion into 1-butanol in the presence of sodium bicarbonate at 200 ºC. The selectivities for 1-butanol were, respectively, 69, 50 and 65%, for ethanol conversions of ca. 4.1, 5.1 and 1.5%.114 The ethanol conversion into 1-butanol needs serious development of the process design, catalyst development, and further mechanistic study have to be undertaken. It is certainly the poorest developed process discussed in this review.

   

  4. Conclusions

  Bioethanol has been used as fuel or fuel additive for several years, being the USA and Brazil responsible for 84% of the worldwide production. Ethanol has also shown to be a versatile platform molecule for the production of drop-in and oxygenated chemicals. Brazilian bioethanol production costs are the lowest in the world, and therefore this molecule can become a cost effective industrial intermediate. The challenges to increase the use of bioethanol as chemical feedstock are related to the development of novel high performance catalysts and to the costs of replacing well-established processes and products by biomass-derived products.

  For the production of ethylene, propylene and larger hydrocarbons from ethanol, the ZSM-5 zeolite displays the best results; however, this catalyst still suffers of rapid deactivation and low hydrothermal stability. For propylene production, the alternative route having acetone as intermediate is quite promising; however, the best catalyst is based in indium oxide, which is cost-prohibitive.

  For 1,3-butadiene synthesis from ethanol, the best performance is obtained with catalysts similar to the 
    SiO2/MgO catalyst developed almost one century ago. There is a lack of understanding of the chemistry on the surface of this catalyst. A deeper understanding of the SiO2/MgO active sites will help to develop new catalysts for this process.

  In an atom economy and process cost of view, there is a raising interest in producing oxygenated compounds such as acetaldehyde, acetic acid, ethyl acetate, and 1-butanol from ethanol. Acetaldehyde and ethyl acetate are produced from ethanol by aerobic oxidation or by dehydrogenation. Acetic acid is produced by aerobic oxidation. While acetaldehyde and acetic acid are obtained with high yields, ethyl acetate production still needs to be further developed. In all cases, bifunctional catalyst are needed and a better understanding of the role of support-metal interaction and interface is required. 1-butanol is produced from ethanol with low yields. The process requires both further investigation of the reaction mechanism and catalyst development. However, we believe that in the near future, ethanol will become an important feedstock for the economic production of a larger number of oxygenated chemicals and products.
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    O mecanismo de polimerização do etileno com o pré-catalisador 2-metil-8-(benzimidazol) quinoliliron(II) foi investigado através da teoria de densidade funcional (DFT), ilustrando possíveis intermediários com configurações geométricas e de spin. De acordo com o grupo ligado ao núcleo ferro, metila ou etila, as barreiras de energia para a inserção de etileno foram extensivamente calculadas. Dentro das espécies ferro-metila, ambos os estados, transição e fundamental, favorecem as configurações com estado de alto spin (quinteto); enquanto as espécies ferro-etila preferem o estado de baixo spin. De acordo com as barreiras de energia, a propagação de cadeia é mais favorável que a transferência de cadeia para pré-catalisador bidentado de ferro, que é bem consistente com as observações experimentais.

  

   

  
    The ethylene polymerization mechanism of the 2-methyl-8-(benzimidazol) quinolyliron(II) pre-catalyst is investigated by the DFT calculations, illustrating the possible intermediates with their geometrical and spin configurations. Regarding either methyl or ethyl group bonding on iron cores, the energy barriers for ethylene insertion have been extensively calculated. Within the iron-methyl species, both resting state and transition state favor the configurations at high-spin state (quintet); whilst the iron-ethyl species prefer the low-spin state. According to the energy barriers, the chain propagation is more favorable than chain transfer for the bidentate iron pre-catalyst, which is well consistent with the experimental observation.
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  Introduction

  Late-transition metal complex pre-catalysts have attracted many attentions in ethylene polymerization1,2 since the innovative observations by Brookhart and co-workers.3-5 One of the advantages is the well-defined complexes that provided the single-site active species and resulted in the finely controllable polymeric materials, and many achievements have been made in the past decades.6-9 Concerning the economic and environmental issue, the iron-based pre-catalysts are of great interest, moreover their products like highly linear oligomers and polyethylenes are industriously demanding. Therefore more efforts have been devoted to modify bis(imino)pyridyine iron comlexes10,11 as well as developing alternative iron complex pre-catalysts through designing new ligand compounds.12-16

  Various thermodynamic processes have been considered on the base of the reaction pathways with different activation energies of active species. Regarding the coordination polymerization process, molecular modeling could elucidate the states and structures of active centers, as well as catalytic mechanisms. Besides some experimental approaches to the intermediates and the polymerization mechanism of the iron complex pre-catalysts,17-20 it has been developing to explore computational study on the complex pre-catalysts by the density functional theory (DFT) method21 on the basis of fast development of theory methods and computer capability; the theoretical calculations provide the useful tools to explore the reaction mechanism22-28 as well as the catalytic activities.29

  Herein referring the experimental observations by the 2-methyl-8-(benzimidazol) quinolyliron(II) chloride pre-catalysts (Scheme 1),30 the DFT calculations have been conducted to explore the catalytic mechanism. The insertion reactions for the propagation process of ethylene into the models, either Fe-methyl or Fe-ethyl, have been focused along with their chain transfer processes. Relied on the active species and transition states of individual reaction steps, all the possible intermediates either at high-spin or low-spin states have been considered. The calculation results illustrated the pathway for favorable chain propagation over chain transfer, being consistent to the experimental observations producing polyethylenes instead of oligomers.

  
    

    [image: Scheme 1. Structural model of iron complex]

  

   

  Experimental

  Using the DMOL3 program, the DFT calculations were performed.31 The electronic structures of the molecular systems were described by double-numerical basis sets with polarization functions (DNP)31 combination with effective core potentials.32,33 Two types of functions BP and B3LYP were employed to optimize the molecular structures in determining the calculation parameters.34,35 Transition states were optimized along an imaginary frequency corresponding to the reaction coordination. The criteria for transition state optimization were 2 × 10-5 Hartree in energy and 4 × 10-3 Hartree/Å in force. For SCF calculations the convergence criteria were 1.0 × 10-5 Hartree, whilst the geometry optimization and energy the criteria were 2.0 × 10-5 Hartree and 4 × 10-3 Hartree/Bohr for the maximum force, respectively.

  Regarding spin states of iron atom, there are three of singlet, triplet and quintet. In the literature of bis(imino)pyridyliron pre-catalysts, the singlet electronic state of Fe (II) was the most favorable for the propagation and termination reaction;36 however, it was also reported the high (quintet or triplet) spin state in the electronic configuration of Fe (II) within the propagation reaction.37-39 The energy difference between high-spin state and low-spin state was relatively small, therefore three spin states were subsequently considered for all the structures in chain propagation and chain transfer reactions. Regarding Fe+-R as the active species, the R group as both methyl and ethyl were taken into account. According to the Brookhart-Green mechanism,40 the agostic interaction between hydrogen atoms in alkyl chain and central metal plays an important role during the ethylene polymerization for bridged type transition metal catalyst.  The a-agostic and b-agostic modes were investigated for the more realistic model by ethyl group. The orientations of the ethyl group connected with the center Fe atom in different orientations were also considered for the C1-symmetric catalyst. In the following, the coordination energy (ΔEC) is defined as the difference of the electronic energies between p-complex coordinated with ethylene molecule and the resting state. The transition state energy (ΔET) stands for the difference of the electronic energies between transition state and resting state.

   

  Results and Discussion

  Optimized structure for 2-methyl-8-(benzimidazol)quinolyliron dichloride

  Prior to discuss the propagation process of the ethylene molecule, the geometrical structures of the model pre-catalyst were optimized in the comparison with experimental results. Their calculated structural parameters at different spin states and various exchange-correlation functions were tabulated in Table 1.

  
    

    [image: Table 1. Comparisons of the structures between experimental observations]

  

  To simplify the model molecule of experimental 2-methyl-8-(benzimidazol-2-methyl) quinolyliron dichloride,30 but being relied on the experimental observation of crystal data, the methyl group linked on benzimidazole was omitted in the calculation; the selected bond lengths and bond angles related to the central iron atom were shown in Table 1, illustrating calculated configurations at various parameters. In the structural view, the standard deviation values d between calculated results and experimental crystal data were obtained with different functions for either high-spin state or low-spin state. In general, the lowest energy was approved for the high-spin state by both BP and B3LYP functions, individually. Comparably the calculation geometry with BP function at quintet showed better coincidence than others. Since the d values among various spin states were close, all of these three spin states were explored in investigating the polymerization reaction for the model catalyst with BP function.

  Methyl group model for propagation process

  With the illustrated structure of model complex, two chloride anions were imaginably exchanged by methyl group to create the cationic active species; which were proposed according to general images with the co-catalyst MAO acting the methylation.41-43 The methylated cationic species were the resting states, and further process the insertion step for the chain propagation through the introduction of ethylene molecule. With the process of chain propagation, the geometries at each states were illustrated in Figure 1, including the resting state for methyl cationic species (Figure 1a), p-coordinated intermediate with ethylene molecule (Figure 1b), transition state (Figure 1c) and the product (Figure 1d) at triplet state as an example.

  
    

    [image: Figure 1. The structure of the resting state for methyl cationic]

  

  Concerning the reaction mechanism, the variations of selected bond lengths were indicated for the insertion process in Figure 1. There were around 1.901 Å for Fe-N bond and 1.935 Å for Fe-C bond in the resting state; these values were slightly enlarged to 1.923 Å and 1.958 Å, respectively, in the p-coordinated intermediate due to electronic donation by the ethylene molecule with its carbon and Fe distance as 2.159 Å in the line of p interaction.19 In the transition state (Figure 1c), the bond lengths of Fe-N and Fe-C were further enlarged to 1.993 Å and 2.033 Å, respectively, meanwhile the bond length for ethylene (C=C) was also extended from 1.343 Å to 1.456 Å, forming a four-membered ring. With the chain propagation happened (Figure 1d), the obtained species had a propyl chain, and similar to its resting state with the lengths of Fe-N and Fe-C bonds. The chain propagation process is agreed with the classical Brookhart-Green mechanism.40

  The energy variations at different spin states were collected in Table 2, based on different structural geometries. The relative data of energy were obtained at resting states. The ΔEC indicated the energy difference of the p-coordinated intermediate to the resting state, and the ΔET showed the energy difference from transition state to the resting state.

  
    

    [image: Table 2. The values for the coordination energy]

  

  All the energy values were obtained comparing the optimized energy with the resting state at quintet which indicated the lowest energy value. Accordingly, the energy profiles were plotted in Figure 2, showing the energy variations with the ethylene insertion at the spin state potential energy surface (PES).

  
    

    [image: Figure 2. The energy profiles for propagation process]

  

  The resting state at quintet was the most stable configuration with the energy of 5 kcal mol-1 lower than that of triplet and singlet spin state; the coordination energy ΔEC was -6.84 kcal mol-1 and the ΔET was 5.17 kcal mol-1, indicating the insertion energy barrier about 12.01 kcal mol-1. In comparison, the insertion energies were 17.28 kcal mol-1 for singlet spin state and 16.40 kcal mol-1 for triplet spin state, respectively. Therefore, the reactions were favorably carried out with the quintet PES.

  The system for sequential chain propagation

  Regarding the sequential propagation process, the plausible system involves the presence of the b-agostic interaction between alkyl hydrogen and metal center, in which the ethyl group represents the existing alkyl chain. Similar to the above model images, the resting states containing ethyl group were optimized at all spin states as well as with the different orientations of alky chain in the a-agostic and b-agostic modes. The ethylene insertion was investigated and the obtained energy values were listed in Table 3.

  
    

    [image: Table 3. The results for the coordination energy]

  

  Regarding a-agostic mode, the high-spin configuration was more stable than the low-spin configuration; the energy values increased in the order as quintet < triplet < singlet, and the energy difference between singlet and quintet can be reached up to 23.4 kcal mol-1. Within b-agostic mode, the low-spin configuration had a lower energy value and was more stable than that configuration at high-spin state; its most stable structure was optimized at triplet and confirmed within all the resting states. Checking the b-agostic mode at quintet state, the distance between the b-hydrogen and iron atom was around 2.7 Å (out of the normal agostic interaction), which was larger than that within its singlet and triplet (ca. 1.7 Å). The b-agostic interaction was more favorable to the low spin states, therefore there was hardly b-agostic interaction existing in this iron model at high-spin state; which is consistent to the literature.44 In comparison with above results of the resting state in methyl group preferring high-spin states, the resting state with ethyl group showed the low-spin state (triplet) to its b-agostic mode. The optimized geometries for a-agostic and b-agostic modes with various chain orientations and spin configurations were showed in Figure 3.

  
    

    [image: Figure 3. The resting state configurations for a-agostic]

  

  Subsequently, the resting state configurations of the b-agostic mode at triplet were further investigated to illustrate the chain propagation process (Figure 4), according to the similar interpretation used for the above model of methyl group. Compared to resting state with the bond lengths of Fe-N and Fe-C 2.076 Å to 2.011 Å, the p-coordinated intermediates showed stronger bonding with Fe-N 1.957 Å and Fe-C 1.997 Å, respectively, along with the distance between ethylene carbon and iron center as 2.090 Å, which was slightly shorter than that in methyl group. In the transition state, the bond length of Fe-N bond and Fe-C bond enlarged to 2.175 Å and 2.004 Å to assist the forming of the four-membered ring in the consistence of the presence of b-agostic interaction. In addition, the C=C bond of ethylene was also extended into 1.443 Å. After ethylene insertion to achieve another propagation, the new resting state showed the similar bond lengths of their Fe-N and Fe-C bonds as well as the Fe-H (b-agostic) bond.

  
    

    [image: Figure 4. The structure for the resting state configuration]

  

  According to Table 3, with the coordination energy ΔEC and the transition energy ΔET values, the quintet state showed similar energy values for the a-agostic1 and a-agostic2 modes. Regarding its b-agostic mode, the energy values for resting state and p-coordinated intermediate were 5.36 and -6.39 kcal mol-1, respectively; however, the b-agostic interaction at quintet state was very unstable with longer length between b-H and iron, which could be interpreted as an actual a-agostic mode with high energy. The calculated reaction barrier at quintet was 10.94 kcal mol-1. In contrast, at triplet, the coordination energy varied from -3.13 to -4.29 kcal mol-1 and the transition state energy varied from 6.73 to 8.04 kcal mol-1, meanwhile its insertion energy was 9.86 kcal mol-1, which was slightly lower than that at quintet. At singlet, the configuration for resting state with b-agostic mode was very stable in the comparison with its a-agostic mode; the energy difference reached up to 20 kcal mol-1, indicating a high energy barrier from b-agostic mode into a-agostic mode. The coordination energy was the lowest one with the value -12.30 kcal mol-1 and the lowest transition energy 4.68 kcal mol-1, leading to the insertion energy as 17 kcal mol-1; this was the highest reaction energy among this three spin states. Therefore, the chain propagation takes place more easily at high-spin state. The correspondent structures of transition states were illustrated in Figure 5 regarding the a-agostic mode at quintet and triplet states as well as b-agostic mode at triplet and singlet.

  
    

    [image: Figure 5. The transition state structures of chain propagation]

  

  Chain transfer process

  On the basis of the b-agostic hydrogen interaction with central iron, the chain transfer process was investigated with the transition state structure demonstrated in Figure 6a and 6b, illustrating a nice model of the chain termination happened with the transformation of a b-agostic hydrogen from the b-carbon onto an approaching ethylene molecule.

  
    

    [image: Figure 6. The transition state structures for chain transfer]

  

  At quintet, all trials for the transition state with the b-H transfer were unsuccessful due to its highly unstable state. Therefore, the energy variations were obtained at triplet and singlet state for p-coordinated intermediates and transition states to explore the plausible pathways, and the calculated results were listed in Table 4. All the energy values were compared with the lowest energy value of resting state with b-agostic mode at triplet.

  
    

    [image: Table 4. The coordination energy]

  

  The coordination energies ΔEC are -13.4 kcal mol-1 at triplet and -14.69 kcal mol-1 at singlet state, respectively; these values were higher than the energy values with chain propagation in both modes with either methyl or ethyl group. The transition energy ΔET for the chain transfer reaction at these spin states were 4.70 and 6.11 kcal mol-1, individually, meanwhile the corresponding insertion energy barriers were 18.10 and 20.80 kcal mol-1. In comparison with the energy barriers for chain propagations, the b-H transfer reactions required much higher energies; therefore, the catalytic system preferred to have chain propagation instead of chain transfer reaction. The calculated results agreed to achieve polymers, which were approved by the experimental observations with obtaining polyethylenes with high molecular weights.30

   

  Conclusions

  The ethylene polymerization by 2-methyl-8-(benzimidazol)quinolyliron(II) dichloride was extensively investigated by the density functional theory calculation for both models with methyl and ethyl group. The various spin states were investigated to optimize their reasonable geometrical structures with consistent to the experimental crystal observations. Based on the model with methyl group as the initial stage, the configuration for resting state at quintet was the most stable one; the reaction barrier at quintet was the lowest in the comparison with its triplet and singlet analogs about 12.01 kcal mol-1. In the subsequent propagation process, happened to the model with ethyl group regarding the a-agostic and b-agostic modes, the most stable resting state was the configuration with b-agostic mode at triplet; the correspondent reaction barrier at quintet and triplet were close with the value to be 10.94 and 9.86 kcal mol-1, respectively, which was much lower than that of singlet. In competition of chain transfer and propagation, the energy barrier was higher within chain transfer than chain propagation, therefore the current model complex pre-catalysts provided polyethylenes with higher molecular weights, consistent to the experimental observations.30 In a word, the simulation methodology could be helpful in designing complex pre-catalysts in ethylene polymerization.
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    Embora tecnologias de captura e armazenamento de carbono (CCS) estejam recebendo grande atenção para a mitigação do efeito estufa, ainda existem muitas desvantagens, tais como o aumento dos custos e gastos de energia associados à sua implementação. No entanto, o uso de CO2 como bloco de construção C1 em síntese orgânica pode ser muito atraente para o desenho de processos ecológicos. Neste trabalho, foram estudados a sorção de CO2 e atividades catalíticas de alguns líquidos iônicos (ILs) base imidazólio para síntese de carbonato cíclico. O trabalho demonstra que a presença de um grupo nucleófilo no sistema catalítico pode melhorar seu desempenho, através da utilização de um IL com ânion halogenado ou por mistura de co-catalisador halogenado com ILs. A última abordagem permitiu a obtenção de um sistema de captura de CO2 eficaz, constituída por IL fluorado mais ZnBr2 que realiza a síntese de carbonato cíclico com 90% de rendimento e 82% de seletividade.

  

   

  
    Although the carbon capture and storage (CCS) technologies are receiving great attention for mitigation of greenhouse gas effect, the increasing costs and energy penalties associated to its implementation are still major drawbacks. However, the use of CO2 as a C1 building block in organic synthesis can be very attractive for the design of environmentally friendly processes. In this work, we have studied both the CO2 sorption and catalytic activities of some imidazolium based ionic liquids (ILs) for cyclic carbonate synthesis. The work demonstrates that the presence of a nucleophilic group in the catalytic system can enhance its performance by the use of an IL with a halide anion or by mixing a halide co-catalyst with ILs. The latter approach allowed to obtain an effective system for CO2 capture constituted by a fluorinated IL plus ZnBr2 that performs cyclic carbonate synthesis with 90% yield and 82% of selectivity.

    Keywords: ionic liquids, CO2 capture, cyclic carbonate

  

   

   

  Introduction

  The increase of CO2 concentration in the atmosphere and, consequently, the intensification of global warming are posing major problems to the environment. Actions aiming to reduce this gas amounts in the atmosphere are imperative.1-5 Among the possibilities, are the CO2 capture and geological storage and CO2 capture and subsequent conversion in products with higher added value.

  The chemical transformation of CO2 is one of the most interesting options for CO2 mitigation. The synthesis of cyclic carbonates appears as an interesting and effective solution. These compounds are versatile, widely used in chemical industry as polar aprotic solvents and raw materials for the production of a broad range of products.4,6-9 However, CO2 is a thermodynamically stable compound and the development of an effective and selective catalytic system is crucial. A catalytic system that could performe cyclic carbonates syntheses under mild conditions still remains as major challenge allied to the difficulties faced for catalyst separation and recycle.8,9

  In order to overcome these operational difficulties, various conversions of CO2 to cyclic carbonates using ionic liquids (ILs) as catalysts have been reported in literature.6,9-12 Ionic liquids are very versatile compounds. They are more environmentally friendly when compared to conventional organic solvents exhibiting the possibility of the catalyst separation and recycling.6,13-16

  Peng and Deng10 reported the synthesis of propylene carbonate from CO2 using the ILs [bpy][BF4], [bmim][BF4], [bmim][Cl] and [bmim][PF6] and demonstrated that the catalytic activity of an ionic liquid depends on the nature of the cation and the anion. For the anions, the activity decreased in the order bmim+ > bpy+ and BF4– > Cl– > PF6–. The effect of the cation and the anion were also investigated by Yang et al.9 using IL based on cations C4DABCO+, C8DABCO+, HDBU+, HTBD+ or HHMTA+ and anions OH–, Cl–, Br–, BF4–, PF6–, Tf2N– and AcO–. The results showed that the catalytic effect decreases in the order HDBU+ > HTBD+ ~ OMIM+ > C4DABCO+ ~ C8DABCO+ > BMIM+ > HHMTA+. The anion OH– presented the best result and Cl– and Br– showed good performance as well. The acetate anion bound to the cation HDBU also showed catalytic activity comparable to that of Cl–, but its thermal stability was not ideal. The anions Tf2N–, PF6–, and BF4– were not effective.

  The effect of alkyl chain length was studied by Kawanami et al.,6 in the 1-alkyl-3-methylimidazolium through variations of the alkyl chain length from C2 to C8. The results indicated that the increase of the side alkyl chain in the cation has large effect on the catalyst performance since the yield has been improved with the increasing of the alkyl chain length. This result can be attributed to the increasing solubility of both the epoxide and the CO2 in the ionic liquid. Further studies showed that the combination of ionic liquids and metallic compounds has proven to be effective, increasing the catalytic activity of ILs in the synthesis of cyclic.11,15

  Regarding CO2 capture, the imidazolium cations allied to fluoroalkyl anions stand as very effective systems for CO2 absorption.17,18 Nevertheless, in relation to the reaction of CO2 conversion in cyclic carbonates, the results reported in the literature are contradictory in respect to the activity of ionic liquids combined to fluoroalkyl 
    anions.

  This study aims to investigate the ionic liquids behavior in both catalytic activity in propylene carbonate syntheses as well as the CO2 absorption capacity. The reaction conditions as temperature, pressure, reaction time, effect of IL cation and anion as well as the addition of metallic compounds to reaction media and the catalyst recycling were also investigated.

   

  Experimental

  Chemicals

  Acetone (Vetec, 99.5%), acetonitrile (Vetec, 99.5%), toluene (Merck, 99.9%), carbon dioxide (99.998%, Air Liquid), 1-chlorobutane (Acros Organics, 99%), dichlorometane (Vetec, 99.5%), 3,3-dimethylchlorobutane (Alfa Aesar, 97%), lithium(I) bis(trifluoromethanesulfonyl)imide - LiTf2N (Aldrich, 99%), 1-methylimidazole - C4H6N2 (Aldrich, 99%), magnesium sulfate - MgSO4 (Acros Organics, 97%), sodium tetrafluoroborate - NaBF4 (Acros Organics, 98%), sodium hexafluorophosphate - NaPF6 (Alfa Aesar, 99%), propylene oxide - C3H6O (Aldrich, 99%), zinc chloride - ZnCl2 (Nuclear, 97%), zinc bromide - ZnBr2 (Sigma-Aldrich, 98%).

  Ionic liquids syntheses

  The ionic liquids 1-butyl-3-methylimidazolium chloride [bmim][Cl], 1-butyl-3-methylimidazolium tetrafluoroborato [bmim][BF4], 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [bmim][Tf2N] and 1-dimethylbutyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [dmbmim][Tf2N] were synthesized following procedures well described in literature.19-21

  The ionic liquids were characterized by Fourier transform infrared spectroscopy (FTIR), using a Perkin-Elmer spectrophotometer model Spectrum 100 FT-IR with full attenuated reflectance accessory (ATR), as well as by proton nuclear magnetic resonance (1H-NMR) on a Varian Spectrophotometer, model VNMRS 300 MHz, using DMSO-d6 as solvent and glass tubes of 5 mm in diameter and are in accordance with the literature.

  Cycloaddition reaction

  The syntheses of propylene carbonate (PC) from CO2 asnd propylene oxide (PO) were carried out in the presence of imidazolium cation-based ILs combined to different anions Cl–, BF4– and Tf2N–. These compounds were tested in the presence of metallic halides (ZnCl2 or ZnBr2). The use of IL [dmbmim][Tf2N] was also evaluated.

  All cycloaddition reactions were performed in a stainless steel autoclave of 120 cm3 equipped with magnetic stirring. For a typical reaction, it was used 100 mmol of propylene oxide, 0.625 mmol of metal salts (ZnCl2 or ZnBr2) and/or 2.5 mmol of ionic liquid. The syntheses were performed without any additional solvent. The autoclave was pressurized with CO2 and heated to the desired working temperature. After the reaction completion, the reactor was cooled to room temperature and slowly depressurized.

  The separation of the catalyst from propylene carbonate was performed by a simple distillation under inert atmosphere (N2). In the reactions carried out in the presence of metal salts, a filtration step was performed before the distillation process. The resulting liquid mixtures were analyzed using a gas-chromatograph Shimadzu GC-14B equipped with a flame ionization detector (FID) and a DB-5HT column (15 m × 0.32 mm × 0.10 µm) using acetophenone as internal standard and dimethyl ether as solvent.

  CO2 absorption measurements

  The CO2 sorption of the samples were gravimetrically assessed in a magnetic suspension balance (MSB), (Rubotherm Prazisionsmesstechnik GmbH, 35 MPa and 673.15 K) equipped with a single sinker device for absorbate density determination and thermostatized with an oil bath (Julabo F25 ± 273.16 K). The apparatus details are well described in literature.22,23 When compared to other gravimetrical sorption methods, the MSB device has the advantage of allowing high pressure sorption measurements since the sample can be potted into a closed chamber coupled to an external accurate balance (accuracy of ± 10 µg). The samples (0.06 to 0.09 g) were weighed and transferred to the MSB sample container and the system was subjected to a 10–7 MPa vacuum at the temperature of the sorption measurement, 298.15 K, for 24 h. For all tests, constant weight was achieved in this time. The CO2 was admitted into the MSB pressure chamber till the desired pressure, 0.1-3 MPa in this study, pressure gauges with an accuracy of 0.01 bar. The solubility of CO2 in the ILs pressure was measured 3 to 4 h until there was no more weight variation for CO2 sorption. At this step of solubility of CO2 in the ILs, the weight reading from the microbalance at pressure P and temperature T is recorded as wt (P,T). After each sorption test, CO2 desorption were performed and all the samples returned to its original weight at the end. The mass of dissolved CO2 in the ILs (wg), was calculated using the equation 1.

  
    [image: Equation 1]

  

  where Wt(P,T) is the weight of the sample container, ρ(P,T) CO2 density, directly measured with the MSB coupled single-sinker device, being not necessary the application of any state equation to calculate the CO2 sorption values. Vsc(T) is the volume of the sample container, determined from a buoyancy experiment when no sample is charged into the sample container, Vs(T) is the original volume of the sample, and Ws(vac,T) is the weight of the sample under vacuum. The term ρ(P,T)·(Vsc(T) + Vs(T), represents the buoyancy force. The results of CO2 sorption were expressed in molar fraction.

   

  Results and Discussion

  Effect of IL and co-catalyst

  Aiming to evaluate the influence of the anion in the syntheses of propylene carbonate (PC) from CO2 and propylene oxide (PO), cycloaddition reactions were carried out in the presence of ionic liquids (ILs) based on imidazolium cation combined to Cl–, BF4– and Tf2N– anions.

  The first choice for assessing the ILs catalytic activity for CO2 conversion reactions were [bmim][Tf2N] and [bmim][BF4], since these compounds are reported in the literature as good solvents for carbon dioxide.17,24 The results depicted in Table 1 show that these ILs exhibited extremely low activities in the cyclic carbonates syntheses. Despite the good ability for CO2 absorption presented by Tf2N– and BF4– anions their catalytic activities were not satisfactory (entry 1 and 7).

  
    

    [image: Table 1. Catalysts screening for cycloaddition reaction]

  

  On the other hand, the IL [bmim][Cl] presented an interesting catalytic performance presenting an yield of 84% and 90% of selectivity in PC and a turnover frequency (TOF) of 5 h–1 (entry 6) as seen in Table 1. This behavior is probably due to its good nucleophilic character.9 These results demonstrate that the activity of ILs is strongly influenced by the nature of the anion and are in accordance with the results described by Yang et al.9 in relation to the anions behavior. The low catalytic activity for Tf2N– and BF4– anions can be directly linked to the structural volume of the anions and their low nucleophilicity indicating that the best ILs for CO2 capture are not necessarily the best catalysts for CO2 transformation. However, the combination of these ILs with metallic compounds contributed to an increase on the catalytic activity.

  The results of the combination of metal compounds to [bmim][Tf2N] and [bmim][BF4] revealed that the addition of ZnBr2 contributed to an increase in catalytic activity for both ILs (entry 3-4; 9, Table 1), indicating that the presence of Lewis acidic compounds as cocatalysts greatly enhances the activity of ionic liquid for the cyclic carbonate syntheses.25 With the exception of [bmim][Cl], the catalytic activities of ionic liquids were quite influenced by the nature of halide bonded to zinc atoms. The reactivity was found to be in the order ZnBr2 > ZnCl2 as seen in Table 1, suggesting the importance of the nucleophilicity of halide counterions. For example, when [bmim][Tf2N] was used as catalyst, the addition of ZnCl2 the yield of the carbonation reaction was 19% and the selectivity 60%. When ZnBr2 was added, the yield increased to 90% and the selectivity to 82%.

  This behavior is probably due to the high reactivity of Zn(II) combined with the nucleophilicity of bromide,7,26 which has favored the propylene oxide ring-opening. Although the activity of ZnBr2 containing systems is higher than those with ZnCl2, the latter is commonly chosen as the cocatalyst for the coupling of carbon dioxide with epoxides because it is the cheapest Zn(II) salt and has satisfactory activity.7 However, when bmimCl was used as catalyst, the metallic halides contribution were not significant (entry 8). In this case the yield, selectivity and activity remained almost constant.

  We also performed cycloaddition reactions only with the metals compounds without IL. No activity was observed with ZnCl2 (entry 11) or ZnBr2 (entry 12) according to previous studies.7,11,25

  The effect of the branching in the alkyl chain of imidazolium cation was also evaluated. The IL [dmbmim][Tf2N] 
    alone, as well as its combination with ZnBr2, presented low activities in the PC syntheses (entry 2 and 5, Table 1). It was expected that the branching on the alkyl lateral chain would increase the CO2 solubility resulting in a higher activity. The alkyl side branching increases the free volume and consequently improves the CO2 solubility in the ionic liquid.17 Probably, the steric hindering caused by the branching in the alkyl side chain interfered with the approach of the substrate/catalyst, difficulting the reaction.

  Aiming to increase the catalytic activity, an equimolar mixture of the catalytic ILs [bmim][Tf2N] + [bmim][Cl] and the metallic compound ZnBr2 has been evaluated (entry 10). However, the yield of this system was lower than that attained separately for each IL in the presence of ZnBr2 (entry 4-8).

  One of the acceptable mechanisms for the cycloaddition of CO2 to epoxide catalysed by IL involves a nucleophilic attack of the IL anion to the less hindered carbon atom of the epoxide ring. In the next step, an oxy anion species is formed. The carbon atom of the CO2 interacts with the anion species producing an anion alkylcarbonate converted to the cyclic carbonate by intermolecular cyclic elimination.15

  In our work, we concluded that the Tf2N– and BF4– containing ILs need a metal halide, a Lewis acid to interact with the oxygen of the epoxide atom allowing the IL basic anion to perform the attack to the less hindered atom of the epoxide ring, see Scheme 1a. This could be assigned to the non-nucleophilic natures of the Tf2N– and BF4– anions.27 When [bmim][Cl] is used as catalyst, probably the attack of the epoxide is performed by the Cl– in the less hindered carbon atom, in the first step of the reaction, see Scheme 1b.

  
    

    [image: Scheme 1. Proposed mechanism for the synthesis of propylene]

  

  As we can see in Table 1, the IL [bmim][Tf2N] combined with ZnBr2 showed the best yield (90%) (entry 4). Thus, it has been selected for the evaluation of temperature; pressure, reaction time as well as the behavior of this system in recycle.

  Effect of temperature

  The selectivity, yield and activities values obtained at different temperatures are shown in Table 2. It is evidenced that the increase in temperature from 373.15 K to 383.15 K resulted in a significant increase in the yield (entry 13-4), and after 383.15 K the increasing of the temperature decreases the yield (entry 4-16).

  
    

    [image: Table 2. Temperature effect in the PC synthesis using]

  

  It is possible that the yield decreasing is associated with the reduction in the PC selectivity in higher temperature, resulting in side reactions such as PO isomerization and PC polymerization.28

  Influence of CO2 pressure

  Pressure affects cyclic carbonate synthesis, and the optimal pressure occurs at around the CO2 critical pressure.12 From the results shown in Table 3, it can be seen that our results showed a different behavior. The results shown in Table 3 are in accordance to the literature, evidencing that an insufficient or excessive amount of CO2 results in relatively low conversions, i.e., there is an ideal molar ratio of propylene oxide and CO2 to obtain a high conversion. A higher CO2 pressure can retard the interaction between epoxide and the catalyst. On the other side, it can be highlighted a significantly improve in the carbonate selectivity with the pressure augmentation.9,10
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  Influence of the reaction time

  The influence of the reaction time on the propylene carbonate synthesis is presented in the Table 4. It was observed that the reaction time reduction from 6 up to 2 h (entry 4-19), provided a decreases in yield, curiously the increase in reaction time from 6 to 8 h (entry 4-21) decreases the yield. The reaction time of 6 h was ideal for this the system.
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  Recycling

  To investigate the reuse effect in the catalyst system ([bmim][Tf2N] and ZnBr2) the recycling experiment was conducted at the best conditions achieved (4.0 MPa, 383.15 K and 6 h). The procedure adopted for the separation of the catalytic system and propylene carbonate was the same used for all syntheses and described in experimental section. This procedure was repeated four times. The catalytic activity was not maintained even for only four recycle reactions. This behavior is probably due to the loss of the metallic compound (ZnBr2) in the PC separation operation, decreasing the catalytic 
    activity.7

  Aiming to study the ZnBr2 loss in PC recycle, reactions were carried out in the same conditions of the recycle reactions presented before. After the PC separation step the ZnBr2 was re-added (0.625 mmol) and the reaction performed. With the addition of the ZnBr2 after each reaction the yield increased 17% when compared to the reaction without the addition of the metal halide and remained almost constant. These results evidenced that the loss of the ZnBr2 is probably occurring as described in literature.7

  In order to improve the separation process and also study the influence of the increase of IL concentration in the reaction medium, a reaction with 100 mmol of PO, 28 mmol of [bmim][Tf2N], 0.625 mmol de ZnBr2, in the same reaction conditions (383.15 K, 6 h and 4 MPa of CO2) was performed. The yield, selectivity and activity were the same obtained with 2.5 mmol of IL. The increment of IL content in the reaction medium, in this case, does not facilitate the PC separation. These results evidenced that the catalytic conversion of propylene oxide and CO2 in PC works with catalytic quantities of IL but for integration of CO2 capture and transformations process it is possible to use a higher IL volume and maintain the same yield.

  CO2 solubility

  The results shown for PC syntheses using ILs as catalysts evidenced the importance of the anion. For CO2 capture also the anion plays a major role. In order to combine the CO2 capture and conversion, it is important to find a system that can act both as a solvent for CO2 separation and as a catalyst for CO2 transformation. In Figure 1 it can be seen the different CO2 absorption capacity for the ILs that proved to perform also the role as a catalyst for propylene carbonate syntheses.
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  As it can be seen from Figure 1, the use of [bmim][Cl]– for CO2 capture is not a good option, despite of this IL act as a good catalyst for PC synthesis. The CO2 sorption at 0.5 MPa is near 0 mol% stead for the combination of [bmim][Tf2N] and ZnBr2 it is approximately 14 mol%. The fluoroalkyl anions allied to imidazolium cations present a relatively high CO2 solubility and have been described in the literature for CO2 absorption process.17 The use of these compounds for PC syntheses needs the addition of a metallic compound in order to achieve an acceptable yield. It must be mentioned that the best conditions for CO2 capture and chemical conversion are distinct. Nevertheless, the results presented in Figure 1 evidenced that the CO2 solubility in a solvent combining [bmim][Tf2N] and ZnBr2 can be a good option for CO2 capture and conversion of this molecule in a PC adding value to this chemical.

   

  Conclusions

  The results showed that the best ILs for capturing CO2 are not necessarily the best catalysts for CO2 conversion. The activities of the ILs in both processes are strongly influenced by the nature of the anion. While the solubility of CO2 is improved by fluorinated anions in catalysis for CO2 conversion, the activity is favored by a higher nucleophilicity of the anion. Our results evidenced that the combination of imidazolium-based ILs/fluoroalkyl anions and a metal halide compound is a good approach for combining the CO2 capture and conversion. In catalytic conversion of CO2 to carbonates, the temperature, pressure and reaction time showed to play an important role in the conversion and selectivity. The best result was obtained with the catalytic system [bmim][Tf2N]/ZnBr2 at 4.0 MPa of pressure, 383.15 K of temperature and 6 h of reaction time.
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    Este artigo mostra a síntese e caracterização do ligante isopropilmaltol obtido a partir do furfural e também um novo complexo diclorobis-(3-hidroxi-2-isopropil-4-pirona)titânio(IV) com estrutura cis. Dados de ressonância magnética nuclear de 1H, análise elementar e UV-Vis confirmam a formação do complexo. Este complexo foi estudado em reações de polimerização de etileno utilizando metilaluminoxano (MAO) como co-catalisador. A atividade catalítica deste complexo é baixa, entretanto foram obtidos polietilenos com alto peso molecular que são interessantes para diferentes aplicações.

  

   

  
    This report describes a new synthesis of isopropylmaltol from furfural. This organic compound was used as ligand to obtain a new complex, the dichlorobis-(3-hydroxy-2-isopropyl-4-pyrone)titanium(IV).1H nuclear magnetic ressonance, elemental analysis and UV-Vis analysis confirm the complex formation. This complex was investigated in ethylene polymerization using methylaluminoxane (MAO) as cocatalyst. The catalytic activity was low, however, there were obtained very high molecular weight polyethylenes, which are interesting for various special applications.

    Keywords: synthesis, complex, isopropylpyrone, polymerization, polyethylene

  

   

   

  Introduction

  Hydroxypyrones are versatile compounds that have been used in food, pharmaceutical, biological and medical applications. These compounds are six-membered heterocyclics with a hydroxyl group bonded in the ortho position, in relation to  ketone group, providing two donor oxygens (Figure 1). Several studies have shown that these compounds can form stable complexes with various metal ions to be used in the body as a way to combat and prevent many diseases. Divalent ions such as Zn2+, Ru2+, [VO]2+, [MoO2]2+ and trivalent cations (Fe3+, Al3+, Ga3+) may be used in the synthesis of thermodynamically stable complexes with hydroxypyrone ligands.1 Some studies with the 2-methyl-3-hydroxypyrone complex (maltolato) are reported in the literature for biomedical purposes such as maltol-oxovanadium(III),2 maltol-ruthenium,3 maltol-molybdenum(IV),4 among others.

  
    

    [image: Figure 1. Structure of maltolato compounds]

  

  In parallel to the studies focused on medicine, the coordination chemistry of organometallic complexes containing hydroxypyrone ligands with transition metals have also been investigated. These ligands can also form ML2X2 complexes, where X = halogen and M = metal, with group IV transition metals, such as Ti and Zr.5 In 2001, Sobota et al.6 synthesized a new non-metallocene Ti-complex based on bidentate maltol ligand, dichlorobis-(3-hydroxy-2-methyl-4-pyrone)titanium(IV). This complex was tested in homogeneous olefin polymerization. The complex was obtained in octahedral coordination where the Ti metal is surrounded by four oxygen atoms from two ligand molecules and two chlorines in the cis position. This complex was active in ethylene polymerization reactions, suggesting that maltolato ligands could represent a good alternative to the cyclopentadienyl ring of metallocene catalysts.6

  Subsequently, our research group synthesized the analogous zirconium complex, dichlorobis-(3-hydroxy-2-methyl-4-pyrone)zirconium(IV), and also dichlorobis-(2-hydroxy-1,4-naphthoquinone)zirconium(IV). The catalytic activity of these complexes was compared in homogeneous and heterogeneous ethylene polymerization. The complex from the methylpyrone ligand was more active than the one with naphthoquinone ligand, in both homogeneous and heterogeneous conditions, when supported on SiO2 and SiO2/methylaluminoxane (MAO) modified silica.7 Later, we studied the catalytic activity of the dichlorobis-(3-hydroxy-2-methyl-4-pyrone)titanium(IV) complex in different supports, such as SiO2, SiO2/MAO, MCM-41, Al2O3, ZrO2 and MgO. Results of ethylene polymerization reactions showed that most of these heterogeneous systems were more active than the homogeneous complex, and the complexes supported in SiO2 948, MCM-41 and alumina showed the highest catalytic activities.8 Basso noted that the catalytic activity of titanium and zirconium complexes from methylpyrone ligand depends on the metal and the Al/M ratio. In this study, the Zr complex was more active than the analogous Ti complex in the ethylene polymerization using Al/M = 2500, while the Ti complex was more active at lower Al/M ratios.9 Other analogous bidentate zirconium complex derived from 3-hydroxy-2-ethyl-4-pyrone (ethylmaltol) has been proposed for the ethylene polymerization. The polyethylene obtained showed, depending on the synthesis conditions, high molecular weight polyethylene. These studies have shown that the exchange of the methyl substituent by an ethyl in the pyrone ligand exerts a great influence on the catalytic activity, regardless of the metal used, resulting in higher catalytic activities.10

  As part of our studies directed towards organometallics complex synthesis, this paper reports a new synthesis of a maltolato compound, isopropylmaltol, its complexation with TiCl4 and the use as catalyst in the ethylene polymerization.

   

  Experimental

  Reagents and materials

  For the synthesis of the isopropylmaltol ligand

  All solvents (Nuclear, Aldrich, FMaia, Ecibra) and chemicals were reagent grade and used without further purification: isopropylmagnesium chloride (Aldrich, 2 mol L–1 in ethyl ether), furfural (Aldrich, 99%), meta-chloroperoxybenzoicacid- m-CPBA (Acros-Organics, 70-75%), methyl iodide (Aldrich, 99%), silver oxide (Aldrich), hydrogen peroxide (Nuclear, 30%) and 1,4-dioxane (GrupoQuímica). Ethyl ether was dried by initial refluxing over potassium hydroxide and posterior refluxing over metallic sodium and benzophenone as indicator. Dichloromethane was dried by refluxing over phosphorus pentoxide. Acetone was dried by refluxing over magnesium permanganate (KMnO4) and magnesium sulfate (MgSO4). Purification by column chromatography was carried out on silica gel 60 (70-230 mesh). Analytical thin layer chromatography (TLC) was conducted on aluminum plates with 0.2 mm of silica gel 60F-254 (Macherey e Nagel).

  For synthesis of the complex

  All experiments were performed under argon atmosphere using the schlenk technique. Titanium tetrachloride (Merck) was used without puriﬁcation. Dichloromethane was dried by refluxing over phosphorus pentoxide. Ethyl ether, hexane and toluene (Nuclear) were dried by refluxing over metallic sodium, under nitrogen, and using benzophenone as indicator. MAO (Witco, 10% m/m Al in toluene solution) was employed as received.

  Synthesis of the isopropylmaltol ligand

  1-(2-furyl)-2-methyl-1-propanol (1)

  Isopropylmagnesium chloride (35 mL, 71.0 mmol) was added to a solution of furfural (5.5 g, 57.0 mmol) in dried Et2O (60 mL) at –78 ºC under an argon atmosphere. The reaction was stirred at the same temperature for 45 min. The reaction mixture was warmed to 0 ºC and stirred for an additional 2 h. The consumption of starting material was observed by TLC. Next, the reaction mixture was cooled again to –78 ºC and was quenched with saturated NH4Cl solution. The organic layer was separated and the aqueous layer was extracted with Et2O (3 × 100 mL). The combined organic layers were dried over anhydrous Na2SO4, filtered and evaporated under reduced pressure to afford 1 (43.9 mmol, 6.1 g, 77%) as a yellow oil.1H NMR (300 MHz, CDCl3/TMS), δ (ppm): 7.35 (dd, J 1.8, 0.9 Hz, =CH), 6.32 (dd, J 3.3, 1.8 Hz, =CH), 6.21 (d, J 3.3 Hz, =CH), 4.80-4.60 (m, CHOH), 2.23 (br, OH), 2.02-2.16 (m, CH), 1.00 (d, J 6.7 Hz, CH3), 0.84 (d, J 6.7 Hz, CH3); 13C NMR (75 MHz, CDCl3/TMS), δ (ppm): 156.4, 141.8, 110.2, 106.6, 73.6, 33.4, 18.8, 18.4.

  6-hydroxy-2-isopropyl-3-pyrone (2)

  To a solution of 1 (700.9 mg, 5.0 mmol) in dried CH2Cl2 (24 mL) at 0 ºC was slowly added m-CPBA (1.72 g, 10.0 mmol). The resulting mixture was stirred for 1 h at this same temperature. After this time, the mixture was cooled to –75 ºC and filtered on Büchner funnels. The solvent was removed under reduced pressure, and the crude product purified by column chromatography on silica gel (eluting with hexane:ethyl acetate:acetic acid, 90:9:1) to afford 2 (468 mg, 3.0 mmol, 60%) as a yellow oil and as a 7:3 mixture of diastereomers.1H NMR (300 MHz, CDCl3/TMS), δ (ppm): 6.97-6.88 (m, =CH), 6.17-6.08 (m, =CH), 5.70-5.62 (m, =CH), 4.42 (d, J 2.4 Hz, majority isomer, CHCO), 3.92 (dd, J 2.5, 1.0 Hz, minority isomer, CHCO), 4.00 (br, OH), 2.50-2.38 (m, CH(CH3)2), 1.03 and 0.88 (2d, J 5.1 Hz, majority isomer, 2CH3), 1.05 and 0.94 (2d, J 5.1 Hz, minority isomer, 2CH3); 13C NMR (75 MHz, CDCl3/TMS), δ (ppm): majority isomer: 197.7, 145.4, 127.8, 87.5, 78.4, 28.7, 19.0, 16.3; minority isomer: 197.1, 149.1, 129.3, 91.2, 83.1, 28.9, 19.1, 16.5.

  2-isopropyl-6-methoxy-3-pyrone (3)

  A mixture of compound 2 (312.4 mg, 2.0 mmol), methyl iodide (1 mL, 16.0 mmol) and Ag2O (231.7 mg, 1.0 mmol) was stirred at room temperature for 18 h with the exclusion of light. The crude mixture was purified by column chromatography on silica gel (eluting with hexane:ethyl acetate, 97:3) to afford 3 (255 mg, 1.5 mmol, 75%) as a yellow oil.1H NMR (300 MHz, CDCl3/TMS), d (ppm): 6.86 and 6.84 (2dd, J 10.2, 1.5 Hz and J 10.2, 3.6 Hz, =CH), 6.12 and 6.07 (2dd, J 10.2, 1.6 Hz and J 10.2, 0.6 Hz, =CH), 5.24 (dd, J 3.0, 1.5 Hz, CHOCH3), 5.13 (d, J 3.6 Hz, CHOCH3), 4.25 (d, J 2.7 Hz, CH), 3.86 (dd, J 3.7, 1.3 Hz, CH), 3.57 and 3.50 (2s, 2OCH3), 2.42 (m, CH(CH3)2), 1.08 and 1.05 (2d, J 5.7 Hz, 2CH3), 0.95 and 0.89 (2d, J 6.7 Hz, 2CH3); 13C NMR (75 MHz, CDCl3/TMS), δ (ppm): 196.7, 196.3, 147.1, 143.3, 129.6, 128.2, 97.2, 94.1, 83.0, 78.0, 56.3, 56.1, 29.2, 28.3, 19.2, 19.1, 16.7, 16.0.

  2-isopropyl-6-methoxy-3-pyrone (4)

  To a solution of compound 3 (340.4 mg, 2.0 mmol) in ethyl ether (4 mL) at 0 ºC was added 5% aqueous Na2CO3 (1 mL) and 15% H2O2 (0.9 mL). The resulting mixture was stirred at 0 ºC for 2.5 h. Next, 30% H2O2 (0.45 mL) was additionally added and the reaction remained at the same temperature. After 2 h, 30% H2O2 (0.45 mL) was further added and the reaction mixture was stirred at 0 ºC for an additional 2 h. Then saturated NaCl (4 mL) was added and the aqueous layer was extracted with Et2O (4 × 5 mL). The combined organic layers were dried over anhydrous Na2SO4, filtered and evaporated under reduced pressure. The resulting oil was directly used for the next step without further purification.

  3-hydroxy-2-isopropyl-4-pyrone (5)

  1,4-dioxane (1.8 mL) and H2O (0.9 mL) were added to the previous crude product. To the resulting solution concentrated H2SO4 (0.35 mL) was added. The reaction mixture was stirred under reflux for 5 h. Next, H2O (5 mL) was added, and the reaction mixture was extracted with CH2Cl2 (4 × 5 mL). The combined organic layers were dried over anhydrous Na2SO4, filtered and evaporated under reduced pressure. The crude product was purified by column chromatography on silica gel (eluting with hexane:ethyl acetate, 80:20) to afford 5 (170 mg, 1.1 mmol, 55% over two steps) as a yellow oil.1H NMR (300 MHz, CDCl3/TMS), δ (ppm): 7.77 (d, J 5.5 Hz, =CH), 6.45 (d, J 5.5 Hz, =CH), 3.38 (septet, J  6.9 Hz, CH(CH3)2), 1.26 (d, J  6.9 Hz, 2 CH3); 13C NMR (75 MHz, CDCl3/TMS), δ (ppm): 173.6, 157.1, 154.4, 141.7, 113.1, 27.5, 19.3.

  Synthesis of the dichlorobis-(3-hydroxy-2-isopropyl-4-pyrone)titanium(IV) complex

  To a solution of isopropylmaltol ligand (130 mg, 0.84 mmol) in dichloromethane, in argon atmosphere was dropwise added titanium tetrachloride, TiCl4, (0.05 mL, 0.45 mmol) using a syringe. The mixture was stirred at room temperature for 1.5 h. Then, the solid was washed twice with diethyl ether, dissolved in dichloromethane and recrystallized in hexane. The complex was dried under vacuum. The dichlorobis(3-hydroxy-2-isopropyl-4-pyrone)titanium(IV), isopropylmaltol-Ti, complex yield 85% a brown solid. Elemental analysis: % theoretical calculated for C16H18O6TiCl2 (M = 424.77 g mol–1): C 45.20%, H 4.24%, found: C 43.92%, H 4.07%; 1H NMR (300 MHz, CDCl3), δ (ppm): 8.07 (d, J 5.1 Hz, 1H, H6, isomer A), 7.35 (d, J  6.2 Hz, 1H, H6, isomer B), 6.64 (d, J  5.1 Hz, 1H, H5, isomer A), 6.06 (d, J  6.2 Hz, 1H, H5, isomer B), 3.48 (m(7), J  6.9 Hz, 1H, H7, isomer A), 2.78 (m(7), J  6.8 Hz, 1H, H7, isomer B), 1.31 (d, J  6.9 Hz, 6H, H8,9, isomer A), 1.10 (d, J  6.8 Hz, 6H, H8,9, isomer B).

  Polymerization reactions

  Ethylene polymerizations were performed in a PARR 4843 reactor with 100 mL capacity. Into the reactor was added 30 mL of toluene, methylaluminoxane as co-catalyst (co-catalyst/catalyst ratio: 1500 and 2500) and 1 µmol of catalyst. The polymerization reactions were performed at 2.8, 4 and 6 bar of ethylene at 40 ºC during 30 min. The polymerization temperature of 40 ºC was chosen because previous works9 showed that similar Ti complexes have the highest catalytic activities at this temperature. Acidiﬁed ethanol with chloride acid was used to quench the process, and reaction products were separated by ﬁltration, washed with ethanol and acetone, and ﬁnally dried.

  Ligand and complex characterization

  The 1H NMR spectra of the organic compounds of ligand synthesis and the complex were recorded on a Varian Inova 300 Spectrometer, using CDCl3 as solvent. The UV-Vis absorption spectra of the isopropylmaltol ligand and the complex were recorded on a Varian Cary 100 spectrophotometer with quartz cells of 1 cm path length at room temperature. The analyses were performed using toluene as solvent. Elemental analysis (C, H) of the complex was performed in a 240 PERKIN-ELMER.

  Theoretical calculations

  The geometries and energies of all possible isomeric species of the complex and their conformers, were obtained by full unconstrained optimizations performed at density functional theory (DFT) level using the B3LYP hybrid functional obtained by the three parameter fit of the exchange-correlation potential suggested by Becke,11 and the gradient corrected correlation functional of Lee, Yang and Parr.12 The polarized Dunning-Huzinaga DZ basis setwas used for the hydrogen, carbon, oxygen and chlorine atoms.13,14 For the titanium atom, the inner shell electrons were represented by the Los Alamos effective core potential (LANL2) of Hay and Wadt,15,16 and the valence electrons were explicitly included using the associated DZ basis set. All calculations were performed with the Gaussian 03 program using standard procedures and parameters.17

  Polymer characterization

  The melting points (Tm) and crystallinities (Xc) of the polymers were determined using a differential scanning calorimeter (DSC) Q20 TA Instruments with heating of 20-160 ºC and heating rate of 10 ºC min–1 with 50 mL min–1 of N2 flow rate. The heating cycle was performed twice, but only the results of the last scan were considered. The molar masses and molar mass distributions were measured by gel permeation chromatography (GPC) PL 220 Polymer with RI and VI detector equipped with Water columns (HT6, HT5, HT4, HT3). The mobile phase used was trichlorobenzene (TCB) with 0.1% of butyl hydroxytoluene (BHT) at 150 ºC at a flow rate of 1 mL min–1.

   

  Results and Discussion

  The synthesis of isopropylmaltol was previously reported by Thompson et al., that obtained 15% yield starting from furanaldehyde.18 For this synthesis, molecular bromine was used in the conversion of 1-(2-furyl)-2-methyl-1-propanol in isopropylmaltol, this reaction is also known as Achmatowicz rearrangement which may alternatively employ different oxidants and reaction conditions.19 Several attempts made in our laboratory to obtain the isopropylmaltol using the procedure described by Thompson failed. Thus, we have developed a synthetic method for obtaining isopropylmaltol as shown in Scheme 1. The transformation of 1-(2-furyl)-2-methyl-1-propanol to pyranone was performed in presence of m-CPBA. Column chromatography provided the compound in 60% yield. Subsequent allylic alcohols were O-methylated with MeI and Ag2O followed by epoxidation with 30% H2O2. The resulting oil was directly used for the next step without further purification.

  
    

    [image: Scheme 1. Steps of the synthesis of isopropylmaltol]

  

  Next, isopropylmaltol was conveniently obtained by heating the intermediate in the presence of sulfuric acid and dioxane, as outlined by Torii protocol, to afford the product with 55% of yield over two steps.20 Figure 2 shows 1H NMR and APT 13C NMR of the isopropylmaltol ligand.

  
    

    [image: Figure 2. NMR spectra of isopropylmaltol]

  

  The complex isopropylmaltol-Ti was synthesized from the isopropylmaltol ligand and TiCl4 (Figure 3). The complexation reaction in dichloromethane at room temperature is extremely rapid. When adding the metal salt to the ligand, an orange color typical of titanium complex, is observed immediately. The complex formation can be proved comparing the NMR spectra of the ligand and the complex (Figures 2 and 4).

  
    

    [image: Figure 3. Synthesis of the isopropylmaltol]

  

  
    

    [image: Figure 4. 1H NMR spectra of the isopropylmaltol]

  

  The hydroxyl group resonance signal at 7.00 ppm in the 1H NMR spectrum of the isopropylmaltol ligand disappears in the complex spectrum, indicating deprotonation of the ligand and insertion of the titanium metal. Furthermore, it was visualized the formation of two isomers of the isopropylmaltol-Ti complex, A and B, which, through the integrals of the respective protons, it was observed that A isomer is found in greatest proportion (90%) in relation to B isomer (10%). The coordination of the oxygen atoms ligand with the metal also deshielded proton H5 and H6 from the major isomer (A) showing a donation of electron density to the metal.

  The formation of isomers in the complex was studied by theoretical calculations using the DFT. Table 1 shows the relative energies and percentage population of each possible isomer. The calculations indicate the existence of five possible different stable geometric isomers resulting from different arrangements of chlorine atoms in the titanium complex. Two isomers can have trans configuration and three cis configuration. Each isomer can also have four conformers and, in the higher symmetry isomers, equivalent conformers can also occur. Table 1 shows the molecular and relative energies of the lowest energy configuration of the system, as well as a percentage population estimate for each isomeric species discriminated in its possible conformations considering 298 K temperature. Figure 6 shows calculated structure cis2 and cis3 isomer in its lowest energy conformation that it is responsible for the largest fraction population percentage. From all the isomeric structures calculated, only two isomers with cis configuration, cis2 and cis3, have energies related to lower energy configuration lower than 4 kcal mol–1 and population percentage over 0.01%. The isomer which is in greater proportion is cis3 with 96.72% of the total population, followed by cis2 with 3.28% percentage share. The other isomers have insignificant percentage and should not be observed in the NMR spectrum. In fact, Figure 5 shows the presence of only two isomers, A and B, in different proportions. Probably, the major isomer, A, is the cis3 structure and the lower abundance, B, is the cis2. The production of compounds with chlorides in the cis position is desirable because only the cis structures are active in the olefin polymerization.9 Therefore, the two isomers obtained in this complex synthesis can be considered active in ethylene polymerization reactions.

  
    

    [image: Table 1. Molecular energies and energies relating to more]

  

  
    

    [image: Figure 5. 1H NMR expanded spectra of the isopropylmaltol]

  

  
    

    [image: Figure 6. Structure of the Cis2 and Cis3 possible]

  

  The isopropylmaltol-Ti complex was also characterized by UV-Vis spectroscopy. The ligand absorption due maltolate group appears as narrow peak at λmax = 378 nm. The spectra of the titanium complex presents an absorption at λmax = 355 nm, as a broad band attributable to metal-to-ligand charge transfer transitions between titanium and isopropylmaltol ligand suggesting the coordination of the maltolate ligand.4

  Ethylene polymerization

  The results of the ethylene polymerization reactions with the synthesized isopropylmaltol-Ti complex are shown in Table 2. It can be observed that, despite the low catalytic activity presented by the complex, it was possible to polymerize ethylene in the presence of MAO as cocatalyst, at ratios of Al/Ti 1500 and 2500. Comparing these results with those presented by Basso,9 with the analogue complex dichlorobis(3-hydroxy-2-methyl-pyrone)titanium(IV) under the same reaction conditions (Al/Ti = 2500, T = 40 ºC) is observed that both complexes have very similar catalytic activities.

  
    

    [image: Table 2. Catalytic activity and properties of the homogeneous]

  

  The polymers obtained were high density polyethylene as it can be seen by the melting and crystallization temperatures and the degree of crystallization. The materials have all very high molecular weight with distribution between 3.8-5.3. This high polydispersity could be attributed to the presence of more than one isomer active in the ethylene polymerization. However, a more detailed work must be done in the future in order to understand better the catalytic system. Those results show the potentiality of these products that can be interesting for production of high density polyethylene (HDPE) with good processability.

   

  Conclusions

  A new methodology was described for isopropylmaltol synthesis. The Ti-complex was synthesized using metal salt, TiCl4, and it was obtained as two isomers with the chlorine atoms in cis position, what it was proven by NMR and DFT theory. The isopropylmaltol-Ti complex was used as catalyst on ethylene polymerization. Different experimental conditions were tested such as ethylene pressures and cocatalyst (methylalumonixane)/catalyst ratios but the catalytic activities were low, however, similar to analogous complexes described in the literature. Moreover, it was obtained high density polyethylenes with very high molecular weights, which could be interesting for several uses (ex. fibers, etc.).
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    O uso sequencial de reações de etenólise, transesterificação e hidrogenação de um óleo renovável modelo para a preparação de potenciais biocombustíveis é reportado. Conversões de até 70% foram obtidas na etenólise de óleo de oliva usando uma pressão relativamente baixa de etileno (2 bar) e tolueno como solvente. O óleo de oliva etenolisado foi transesterificado quantitativamente com metanol e, posteriormente, hidrogenado com hidrogênio molecular sobre Pd/C, resultando em novas composições de biocombustíveis, incluindo diferentes frações de biogasolina, bioquerosene e biodiesel.

  

   

  
    The sequential ethenolysis, transesterification and hydrogenation of a model unsaturated renewable oil for the preparation of potential biofuels is reported herein. Ethenolysis conversions of up to 70%, using olive oil, were obtained applying a relatively low 2 bar ethylene pressure and toluene as solvent. The ethenolyzed olive oil was quantitatively transesterified with methanol and, subsequently, hydrogenated with molecular hydrogen over Pd/C, affording access to novel biofuel compositions, including different fractions of biogasoline, biokerosene and biodiesel.

    Keywords: organometallic catalysis, catalysis, electrocatalysis and photocatalysis (properties and mechanisms), green chemistry

  

   

   

  Introduction

  In recent years there has been an increasing interest in the search for new technologies or in the improvement of current ones aiming the development of more sustainable processes. In this context, one of the key areas of interest is the search for new alternatives to fossil fuels, which are non-renewable raw materials and its reserves are dwindling and bound to end in the future. As a consequence, this situation represents a steady threat to our supply chain, including chemicals, energy and materials. Therefore, it is necessary to transform actual refineries into biorefineries in order to achieve a more sustainable economy.1 Vegetable oils and animal fats represent an attractive renewable feedstock platform.2-7 Although the use of edible oils is considered polemical due to the competing demand for the food source, non-edible oils, known as the second generation feedstock, are promising substitutes for traditional edible food crops.8

  Olefin metathesis with oleochemicals is a well-established research field.6,7,9 It is well known that several metathesis catalysts (Figure 1) are not deactivated by substrates with different functional groups, including those with oxygen, enabling the application of vegetable oils and derivatives as substrates.10 For instance, the cross-metathesis of fatty acid methyl esters (FAME) has been largely explored with acyclic olefins, resulting either in chain-elongation or -shortening.11-13 Due to the fact that ethylene can be easily obtained from bioethanol,14 it makes FAME ethenolysis especially interesting for the production of renewable 1-alkenes (α-olefins) with and without the ω-ester group.15 In comparison, the direct ethenolysis of vegetable oils has been less explored.16,17 Both approaches have the potential of providing an interesting platform for the transformation of biomass into renewable chemicals, energy and materials.13 However, despite the good tolerance to functional groups, olefin metathesis catalysts are poisoned by impurities present in small quantities in vegetable oils, which are intuitively supposed to be increased in its derivatives, more specifically in the monoalkyl esters, due to the alcoholysis step. In this context, the utilization of α-olefin mixtures for the preparation of potential biofuels, obtained from direct vegetable oil ethenolysis, has not yet been explored.

  
    

    [image: Figure 1. Ruthenium alkylidene metathesis catalysts]

  

  The ethenolysis of unsaturated oils produces α-olefin feedstocks with and without the ω-ester group. α-Olefins without the ω-ester group could be used as high yield catalytic reforming source for the preparation of gasoline/kerosene-type biofuels and direct hydrogenation provides access to the corresponding alkanes (paraffins).14,18 Furthermore, α-olefins are important feedstocks for detergents, poly(α-olefins), epoxies, alkyl aromatics, esthetic products, flavors and fragrances.5,19 Biofuels in the range of biogasoline and biokerosene could be obtained by a consecutive transesterification/hydrogenation sequence of the α-olefin mixture.14,20,21 The chemical similarity with fossil gasoline and kerosene would avoid the necessity to adapt existing motors, which, together with the possibility of mixing these biofuels into fossil fuels, allow its introduction into the market in a non-disturbing way.4 Besides, these biofuels will not contain aromatic and sulfur impurities. Therefore, addressed in this study is the use of olefin metathesis as key catalytic reaction for the transformation of olive oil (chosen as a model unsaturated oil substrate due to its high oleic acid content) into renewable fuels (Scheme 1). This study does not advocate the use of olive oil as a raw material but aims to investigate the possibility of using this catalytic strategy with highly unsaturated oils.

  
    

    [image: Scheme 1. Strategy applied to the transformation of unsaturated]

  

   

  Experimental

  General considerations

  All the manipulations involving air and/or moisture-sensitive chemicals were performed using standard Schlenk techniques under either argon or nitrogen atmosphere. Toluene (Vetec) was purified by distillation with sodium/benzophenone, and stored over molecular sieves under inert atmosphere. Dichloromethane (Vetec), n-butylvinyl ether (Aldrich), methanol (Vetec), KOH (Vetec), anhydrous MgSO4 (Vetec), aqueous H2SO4 (Vetec), palladium supported on activated carbon (Pd/C, 5 wt. %, Aldrich), deuterated chloroform (99.8%, Cambridge Isotope Laboratories), ethylene (99.999%, Air Liquide) and hydrogen (99.999%, White Martins) were used as received. The Grubbs first (G1) and second (G2) generation and Hoveyda-Grubbs second-generation (HG2) metathesis catalysts were purchased from Aldrich and used as received. Olive oil (Monde) was purchased from local stores and purified either by passing through an aluminum oxide column or as follows: activated charcoal (5.0 g) was added to a solution of olive oil (30.0 g) in dichloromethane (90 mL) and the resulting mixture was stirred overnight, followed by filtration through silica and, subsequently, a basic aluminum oxide column. Solvent removal under reduced pressure afforded a slightly yellowish oil. The ethenolysis and hydrogenation reactions were performed in a 300 mL Parr reactor.

  Ethenolysis

  Typical procedure: prior to use, the purified olive oil (2.00 g) was degassed by five freeze-pump-thaw cycles and then dissolved in 15 mL of toluene. The oil solution was transferred to the reactor vessel under an argon atmosphere. An ethylene pressure of approximately 2.0 bar was applied and the temperature increased to 50 ºC. After temperature stabilization, the ethylene pressure was released and the metathesis catalyst added (in 5 mL of toluene). The reactor was pressurized with the desired ethylene pressure and the pressure valve closed. At the end of the reaction, the ethylene pressure was released and 80 µL of n-butylvinyl ether (dissolved in 1.0 mL of toluene) was added. The reaction mixture was stirred for 10 min and then passed through a small silica column. The products were analyzed by 1H nuclear magnetic resonance (NMR) spectroscopy.

  Transesterification

  Transesterification was performed according to a two consecutive steps acid-base literature procedure.22 The products were analyzed by 1H NMR.

  Hydrogenation

  Hydrogenation reactions were performed using a modified literature procedure.21 Ethenolyzed/transesterified product (10.0 g, dissolved in 10 mL of toluene) and 0.5 g of Pd/C were added to the Parr reactor. The temperature was raised to 100 ºC and a 5 bar hydrogen pressure was applied. After stirring the reaction mixture at 200 rpm for 100 min, the solids were filtered off and toluene was removed by fractional distillation. The products were analyzed by 1H NMR and gas chromatography-mass spectrometry (GC-MS).

  1H NMR analysis

  The 1H NMR spectra were recorded on a Varian Inova 300 equipment at 300 MHz at ambient temperature, using deuterated chloroform as solvent. The chemical shifts are given in parts per million (ppm) and referenced to the tetramethylsilane (TMS) signal (0.0 ppm). The spectra were recorded on a pulse angle of 45o, with 64 scans and 1.0 s relaxation time. Experiments varying the relaxation time from 0.3 to 2.0 s resulted in conversion variations of less than 3% (for experimental details about the calculation of conversions see Supplementary Information).

  GC-MS analyses

  GC-MS analyses were performed on a Shimadzu QP2010-GCMS equipped with a flame ionization detector (FID) detector. A 30-m RTX-5MS column containing 5% phenylmethylpolysiloxane was used as stationary phase. Starting temperature: 70 ºC; time at starting temperature: 1 min; ramp: 10 ºC min-1; ending temperature: 250 ºC; flow rate: 3.0 mL min-1 (Ar); split ratio: 50.0; inlet temperature: 250 ºC; detector temperature: 250 ºC; column oven temperature: 70 ºC.

   

  Results and Discussion

  In general, reports on the cross metathesis of natural oil derivatives are focused on the use of methyl oleate as substrate.6,7,11 Therefore, we have chosen olive oil to perform our studies due to its high oleic acid content.2,7,11,23 However, it is worth mentioning that other possibilities of either edible or non-edible oils containing basically the same or even higher amounts of unsaturated chains could be employed as well (Table 1).

  
    

    [image: Table 1. Unsaturated fatty acid compositions in edible]

  

  The tests for olive oil ethenolysis optimization were performed using commercially available ruthenium alkylidene complexes as catalysts (Table 2). In a first attempt, alumina-purified oil, G1 and 45 bar of ethylene pressure were reacted for 120 min. A considerably low conversion of 14% was obtained (Table 2, entry 1). Increasing the toluene to oil molar ratio from 1:4 to 1:15 resulted in a slight improvement of the ethenolysis conversion (Table 2, entry 2). This effect, most likely due to enhanced ethylene solubilization, has previously been demonstrated to improve FAME ethenolysis.24 Further improvement in the conversion was obtained after decreasing the oil to catalyst ratio from 2000:1 to 100:1 (Table 2, entry 3). These results suggest that small amounts of impurities in the oil deactivate the catalytic species and, therefore, are responsible for lowering the conversion when smaller amounts of catalysts were applied. Previous reports have shown that substrate purification is crucial for the improvement of metathesis conversions.25 For instance, researchers from Materia Inc. recently reported an impressive improvement in the propenolysis conversion of soybean oil FAME upon treatment with Magnesol®, which allowed the use of very low catalyst loadings.17 In this project, we rather used activated carbon as purifying agent. After treating the olive oil with activated carbon, instead of alumina, significant conversion improvements were obtained, a clear indicative that activated carbon better removes catalyst-poisoning impurities present in the oil than alumina does. For instance, when the alumina-purified oil was used, a 52% conversion was only possible to be reached after 2 h with an oil to catalyst ratio of 100:1. Treatment of the oil with activated carbon allowed obtaining basically the same conversion after only 30 min with a lower catalyst loading (Table 2, entries 3 and 4).

  
    

    [image: Table 2. Optimization of the olive oil ethenolysis conditions]

  

  With the positive influence of both oil purification and substrate solubilization, the catalyst screening was the following parameter to be studied. Both Grubbs first (G1) and second (G2) generation metathesis catalysts show similar performance in the ethenolysis of olive oil under the same experimental conditions (Table 2, entries 5 and  6). However, the Hoveyda Grubbs second-generation metathesis catalyst (HG2) was much less efficient, resulting in a conversion of only 19% (Table 2, entry 7). Similar results for the ethenolysis of methyl oleate were reported by Grubbs and co-workers.26 The olive oil conversion remained constant when the reaction time was varied from 30 to 60 min with catalyst G1 (Table 2, entry 5 and 8), indicating that the ethenolysis reached its equilibrium at or before 30 min. Increasing the ethylene pressure from 1 to 2 bar resulted in the highest conversion of 70% (Table 2, entries 8 and 9), which is attributed to olive oil self-metathesis suppression. A further ethylene pressure increase resulted in slightly reduced conversions (Table 2, entry 10 and 11), which was most likely the result of enhanced ethylene self-metathesis and/or catalyst decomposition, decreasing the conversion of the desired cross-metathesis products.26

  The importance of the appropriate purification of the substrate can be highlighted comparing the ethenolysis conversion of an olive oil FAME (synthesized in our lab) and the same reaction using commercial methyl oleate, using the same purification procedure (passing through an alumina column) and similar reaction conditions (Table 2, entries 12 and 13). When the synthesized olive oil FAME was used as substrate a much lower conversion was obtained as compared to the conversion obtained when commercial methyl oleate was used. The same is true when comparing the conversions obtained in the ethenolysis of olive oil and olive oil FAME (Table 2, entries 4 and 12). This observation is attributed to residual impurities remaining in the FAME after the methanolysis step.

  Figure 2 shows the 1H NMR spectra of the substrates and products of each catalytic reaction applied in the current biofuel strategy. The olive oil ethenolysis (Table 2, entry 4) resulted in the appearance of the typical terminal olefinic hydrogen signals between 4.8 and 6.0 ppm (Figures 2a and 2b).

  
    

    [image: Figure 2. 1H NMR spectra of (a) olive oil; (b) ethenolysis products]

  

  The α-olefins obtained in the ethenolysis were used as feedstock for biofuel preparation, using sequential transesterification and hydrogenation reactions. The respective methyl esters were obtained after transesterification with methanol following a double step process, as confirmed by 1H NMR (Figure 2c).22 Further hydrogenation with 5 wt. % Pd/C and 5 bar of hydrogen afforded biofuels with different compositions (Table 3).21 Complete olefin hydrogenation was obtained, as confirmed either by 1H NMR (Figure 2d) of the product mixture or gas chromatography analysis (Supplementary Information). The biofuels were obtained as mixtures of biogasoline, biokerosene and biodiesel components (Table 3). As expected, higher biogasoline/biokerosene contents were obtained when feedstocks with higher ethenolysis conversions were used. If desired, the biogasoline, biokerosene and biodiesel fractions might be easily separated by fractional distillation.
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  Conclusions

  The olefin metathesis, transesterification and hydrogenation sequence proved to be a promising strategy to transform renewable unsaturated oils into novel biofuel compositions. Optimization of the olive oil ethenolysis conditions resulted in a 70% conversion when using the first generation Grubbs metathesis catalyst (G1). The ethylene concentration proved to be a fundamental parameter for promoting the formation of the desired cross-metathesis products. Subsequent methanolysis and hydrogenation of the α-olefin ethenolysis products afforded potentially renewable fuels of different biogasoline/biokerosene and biodiesel compositions. These initial studies provide a strategic starting point for the development of this catalytic process with non-edible highly unsaturated oils.

   

  Supplementary Information

  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Supplementary information

    Calculation of ethenolysis conversion by 1H NMR

    The olive oil average molecular weight was calculated according to the literature.1

    
      [image: Figure S1. Olive oil 1H NMR]

    

    
      [image: Equation 1]

    

    where Ap is the area of one methylene hydrogen of the glycerol moiety and calculated by:

    
      [image: Equation 2]

    

    The ethenolysis conversion can be calculated by 1H NMR, since the olefinic hydrogens of the terminal and internal olefins have different chemical shifts and do not overlap in the spectrum (Figure S2).

    
      

      [image: Figure S2. Olefinic hydrogen signals used to calculate the ethenolysis]

    

    The ethenolysis conversion can be calculated by:

    
      [image: Equation 3]

    

    The molar ratio of the terminal olefins can be obtained from the integral of the signals H1 and H2 (Figure S2):

    
      [image: Equation 4]

    

    The molar ratio of the internal olefins can be obtained from the integral of the signal i + j subtracting the area of one hydrogen (Ap):
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    Replacing equations 4 and 5 into equation 3 results in equation 6:
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    O efeito de solvente sobre a atividade e seletividade de Ni(10.5%)/SiO2 no processo de hidrogenação em fase líquida da butironitrila a butilaminas foi estudado a 373 K e 13 bar usando-se etanol, benzeno, tolueno e cicloexano como solventes. Em etanol, um solvente prótico, o catalisador de Ni produziu n-butilamina (84%) e dibutilamina (16%). Quando solventes apolares, tais como cicloexano, tolueno ou benzeno, foram usados, a força de interação solvente-catalisador determinou a seletividade para formação de n-butilamina: quanto mais forte a interação solvente-catalisador, maior era a produção de n-butilamina. O rendimento de n-butilamina em solventes apolares variou entre 39% (cicloexano) e 63% (benzeno).

  

   

  
    The effect of solvent on Ni(10.5%)/SiO2 activity and selectivity for the liquid-phase hydrogenation of butyronitrile to butylamines was studied at 373 K and 13 bar using ethanol, benzene, toluene and cyclohexane as solvents. In ethanol, a protic solvent, the Ni catalyst yielded n-butylamine (84%) and dibutylamine (16%). When non-polar solvents, such as cyclohexane, toluene or benzene, were used, the solvent-catalyst interaction strength determined the selectivity to n-butylamine: the stronger the solvent-catalyst interaction the higher the n-buylamine production. The yield to n-butylamine in non-polar solvents varied between 39% (cyclohexane) and 63% (benzene).

    Keywords: butyronitrile, butylamines, selective hydrogenation, Ni catalysts

  

   

   

  Introduction

  The hydrogenation of nitriles is used to produce primary amines that are valuable raw materials for obtaining many chemicals, pharmaceuticals and polymers.1 At industrial level, the reaction is performed over transition metal catalysts at high hydrogen pressures. Nevertheless, nitrile hydrogenation usually proceeds stepwise via consecutive condensation/hydrogenation reactions that finally form a mixture of ammonia and primary, secondary, and tertiary amines. In order to obtain selectively primary amines, the formation of secondary and tertiary amines has to be avoided. In previous works, large amounts of ammonia have often been employed to suppress the formation of higher amines, since ammonia is released in condensation reactions leading to higher amines.2,3 However, the addition of ammonia creates waste problems that make the process more expensive, and less easy to implement on an industrial scale. Thus, there is a need to develop stable and selective metal-supported catalysts for hydrogenating nitriles to primary amines under mild operation conditions.

  The mechanism of nitrile hydrogenation and condensation to higher amines accepted by many authors is based on the pioneer work of Sabatier and Senderens,4 Von Braun et al.,5 and others.6,7 This mechanism is depicted in Scheme 1 for butyronitrile (BN) hydrogenation to n-butylamine (BA) and coupling reactions leading to dibutylamine (DBA) and tributylamine (TBA).8,9 Based on the proposal of Von Braun et al.,5 Scheme 1 includes the initial hydrogenation of butyronitrile to butylimine that is consecutively hydrogenated to n-butylamine. Butylimine is a highly reactive aldimine intermediate that interacts with n-butylamine to form 1-aminodibutylamine. This latter intermediate gives by deamination the secondary imine, butylidene-butylamine (BBA), that is further hydrogenated to dibutylamine. Similarly, butylimine may react with dibutylamine giving 1-aminotributylamine that after consecutive deamination and hydrogenation leads to the formation of tributylamine.

  
    

    [image: Scheme 1. Reaction network of butyronitrile hydrogenation]

  

  There is a general agreement that on metal-supported catalysts the reaction selectivity depends mainly on the nature of the metal component.10,11 It has been reported that Ni, Co and Ru form predominantly primary amines while Rh, Pt and Pd promote the formation of secondary and tertiary amines.12,13 Raney Co and Ni catalysts have been extensively employed to yield primary amines by liquid-phase nitrile hydrogenation.12,14-16 Supported Co and Ni catalysts have been also studied in an attempt to overcome the difficulties of handling skeletal catalysts.8,11,17-19 Nevertheless, the reaction selectivity depends also on other parameters such as the support acid/base properties, the operation conditions and the nature of the solvent. In particular, the influence of the solvent has been little investigated, even though the choice of suitable solvents is frequently critical to obtain high catalytic activity and selectivity.20-22 In particular, butyronitrile hydrogenation has been studied using different solvents such as methanol, ethanol, ethyl acetate, hexane, heptane and octane, and also under solvent-free conditions.7,8,10,11,13,15

  In this work we studied the liquid-phase hydrogenation of butyronitrile on Ni/SiO2 in ethanol (protic solvent), cyclohexane (non-polar naphthenic solvent), and toluene and benzene (non-polar aromatic solvents). The goal was to establish the solvent effect on the catalyst activity and selectivity for promoting the synthesis of n-butylamine. In recent works we have discussed the influence that the solvent-catalyst, solvent-reactant and reactant-solvent-catalyst interactions have on the activity and selectivity of metal-supported catalysts for liquid-phase hydrogenation reactions.23-25 Here, the results will show that Ni/SiO2 activity and selectivity for BN hydrogenation greatly depend on the solvent nature. Results are interpreted by relating the catalyst performance with both the solvent-BA interaction and the solvent-catalyst interaction strength.

   

  Experimental

  Catalyst preparation and characterization

  Ni(10.5%)/SiO2 catalyst was prepared by impregnating Ni(NO3)2.6H2O (Fluka, 98%) on a commercial SiO2 powder (Sigma-Aldrich, G62, 60-200 mesh, 300 m2 g-1) by incipient-wetness impregnation at 303 K. The impregnated sample was dried overnight at 373 K, then heated in air at 5 K min-1 to 673 K and kept at this temperature for 2 h.

  Brunauer-Emmett-Teller (BET) surface areas were measured by N2 physisorption at its boiling point in a Micromeritics Accusorb 2100E sorptometer. Elemental compositions were measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES), using a Perkin-Elmer Optima 2100 unit. Powder X-ray diffraction (XRD) patterns were collected in the range of 2θ  = 10-70º using a Shimadzu XD-D1 diffractometer and Ni-filtered Cu Ka radiation.

  Metal dispersion (DNi, surface Ni atoms / total M atoms) was determined by chemisorption of hydrogen. Volumetric adsorption experiments were performed at 298 K in a conventional vacuum unit. Catalysts were reduced in H2 at 673 K for 2 h and then outgassed 2 h at 673 K prior to performing gas chemisorption experiments. Hydrogen uptake was determined using the double isotherm method as detailed in a previous work.26 A stoichiometric atomic ratio of H/Nis = 1, where Nis implies a metal atom on surface, was used to calculate the metal dispersion.

  Temperature programmed reduction (TPR) experiments were performed in a Micromeritics AutoChem II 2920, using 5% H2/Ar gaseous mixture at 60 mL min-1 standard temperature and pressure (STP) conditions. The sample size was 150 mg. Samples were heated from 298 to 973 K at 10 K min-1. Since water is formed during sample reduction, the gas exiting from the reactor was passed through a cold trap before entering the thermal conductivity detector.

  Temperature-programmed desorption experiments

  The solvent interactions with the Ni/SiO2 catalyst were studied by temperature-programmed desorption (TPD) of the solvent preadsorbed at 298 K. Calcined samples (150 mg) were reduced at 673 K for 1 h in a 60 mL min-1 flow of H2(5%)/Ar and then cooled down to 298 K. Afterwards, a He stream was bubbled through the solvent in order to saturate the gaseous stream with solvent vapor. Then, the reduced sample was exposed to this stream for 60 min following the effluent composition by mass spectrometry (MS) in a Baltzers Omnistar unit. The weakly adsorbed solvent was removed by flushing with He (60 mL min-1) at 298 K for 1 h. Temperature was then increased at a rate of 10 K min-1 and the composition of the reactor effluent was measured by mass spectrometry.

  Calorimetric determinations

  Enthalpies of solvent adsorption on Ni/SiO2 and SiO2 were experimentally determined by mixing 2 g of sample with 10 mL of each solvent in a calorimeter equipped with a mechanical stirrer and an ERTCO-EUTECHNICS 4400 digital thermometer (0.01 K resolution). In all of the cases, the calorimetric fluid was n-dodecane (Sigma, 99%). The catalyst samples were previously reduced and transferred to the calorimeter in conditions similar to those used in the catalytic activity tests. The calorimeter constant was determined by mixing bidistilled water and absolute ethanol (Merck, 99%). The ethanol concentration in the final mixture was 0.05 mol L-1. The corrected temperature increase, due to lack of adiabatic conditions and stirring heat, was calculated by the Dickinson method.27

  Catalytic tests

  The liquid-phase hydrogenation of butyronitrile (Aldrich, > 99%) was studied at 13 bar (H2) in a Parr 4843 reactor at 373 K. The autoclave was loaded with 150 mL of solvent, 3 mL of butyronitrile, 1.0 g of catalyst, and 1 mL of n-dodecane (Aldrich, > 99%) as internal standard. Toluene (Sigma-Aldrich, 99.8%), ethanol (Cicarelli ACS), benzene (Merck, 99.5%) or cyclohexane (Sigma-Aldrich, 99.5%) were used as solvents. Prior to catalytic tests, samples were reduced ex situ in H2 (60 mL min-1) for 2 h at 673 K and loaded immediately in the reactor at room temperature under inert atmosphere. The reaction system was stirred at 800 rpm and heated to the reaction temperature at 2 K min-1; the H2 pressure was then rapidly increased to 13 bar.

  Product concentrations were followed during the reaction by ex situ gas chromatography using an Agilent 6850 GC chromatograph equipped with flame ionization detector, temperature programmer and a 50 m HP-1 capillary column (0.32 mm i.d., 1.05 mm film). Samples from the reaction system were taken by using a loop under pressure in order to avoid flashing. Data were collected every 15-40 min for 450-650 min. The main reaction products detected were BA, DBA, TBA, and BBA. The batch reactor was assumed to be perfectly mixed. Interparticle and intraparticle diffusional limitations were verified as negligible. Conversion of butyronitrile was calculated as XBN = CBN/(C0BN – CBN), where C0BN is the initial concentration of butyronitrile and CBN is the concentration of butyronitrile at reaction time t. Selectivities (Sj, mol of product j / mol of butyronitrile reacted) were calculated as Sj = CjnBN/(C0BN – CBN)nj where nBN and nj are the stoichiometric coefficients of butyronitrile and product j, respectively. Yields (hj, mol of product j / mol of butyronitrile fed) were calculated as hj = Sj XBN.

   

  Results

  Catalyst characterization

  The BET surface area of the silica support (300 m2 g-1) did not change significantly after metal impregnation and the consecutive oxidation/reduction steps used for obtaining Ni/SiO2 (290 m2 g-1). NiO (ASTM 4-835) was identified from the XRD pattern of calcined Ni/SiO2 (not shown here). The NiO particle size determined using the Debye-Scherrer equation was 12 nm. The accessible Ni fraction determined by hydrogen chemisorption was low (DNi = 1.0%), probably because of the high Ni content.

  The NiO/SiO2 TPR curve was presented in a previous paper.11 Reduction of NiO gave rise to a single TPR peak centered at 643 K which corresponds to the direct reduction of Ni2+ ions to Ni0.12 No reduction peaks at higher temperatures that would reveal the presence of less reducible surface Ni silicates were detected.28 From these results, it was inferred that Ni was totally in the metallic state after the standard reduction step used prior to the catalytic tests (reduction in pure H2 at 673 K).

  Solvent properties

  Table 1 presents the values of several parameters that define the nature of the solvents used in this work. Specifically, classical polarity parameters (dipole moment m and dielectric constant ε) and other solvatochromic scales (hydrogen-bond donor (α) and hydrogen-bond acceptor (β) parameters, and ET(30) scale) are included in Table 1. Dipole moment m is a microscopic property, i.e., a property of an individual molecule, while dielectric constant ε is a macroscopic property that measures the ability of a bulk material to increase the capacitance of a condenser.29 Solvatocromic parameters α and β are, respectively, related to the electrophilic and nucleophilic properties of a given compound and measure the solvent ability for hydrogen-bond-donation (HBD) and hydrogen-bond-acceptance (HBA), respectively.30-32 Solvatochromic scales of polarity are based on shifts in the absorption spectrum of a reference dye. The position of absorption bands is sensitive to solvent polarity because the electronic distribution of the reference molecule in the excited state is different from that in the ground state. The ET(30) scale is based on the charge-transfer absorption spectra of pyridinium N-phenol betaine.29 As the data in Table 1 show, non polar solvents (cyclohexane, toluene and benzene) exhibit low values for ε, µ and ET(30) and they have no capability to act as H-bond donor (α = 0). In contrast, protic ethanol has high values for ε, m and ET(30) and can act as H-bond donor (α value higher than 0.7). The polarity properties of BN and BA are also included in Table 1.
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  Catalyst activity and selectivity

  Figure 1 presents the curves of BN conversion and yields as a function of time obtained for Ni/SiO2 in ethanol, benzene, toluene and cyclohexane. From the XBN vs. time curves of Figure 1 we determined by polynomial regression and numerical differentiation the initial BN conversion rates per g of catalyst (r0BN, mmol h-1 gcat-1) that are presented in Table 2. From the r0BN values of Table 2 we determined the initial turnover frequencies (TOF, min-1) and the values are included in Table 2. Data for selectivities (Si) and XBN at the end of the runs are also presented in Table 2.
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  Regarding catalyst activity, Figure 1 shows that XBN increased continuously on Ni/SiO2 in all solvents with the progress of the reaction, reaching 100% at the end of the runs. The initial BN conversion rate obtained in different solvents followed the order cyclohexane > ethanol > toluene > benzene (Table 2). The TOF value varied between 63.8 min-1 (cyclohexane) and 19.4 min-1 (benzene). Very few papers have quantitatively determined Ni activity for the liquid-phase hydrogenation of butyronitrile. Chojecki etal. 15 studied this reaction on Raney Ni catalysts at 373 K and 30 bar using octane as solvent and reported a TOF value for BN conversion of 24 min-1 that is comparable with our data in Table 2.

  Regarding catalyst selectivity, Ni/SiO2 in ethanol formed initially BA and BBA. The BA yield increased with the progress of the reaction reaching 84% at the end of the run (Figure 2). The presence of BBA among the reaction products is predicted in the reaction mechanism of Scheme 1 as the Schiff base leading by hydrogenation to the secondary amine. BBA is formed at the beginning of the reaction and then goes through a maximum because it is consecutively hydrogenated to the secondary amine, as depicted in Scheme 1. The local slopes of the ηi curves in Figure 1 give the rate of formation of each product at a specific BN conversion and reaction time. The DBA formation curve in ethanol presents a zero initial slope indicating that DBA is a secondary product as postulated in the reaction network of Scheme 1. At the end of the reaction, Ni/SiO2 in ethanol yielded a mixture of BA (84%) and DBA (16%), being the carbon balance 100% (Table 2). The Ni/SiO2 selectivity changed when ethanol was replaced by other solvents. If we consider the sequence ethanol → benzene → toluene → cyclohexane, the data in Table 2 show that the selectivity to BA decreased at the expense of DBA and TBA formation. Thus, the product distribution in cyclohexane was DBA 50%, BA 39% and TBA 9%, being the C balance 98%.

  
    

    [image: Figure 2. TPD profiles of ethanol, benzene, toluene and cyclohexane]

  

  In order to obtain more insight on the effect of solvent on Ni/SiO2 activity and selectivity we performed additional studies addressing the solvent-Ni interaction strength. Specifically, we determined the solvent adsorption enthalpies on Ni/SiO2 by calorimetry and we also investigated the temperature-programmed desorption of the solvents on Ni/SiO2 by analyzing the evolved products by mass spectrometry.

  Solvent-catalyst interaction

  The results obtained for the TPD of solvents on Ni/SiO2 are shown in Figure 2. In the case of cyclohexane TPD, we present in Figure 2 the evolution of the m/[image: Caracter 1] 56 signal (the most intense signal in the cyclohexane fragmentation mass spectrum) and the m/[image: Caracter 2] 28 and 44 signals accounting for possible fragmentation of the cyclohexane molecule. The m/[image: Caracter 3] 2 signal (not shown in Figure 2) was also followed during the TPD of cyclohexane on Ni. Nevertheless, no signals of evolved compounds were detected in the TPD of cyclohexane, thereby showing that cyclohexane was eliminated from the catalyst by the pretreatment with He at 298 K. This result revealed that the interaction between cyclohexane and Ni is very weak.

  Desorption of toluene, followed in Figure 2 by the m/[image: Caracter 4] 92 signal corresponding to the molecular ion, occurred at about 350 K. Desorption of several C2 and C4 fragments (m/[image: Caracter 5] 28, 43 and 44 signals in Figure 2) formed from toluene-derived species took place at 387 K. These results showed that toluene adsorbs irreversibly on Ni and decomposes at relatively low temperatures. The TPD of benzene was followed by recording the m/[image: Caracter 6] 78 signal that corresponds to the molecular ion, and other signals representing fragments formed from benzene-derived species. In Figure 2 no benzene desorption (m/[image: Caracter 7] 78) was observed while significant evolutions for H2, C1 and C2 species (m/[image: Caracter 8] 2, 16 and 28) were detected at temperatures higher than 500 K. These high-temperature evolutions reflect the decomposition of strongly chemisorbed benzene over Ni. Finally, Figure 2 shows that the desorption temperature maximum of the peaks corresponding to the most abundant ethanol ions (m/[image: Caracter 9] 45, 31, 29, 28 and 27) appeared at 378 K. Two additional broad bands corresponding to high temperature H2 and C3 hydrocarbon fragment evolutions (m/[image: Caracter 10] 2 and 44, respectively) were detected between 650 and 820 K. These evolutions indicate the presence of surface nickel sites on which ethanol adsorbs very strongly and decomposes at high temperatures.

  The solvent-catalyst interaction strength was also characterized by measuring the average molar adsorption enthalpies (ΔH, kcal mol-1) of the solvents on Ni/SiO2 by calorimetry. Enthalpy values were estimated by assuming: (i) the total coverage of the metallic surface with a monolayer of the liquid phase species; (ii) the adsorption modes proposed in the literature.33-35 The molar adsorption enthalpies measured on SiO2 were much lower than those determined on Ni/SiO2 and so they were considered negligible. In the case of non-polar solvents, the average molar adsorption enthalpies determined for benzene, toluene and cyclohexane were 27, 16 and 3 kcal mol-1, respectively. These ΔH values showed that benzene and toluene interact more strongly than cyclohexane with the Ni/SiO2 surface, which is in agreement with the solvent TPD results of Figure 2. As it has been proposed, the interaction between the cyclohexane saturated ring and metallic Ni surface should be very weak.36 Consistently with our results, previous works have reported that the toluene adsorption on Ni metal is weaker than benzene adsorption, probably because the repulsion forces between the methyl group and metallic nickel surface cause a tilted adsorption of the toluene molecule.33,34,37 Finally, we determined that the molar adsorption enthalpy of ethanol on Ni/SiO2 was about 10 kcal mol-1.

   

  Discussion

  Previous reports have stated that the selectivity of metal-supported catalysts for nitrile hydrogenation depends mainly on the metal nature.10,11,13 Differences in catalyst selectivity with the metal nature have been interpreted in terms of the formation of different reactive intermediates and their adsorption strength on the metal surface. In general, it is accepted that on metal catalysts the selective formation of primary amines from nitrile hydrogenation occurs via nitrene intermediates, whereas the preferential formation of secondary and tertiary amines takes place via carbene or aldimine intermediates.13,16,38,39 In particular, the preferential formation of BA from BN on Ni, Co, Ru has been attributed to the fact that BN is adsorbed onto the metal via nitrene intermediates.40,41 Huang and Sachtler40 stated that because the Ru=N bond is very strong the condensation steps yielding secondary and ternary amines are not favored via "immobile" nitrene intermediates. Similarly, Chojecki et al. 41 explained the selective formation of BA from BN on Raney Co and Ni catalysts by speculating that strong binding via the nitrogen atom may stimulate fast hydrogenation of the carbon atom in the nitrile group, which prevents secondary condensation reactions. Here, we observe that Ni/SiO2 in ethanol, a protic solvent, formed initially BA and then DBA via BBA, but the BA yield at the end of the reaction was very high (ηBA = 84%), in agreement with previous works reporting the preferential formation of BA on Ni catalysts. However, Ni activity and selectivity significantly changed when non-polar solvents replaced ethanol; in cyclohexane, Ni/SiO2 formed preponderantly DBA.

  By analyzing the results obtained in non-polar solvents in the sequence benzene → toluene → cyclohexane, it is inferred that the BN conversion rate increases while the selectivity to BA decreases at the expense of DBA and TBA formation. These changes in catalyst activity and selectivity may be explained by considering that the TPD experiment results of Figure 2 and solvent adsorption entalphies measurements showed that the solvent-metal interaction strength on Ni/SiO2 follows the order benzene > toluene > cyclohexane. According to the reaction network of Scheme 1, formation of DBA requires the readsorption of BA over the Ni surface to react with butylimine and produce the secondary amine. Thus, selective formation of BA would be favored when a strong solvent-Ni interaction takes place (benzene-Ni interaction, for example) and hinders the readsorption of BA over the metal surface. This assumption explains why the selectivity to DBA increases when benzene is replaced by toluene or cyclohexane, because the reaction between butylimine and adsorbed BA is easier to proceed when the solvent does not compete with both reactants for metal active sites. Similarly, it can be expected that formation of TBA, which is formed by condensation of DBA with butylimine, would be favored in solvents having a weaker interaction with Ni. This is exactly what we observed here because the highest selectivity to TBA was obtained in cyclohexane. This interpretation also explains why the highest BN conversion rate on Ni/SiO2 was observed in cyclohexane; in fact, because the interaction between cyclohexane and Ni is negligible, the solvent will not block any surface active sites for BN adsorption and conversion.

  The highest BA yield on Ni/SiO2 was obtained in ethanol. This result cannot be explained in terms of stronger ethanol-Ni interaction strength because our results showed that the adsorption enthalpy of ethanol on Ni is lower than those of benzene or toluene. Data in Table 1 shows that ethanol is a protic H-bond donor (α = 0.86) solvent that exhibits high values for polarity parameters ε, m and ET(30). In contrast, BA is an H-bond acceptor molecule of β = 0.72. Thus, it can be expected that a strong interaction will exist between BA and protic ethanol causing BA solvation in the liquid phase. The BA molecules would be then surrounded by alcohol molecules that would hinder BA adsorption on Ni and, as a consequence, also the formation of DBA that occurs by surface condensation between BA and butyilimine. The solvation of BA in ethanol, i.e., a solvent-reactant interaction, would explain then the high selectivity to BA that Ni/SiO2 exhibits in this alcohol.

  In summary, if the butyronitrile hydrogenation reaction is performed in non-polar solvents, selective BA formation is favored when a strong solvent-Ni interaction takes place and hinders the readsorption of BA over the metal surface. Nevertheless, the highest BA yields are obtained in protic alcohols, such as ethanol, that strongly interact with BA in the liquid phase and hamper BA adsorption on the catalyst.

   

  Conclusions

  Solvent nature plays a crucial role in controlling the Ni/SiO2 activity and selectivity for the synthesis of n-butylamine from butyronitrile hydrogenation. When non-polar solvents such as cyclohexane, toluene or benzene are used, the solvent-catalyst interaction strength determines the selectivity to n-butylamine: the stronger the solvent-catalyst interaction the higher the n-buylamine yield. This is because a strong solvent-Ni interaction hinders the readsorption of n-buylamine over the metal surface and, as a consequence, impedes the formation of dibutylamine that occurs by surface condensation between n-butylamine and butylimine.

  If the reaction is carried out in protic alcohols, such as ethanol, the solvent-butylamine interaction strength in the liquid phase controls the selectivity to n-butylamine on Ni/SiO2. Ethanol is an H-bond donor solvent that strongly interacts with H-bond acceptor n-butylamine and causes its solvation in the liquid phase. The n-butylamine molecules are then surrounded by alcohol molecules that hinder n-butylamine adsorption on Ni and, as a consequence, also decrease the consecutive formation of dibutylamine.
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    Um líquido iônico imidazólio de função específica derivado do ácido kójico natural teve suas interações supramoleculares investigadas no estado sólido, em solução e em fase gasosa. Diferentes técnicas como difração de raios X de monocristal, espectroscopia de ressonância magnética nuclear (NMR), espectrofotometria UV-Vis, medidas de condutividade, espalhamento de raios X em baixo ângulo (SAXS), espectrometria de massas (tandem) com ionização por electrospray (ESI-MS(/MS)) 
      e cálculos teóricos permitiram uma investigação estrutural aprofundada desse líquido iônico de função específica e suas interações supramoleculares.

  

   

  
    An imidazolium-based task-specific ionic liquid derived from the natural kojic acid had its supramolecular interactions investigated in solid, solution and gas phase. The use of a set of techniques formed by single-crystal X-ray diffraction, nuclear magnetic resonance (NMR) spectroscopy, UV-Vis spectrophotometry, conductivity measurements, small angle X-ray scattering (SAXS), electrospray (tandem) mass spectrometry (ESI-MS(/MS)), and theoretical calculations allowed a deep investigation of the structural organization of the task-specific ionic liquid and its supramolecular interactions.

    Keywords: ionic liquids, imidazolium, task-specific ionic liquids, supramolecular interactions, organization, X-ray, SAXS, UV-Vis, NMR, ESI-MS

  

   

   

  Introduction

  Ionic liquids (ILs) and task-specific ionic liquids (TSILs), especially those based on the imidazolium cation, are part of a class of attractive compounds of widespread use in many scientific and technological areas.1-3 These organic salts have already been successfully used in the chemical industry for many years.4 Their prominence is exemplified by many review articles recently published regarding several features of these unique chemical species.5-21

  The possibility of tuning the physical and chemical properties of ILs and TSILs associated with their attractive physicochemical properties, such as very low vapor pressure, large electrochemical window, good thermal and chemical stabilities, have also opened a wealth of other applications for these ionic materials. Despite all progress already reached by ILs, fine details about their supramolecular organization, the importance of H-bonds and a deep understanding on the directionality of imidazolium-based derivatives are only now emerging. Each IL/TSIL has unique physicochemical properties and it has been estimated that ca. 106 combinations of known cations and anions may afford a new type of such ionic compounds.22 The effort towards a better comprehension on the physicochemical properties of such materials is therefore very challenging; and each new structure demands specific efforts and a set of characterizations to depict its unique structural features and properties. Despite the diversity, some general trends have been established, and it is, for instance, known that the physicochemical properties of ILs/TSILs are intimately associated with their ionic structures,23 that is, with the net result from a combination of entropic (H-bonds and dispersive forces) and enthalpic (Coulombic) contributions.2

  Besides ionic interactions, whether supramolecular interactions also govern the organization of imidazolium-based ILs is still hotly debated with a vast number of important contributions.24-29 Despite their importance, the number of significant contributions specifically discussing the supramolecular organization and interactions of TSILs is much scarcer30-45 when compared to nonfunctionalized ILs. TSILs have become one of the most important strategies for furthering IL chemistry,1 as noted for the large and increasing number of innovative applications described for these ionic compounds.46-48 TSILs, for instance, have been successfully used to form micelles with lower concentrations when compared with the nonfunctionalized micellar agent.30 Nanoparticle stabilizing agents,49 oxidative desulfurization compounds,50 organocatalysts for multicomponent reactions,51-54 reagents in Pd-catalyzed C–C bond formation,55 asymmetric synthesis56 and others57-59 are also examples of the potential of TSILs. We have also explored the chemistry of TSILs applying some derivatives as catalysts for multicomponent reactions,60-62 as ligands for organometallic investigations,63 as reagents for organic reactions mechanistic evaluations,64-66 as ligands for the formation of water-soluble lanthanide-based fluorescent probes,67 and others.68-70

  Motivated by their importance, and due to limited knowledge of the organizational, supramolecular interactions and physicochemical properties of TSILs, we have recently studied the structural organization and supramolecular interactions of the TSIL 1-methyl-3-carboxymethylimidazolium chloride.71 Herein we wish to expand the knowledge of TSIL chemistry by disclosing a novel study on the supramolecular interactions and aggregate formation/stabilization of an imidazolium-based TSIL (Figure 1) derived from the natural kojic acid.

  
    

    [image: Figure 1. (Left) Structure of the task-specific]

  

  3-((5-Hydroxy-4-oxo-4H-pyran-2-yl)methyl)-1-methyl-imidazolium chloride (MIK.Cl) is a known TSIL which we have described and used in some important catalytic transformations, such as oxidation, reduction and C–C bond formation.68-70 Due to our interest in the chemistry of MIK.Cl, we decided to perform a comprehensive evaluation of its properties in solid, solution and gas phase interactions by using a set of techniques formed by single-crystal X-ray diffraction, nuclear magnetic resonance (NMR) spectroscopy, UV-Vis spectrophotometry, conductivity measurements, small angle X-ray scattering (SAXS), electrospray (tandem) mass spectrometry (ESI-MS(/MS)), and theoretical calculations. The structural organization and supramolecular interactions found for MIK.Cl nicely highlight the importance of H-bonds for the unique directionality of this important ionic compound, and details will be disclosed herein.

   

  Experimental

  See Supplementary Information for detailed experimental procedures, spectral data and analyses. CCDC (Cambridge Crystallographic Data Centre) 1015994 (MIK.Cl) contains the supplementary crystallographic data for this paper and the cif file can be obtained from the corresponding author.

   

  Results and Discussion

  X-ray analysis

  The molecular structure of MIK.Cl has been initially investigated by single-crystal X-ray diffraction crystallographic analysis. Crystal and structure refinement data are summarized in Table 1. Molecules packing in stacks of MIK cations and Cl– anions, affording an extended network of cations and anions and showing the ionic channels, are visualized in Figure 2. Imidazolium cations are found organized through π-stacking interactions separated by 4.568(2) Å of distance. The observed imidazolium stacking is similar to nonfunctionalized ILs72,73 and to other TSILs,40 but with larger distance between the imidazolium rings. The 4-pyrone ring is also significantly organized through π-stacking interactions.

  
    

    [image: Table 1. X-ray diffraction data collection]

  

  
    

    [image: Figure 2. View of the crystal structure of MIK]

  

  From the single-crystal X-ray analysis one cation is also depicted as being surrounded by three anions and, in turn, chlorides are surrounded by three cations (Figure 3). Table 2 summarizes the close contact distances and angles shown in Figure 3.

  
    

    [image: Figure 3. Highlighted interactions observed]

  

  
    

    [image: Table 2. Distance of close contacts and angles]

  

  H-bonds may be classified using the cutoff limits of 3.2 Å for distances and above 110º for angles (conservative option) as following the criteria of Steiner.74 Using these limits, all entries (1-7) in Table 2 may still be classified as H-bonds. No cation-anion interaction is noted at the C5 position in the imidazolium ring. A strong interaction with the oxygen (C=O) of a second cation is indeed the major interaction for C2–H2 and C7–H7A (Figure 3, right). The strongest H-bond is noted for the chloride interaction with the most acidic hydrogen (O15–H15) bearing a 2.236(4) Å of distance and an angle of ca. 174º (O15–H15···Cl16). The anion also displayed interactions with C12–H12 and C4–H4 but no interaction at all is noted at C5–H5 position, in contrast with nonfunctionalized ILs.

  NMR analysis

  NMR is a powerful technique for IL studies.75 2D NMR techniques are much explored for revealing different features of IL structural organization in solution and aiming at a better comprehension of the supramolecular interactions.76-78 Proton spin-lattice relaxation times (T1) is,79 however, a well-known NMR technique which can be efficiently applied for the cation-anion interactions and supramolecular aggregate formation studies. T1 measurements will be directly influenced by molecular dynamics and chemical environment changes, as already established. T1 is therefore a NMR technique that can be applied for critical aggregation concentration (CAC) determination, as shown for some ammonium surfactants.80 Despite the useful information provided by T1, this technique has only been recently applied for depicting the supramolecular interactions of TSILs.71

  We have therefore performed T1 measurements to study MIK.Cl interactions. A sealed capillary tube filled with benzene-d6 (external reference to set the scale at 7.16 ppm for 1H and 128.4 ppm for 13C) was used. Supplementary Information Figure S1 shows both 1H and 13C NMR of MIK.Cl. T1 measurements were performed in D2O, D2O:CD3OD (1:1 v/v) and D2O:CD3CN (1:1 v/v) to probe both the intermolecular interactions and the importance of the H-bonds for the supramolecular aggregate formation. Table 3 summarizes the T1 measurement results under optimized conditions. Figures 4, 5 and 6 show the obtained results for the experiments.

  
    

    [image: Table 3. Relaxation times (s) for MIK.Cl]

  

  
    

    [image: Figure 4. T1 values for the hydrogens of MIK.Cl]

  

  
    

    [image: Figure 5. T1 values for the hydrogens of MIK]

  

  
    

    [image: Figure 6. T1 values for the hydrogens of MIK.Cl]

  

  T1 experiments provided very elucidative data. In pure D2O, a transition phase for the CAC, that is, for larger supramolecular aggregate formation, is noted for concentrations a little higher than 0.6 mol L-1. For concentrations above this transition, dipole-dipole relaxations are likely favored and therefore the observed T1 have a tendency to be lower. C(12)–H proved to be the most sensitive to the environmental changes in the structure of MIK.Cl. When the experiments were conducted in a solvent mixture of D2O:CD3OD, an almost complete disruption of the aggregation is noted. A small transition could be noted for C(9)–H (Figure 5). C(12)–H and C(9)–H are both attached to the chromophore moiety (4-pyrone ring). The experiments in D2O:CD3CN showed lower CAC values and close to 0.2 mol L-1. The hydrogens in the pyrone ring were again the most affected by the increase in the TSIL concentration. Phase transition was only noted for C(4)–H, which is the closest hydrogen in the imidazolium ring to the pyrone ring. Overall, the T1 results indicate, therefore, somehow surprisingly, that aggregate formation can be easily broken and point to an aggregation directed by the 4-pyrone ring instead of the imidazolium ring. In the UV-Vis section this feature will be once more evaluated.

  The solvent effect experiments also pointed to solvent-separated ion pairs when methanol (or acetonitrile) is added in the aqueous solution with MIK.Cl, in accordance with similar observations for nonfunctionalized imidazolium ILs81 and for TSILs,71 therefore breaking any large supramolecular aggregate.

  Chemical shifts for the imidazolium hydrogens and the other hydrogens failed to display significant changes upon increasing the TSIL concentration in the 1H NMR spectra (Figure S2). This behavior is again coherent with the observation that aggregate formation is driven through the pyrone ring instead of the imidazolium cation. When the aggregation is driven by the imidazolium moiety, chemical shift dependence of the imidazolium hydrogens and of the other hydrogens have been typically noted for ILs73 and TSILs.71

  Conductivity analysis

  Considering conductivity measurements are straightly associated with free ions in solution, this technique has been used as a powerful tool for the investigation of ILs/TSILs in solution,82 especially for aqueous solutions of such ionic materials.83

  Following Kohlrausch's empirical law (Λm = Λ0 – kC-1/2, where C is the concentration), conductivity analysis were therefore performed and analyzed (Figure 7) for different solvents and mixtures (H2O, MeOH, MeCN, H2O:MeOH, and H2O:MeCN mixtures). Two distinct breaks in the Kohlrausch plots are noted for most solvent mixtures. These breaks indicate two regimes of differing aggregate nature, as previously shown for nonfunctionalized ILs.83 Table 4 reports the concentrations at which the break points (α and β regimes) occur.

  
    

    [image: Figure 7. C-1/2 vs. Λm of MIK.Cl in different]

  

  
    

    [image: Table 4. Solvent proportions and break points]

  

  Data in Table 4 show that upon increasing the organic solvent concentration the second regime of aggregation (β) is not noted anymore. This effect is more pronounced for methanolic solutions rather than for acetonitrile-containing solutions. The competitive H-bonds with methanol force the aggregates to break. On the whole, the results are also in accordance with the fact that aggregation easily takes place in water rather than in other solvents.

  UV-Vis analysis

  Microenvironment changes in π-conjugated systems such as imidazolium derivatives may be monitored by UV-Vis analyses. Imidazolium-based84 (and other substances85) had already their aggregation behavior and nanostructures (from self-assembling) depicted by UV-Vis analyses.

  UV-Vis analyses were therefore conducted in H2O, MeOH, MeCN, H2O:MeOH, and H2O:MeCN mixtures (Figures S3-S6). The second derivative from the UV-Vis spectra was applied to precisely determine lmax of absorption and the shifts caused by solvent effects (ca. 225 nm for the imidazolium ring and ca. 274 nm for the pyrone ring). Determination of such values (Figure 8) allows a relationship between solvent effects on the lmax of absorption and the shifts of wavelength through an aggregation regime to be made.

  
    

    [image: Figure 8. Absorbance vs. concentration and wavelength]

  

  No significant changes could be noted for the imidazolium ring indicating, therefore, that aggregation is taking place preferentially through the chromophore, that is, the pyrone ring. For concentrations above 0.15 mmol L-1, larger supramolecular aggregates may occur and shifts are noted for absorption and wavelength λmax (Figure 8).

  SAXS analysis

  SAXS analysis was applied in this study aiming at understanding the local organization of cations and anions of MIK.Cl, especially because ILs/TSILs show complex local organization with self-aggregating polar and non-polar domains of nanometer size.2 This knowledge is important particularly because the resulting ion-ion associations will have an impact on the ionic transport properties. More detailed information about the interaction of ILs/TSILs with different solvents may be therefore obtained from SAXS analyses. Figure 9 shows a detailed data analysis regarding saturated aqueous and methanolic solutions of MIK.Cl.

  
    

    [image: Figure 9. SAXS results for MIK.Cl in methanol]

  

  Using the two phase model,71,86-88 the length of the aggregates was obtained. The long period (L) was calculated by means of the first maximum correlation function, γ(r), corresponding to an enhancement of the most probable distance between the two centers of gravity (MIK.Cl aggregates), as recently applied for other TSIL (see details in the Supplementary Information).71

  Figure 9 indicates from the intensity values of the γ(r) function that there is a presence of semi-ordered phases for MIK.Cl in water, which is a more organized solution when compared with methanolic solution. This observation, depicted by SAXS analyses, is in accordance with the previously described techniques.

  The first maximum in the experimental G(r) function can be estimated as disordered solvent-phase, represented by Lm. The model considers MIK.Cl (semi-ordered phase) structure to be surrounded by solvent (semi-ordered phase). From the subtraction of L from γ(r) and Lm (first maximum in G(r)), the value of the distance between the two scattering centers without solvent around the aggregates is obtained. The molecular lengths found were 0.70 and 2.6 nm for water and methanol solutions, respectively. Using the molecular diameter data for water,89 0.25 nm, and 0.42 nm for methanol,90 it is possible to determine the number of molecules neighboring MIK.Cl. The calculations revealed the presence of up to three molecules surrounding MIK.Cl for the aqueous solution and six for the methanolic solution. IL/TSIL-solvent interactions are dependent on the ligand type and its acidic strength in solution (pKa).91 For TSILs with ligands with small pKa values, the interaction with methanol is therefore increased.71 Despite the acidic character of MIK.Cl, it is not as acidic as other –COOH-functionalized TSILs,71 therefore this behavior results in larger disorder of the system and contributes to an increased amount of molecules in methanolic solutions.

  ESI-MS(/MS)

  MS has proved to be an unsurpassed tool for the investigation of IL/TSIL structures and physicochemical properties, as reviewed elsewhere.8 This fast, efficient and precise technique can be applied for online monitoring of ionic compositions through continuous snapshots of the species present in solution with a gentle transfer to the gas-phase. ESI-MS(/MS) has therefore acted as a bridge which connects solution and gas-phase chemistries;92 and has been therefore used herein to investigate MIK.Cl interactions. For that, 100 mmol L-1 solutions (water, methanol and water-methanol 1:1 v/v) were directly infused and monitored online. Figure 10 shows the ESI(+)-MS spectra, whereas Figure 11 shows the respective ESI(+)-MS/MS spectra for some key species.

  
    

    [image: Figure 10. ESI(+)-MS of an aqueous solution]

  

  
    

    [image: Figure 11. ESI(+)-MS/MS of the supramolecular]

  

  As Figure 10 shows, MIK cation was detected as an abundant ion of m/[image: Caracter 1] 207. Two MIK aggregates were also detected and further characterized by collision-induced dissociation (CID, Figure 11), that is, the MIK cation associated with its zwitterionic partner (aggregate of m/[image: Caracter 2] 213) and two MIK cations associated with one chlorine anion (aggregate of m/[image: Caracter 3] 449), respectively. Fortunately, these unprecedented species that were likely fished out directly from solution, were also found to represent long-lived gaseous species and their structures could be investigated via CID (Figure 11), with a dissociation chemistry that is in accordance with the proposed supramolecular structures.

  In the experiments using a 100 mmol L-1 solution of H2O:MeOH (1:1 v/v), only the aggregate of m/[image: Caracter 4] 413 could be observed, whereas the experiments with pure methanol (100 mmol L-1 solution) no aggregate could be observed (data not shown). These results are in accordance with the observations already described, indicating the preferential aggregation of MIK.Cl in aqueous solutions.

  Theoretical calculations

  Aiming at achieving a better understanding of the nature of the contributions for the aggregate formation of MIK.Cl, we have also performed theoretical calculations. MP2/6-311+g* level of theory was selected since we have demonstrated this to be an appropriate level of calculations for TSILs71 (see more details in the Supplementary Information). Crystallographically-determined coordinates were taken frozen during all calculations, which were obtained at the MP2/6-311+G* level of theory.

  Morokuma's recommendations were used for energy decomposition (deconvolution) analysis of the total energy (internal energy). The total energy (∆E) was considered as the sum of the steric (∆Esteric, associated with electrostatic attraction and Pauling repulsion energies) and orbitalar contributions (∆Eorb), that is, ∆E = ∆Esteric + ∆Eorb. Figure 12 shows the relative energies of ion-pairing and the considered interactions, whereas Table 5 shows the relative values of ∆E, ∆Esteric and ∆Eorb.

  
    

    [image: Figure 12. Relative energies (internal energy)]

  

  
    

    [image: Table 5. Relative energy decomposition]

  

  To depict the orbitalar contributions, natural bond orbital (NBO) analyses were also used. Results are better visualized in Figure 13.

  
    

    [image: Figure 13. Interaction energies from natural bond]

  

  NBO analyses showed to be in accordance with the other results. The strongest orbitalar interaction was noted for O2–H2A···Cl1, whereas the weakest was that related to C4–H4···Cl1.

  From the single-crystal X-ray analysis, only H-bond interactions of MIK.Cl were detected. Bader's quantum theory of "atoms in molecules" (QTAIM)93 was therefore used to evaluate the so-called "bond critical point" (BCP), that is, the point with the minimal ρ(r) value along the bond path, and the nature of the interaction (Figure 14). The type of interaction (H-bond, van der Waals, and so on) may be deduced by the charge density ρ(r) values, which characterize each point in space. Additional parameters, such as the gradient of ρ(r), the Laplacian function of ρ(r), and the matrix of the second derivatives of ρ(r) (Hessian matrix) also characterize the system, as reviewed elsewhere.94-97 Popelier,98-100 Koch101 and others,102 have already explored such parameters for depicting the nature of the different types of interactions. Calculations for MIK.Cl (Table 6) revealed that all interactions may be classified as H-bonds considering ρ between 0.002-0.035 (atomic units) and ∇2ρ between 0.024-0.139 as the cutoff.

  
    

    [image: Figure 14. Results of quantum theory]

  

  
    

    [image: Table 6. Calculated QTAIM]

  

  The results for QTAIM showed that interactions of MIK with the chloride anions occur via H-bonds, also in accordance with the X-ray analysis. On the whole, the calculations showed that the electrostatic interactions play major roles for ion-pairing in the structure of MIK.Cl, but strong H-bonds play crucial roles especially for the directionality of the structure. H-bonds are also responsible for the additional structural stabilization, in accordance, therefore, with recent conclusions for 
    ILs/TSILs.2

   

  Conclusions

  The present data allowed a comprehensive evaluation of the supramolecular interactions and three-dimensional organization of the task-specific ionic liquid MIK.Cl. The use of a set of techniques formed by single-crystal X-ray diffration, NMR spectroscopy, UV-Vis spectrophotometry, conductivity measurements, SAXS, ESI-MS(/MS), and theoretical calculations has allowed proper understanding of the structural organization of MIK.Cl, revealing crucial contribution of H-bonds for the directionality and organization of its 3D structure. Preferential aggregation was also detected in water. The importance of H-bonds was pointed out by all techniques and proved to be in agreement with the aggregation behavior observed for MIK.Cl. The conclusions from this work form a baseline for future studies regarding the organizational properties and supramolecular interactions of TSILs.
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  Supplementary information (Figures, a picture with Prof Roberto F. de Souza and experimental details) is available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    NMR experiments

    NMR spectra were recorded on a 7.05 T instrument using a 5-mm internal diameter probe operating at 300 MHz for 1H and at 75 MHz for 13C. Chemical shifts were expressed in parts per million (ppm) and referenced by the signals of the residual hydrogen atoms of deuterated benzene as the external reference (7.16 ppm and 128.39 ppm, respectively).

    UV-Vis analyses

    UV-Vis spectra were recorded in an apparatus with a diode array. UV-Vis analyses were performed in an Agilent Technologies 8453 spectrophotometer in 1-cm quartz cuvettes at 25 ºC.

    X-ray diffraction

    The molecular structure of MIK.Cl was determined by X-ray diffraction. The X-ray measurements were carried out in an apparatus with an area detector diffractometer with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) at room temperature (T = 293 K).

    MS analyses

    ESI-MS and ESI-MS/MS measurements were performed in the positive-ion mode (m/[image: Caracter 5] 50-2000 range) on an HDMS instrument. This instrument has a hybrid quadrupole/ion mobility/orthogonal acceleration time-of-flight (oa-TOF) geometry and was used in the TOF V+ mode. All samples were dissolved and were directly infused into the ESI source at a flow rate of 10 µL min-1 after 5 min at 100 ºC. ESI source conditions were as follows: capillary voltage 3.0 kV, sample cone 20 V, extraction cone 3 V.

    Conductivity measurements

    Conductivity measurements were performed with a Tecnal Tec-4MP with platinum electrodes at 25 ºC. All analyses required 15 mL (pure solvent or mixtures, as indicated) and were carried out under stirring. KCl stock solutions were used to set the standard parameter at 146.7 mS cm-1.

    SAXS

    SAXS experiments were performed on the SAXS1 beam line of the Brazilian Synchrotron Light Laboratory (LNLS), monitored with a photomultiplier, and detected on a Pilatus detector (300K Dectris), generating scattering wave vectors (q) from 0.07 to 5.5 nm-1. The wavelength of the incident X-ray beam (λ) was 0.1488 nm. Background and parasitic scattering were determined by separate measurements on an empty holder and subtracted. The exposure time was set as 300 s for all samples. Only saturated solutions of MIK.Cl in water and methanol were used in the experiments.

    The X-ray scattering is experimentally determined as a function of the scattering vector, q, whose modulus is given by:

    
      [image: Equation 1]

    

    where θ  is half the scattering angle (2θ). The correlation γ(r), and interface distribution functions, G(r) were generated from SAXS data to obtain the mean of distance of the scattering center. The G(r) were obtained by applying the second derivative to the Fourier transformed SAXS data using a procedure proposed in literature.1,2

    Calculations

    The theoretical treatment of the system included in this work was performed using the density functional theory (DFT)3 approach and ab initio second-order Møller-Plesset perturbation theory (MP2).4,5 Initially, we tested several basis set functions, as well as several exchange-correlation functional B3LYP,6 M02X,7 PBE1PBE,8 B989 and the ab initio MP2 method aiming to choose a level of theory that presents a good compromise between accuracy and computational effort. For comparisons, we also tested the G2MP210 and CBS-QB311 methods, which are complex energy computations methods involving several pre-defined calculations on the specified molecular system (not shown). We chose to use the MP2/6-311+G* level without loss of quality and with lower computational cost. Binding energies, enthalpies for ion-pairing and Gibbs free energies using different computational methods were also performed (not shown). Comparison with two highly accurate G2MP2 and CBS-QB3 pre-defined methods allows us to again note that the MP2/6-311+G* level of theory adequately represents the thermodynamic properties of the system. We selected the MP2/6-311+G* as a level of theory for the second part of the computational work. In the second part of the computational work, the crystallographically-determined coordinates were taken frozen during all calculations which are obtained at MP2/6-311+G* level. Quantum theory of "atoms in molecules" (QTAIM) study using Bader's theory12 has been performed, as it is very effective for evaluating topological parameters of hydrogen bonds. QTAIM calculations were performed by using AIMALL program.13 The Morokuma energy decomposition analysis (EDA) was performed using AOMix program.14 The natural bond orbital analysis (NBO) was also carried out.15 Both geometrical and electronic theoretical calculations were carried out using the Gaussian 09 program suite.
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    O complexo catiônico ciclopentadienílico de níquel(II) contendo o ligante bis(mesitil-imino)acenafteno, de fórmula [Ni(η5-C5H5)(Mes-BIAN)]PF6 (Mes = mesitil = 2,4,6-Me3-C6H2; Mes-BIAN = bis(mesitil-imino)acenafteno), foi sintetizado através de duas estratégias alternativas, tendo sido obtido com rendimentos moderado a quantitativo. Apesar de ser electronicamente saturado, este novo complexo foi testado na polimerização de etileno e propileno na presença do cocatalisador metilaluminoxano (MAO), mostrando ser um precursor catalítico eficiente da polimerização de etileno em condições suaves de reação (baixa temperatura e pressão), enquanto que se revelou inativo em relação ao propileno. Os polietilenos obtidos apresentam ramificações metílicas e um baixo teor em ramificações longas.

  

   

  
    A cationic cyclopentadienyl nickel(II) complex of bis(mesityl-imino)acenaphthene, [Ni(η5-C5H5)(Mes-BIAN)]PF6 (Mes = mesityl = 2,4,6-Me3-C6H2; Mes-BIAN = bis(mesityl-imino)acenaphthene), was synthesized via two alternative routes, being obtained in moderate to quantitative yields. Although electronically saturated, this new complex was tested in the polymerization of ethylene and propylene in the presence of the cocatalyst methylaluminoxane (MAO), and found to behave as an efficient catalyst precursor for the polymerization of ethylene under mild reaction conditions (low temperature and pressure), whereas it was inactive towards propylene. The polyethylenes produced show methyl branching and a low content of long branches.
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  Introduction

  The development of new nickel and palladium based catalysts for the preparation of high molecular weight polyethylenes with controlled branching has been a subject of interest both in academia and industry.1 A major breakthrough occurred nearly two decades ago when neutral and cationic Ni(II) and Pd(II) catalysts bearing bulky α-diimine ligands of the aryl-diazadiene (DAD) or aryl-BIAN (aryl-BIAN = bis(aryl-imino)acenaphthene; An = acenaphthyl) types were prepared by Brookhart et al. (Scheme 1, A and B) .  2 The presence of these sterically hindered ligands was shown to be crucial for blocking the axial coordination sites on the metal center towards the incoming monomer and reduction of chain transfer reactions. These electronically unsaturated neutral complexes (Scheme 1, A) polymerized ethylene, propylene and 1-hexene when activated with methylaluminoxane (MAO), whereas the corresponding 16-electron cationic methyl nickel complexes (Scheme 1, B) were shown to be equally active without requiring the use of an alkylaluminium cocatalyst,3 since the initiation of the polymerization process occurs through migratory insertion of coordinated ethylene into the Ni-alkyl bond. The obtained polyethylenes exhibited high molecular weights and relatively narrow molecular weight distributions, but were highly branched (ca. 100 branches/1000 carbon atoms), particularly those prepared with the Pd(II) catalysts. The major disadvantage associated with these catalyst systems was the need for a large excess of the aluminium cocatalyst, MAO, which is a very expensive material.
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  In 1997, de Souza et al. 4 reported the 16-electron cationic Ni(II) complex [Ni(η3-methallyl)(iPr2-DAD)]PF6 (Scheme 1, C), which, despite bearing an allyl group coordinated to Ni, was revealed to be highly active in the polymerization of ethylene only in the presence of organoaluminium activators (MAO or AlEt2Cl), under mild reaction conditions, and at low Al/Ni ratios. The obtained polymers covered a large range of properties, between high density polyethylene (HDPE) and low density polyethylene (LDPE).

  We have been interested in complexes of nickel containing either aryl-BIAN5 or cyclopentadienyl (η-C5H5)6,7 ligands. In transition metal complexes on the left side of the periodic table, the η5-cyclopentadienyl ligand is essentially a non-reactive fragment, in contrast to later electron-rich transition metals in which it may not be a pure spectator. In the case of cyclopentadienyl nickel complexes, this ligand can display reactivity, in particular, undergoing η5 to η1 ring-slippage processes upon coordination of further ligands to the metal center.8

  In the present work, we report the synthesis of the first cationic nickel(II) complex bearing simultaneously a cyclopentadienyl ring and an α-diimine ligand, its characterization by multinuclear nuclear magnetic resonance (NMR) spectroscopy and X-ray diffraction, as well as its application as an efficient catalyst precursor for the polymerization of ethylene when activated with MAO, despite being an electronically saturated (18-electron) compound.

   

  Experimental

  General procedures

  All experiments dealing with air- and/or moisture-sensitive materials were carried out under an inert atmosphere using a dual vacuum/nitrogen line and standard Schlenk techniques. Nitrogen gas was supplied in cylinders by specialized companies (Air Liquide, etc.) and purified by passage through 4 Å molecular sieves. Unless otherwise stated, all reagents were purchased from commercial suppliers (e.g., Acrös, Aldrich, Fluka) and used without further purification. All solvents to be used under inert atmosphere were thoroughly deoxygenated and dehydrated before use. They were dried and purified by refluxing over a suitable drying agent followed by distillation under nitrogen. The following drying agents were used: sodium [for diethyl ether, and tetrahydrofuran (THF)], calcium hydride (for dichloromethane, chlorobenzene and o-dichlorobenzene), Na/K alloy (toluene for the polymerization reactions). Solvents and solutions were transferred using a positive pressure of nitrogen through stainless steel cannulae and mixtures were filtered in a similar way using modified cannulae that could be fitted with glass fiber filter disks. Ethylene and propylene were supplied by Air Liquide, and were dried by passage through 4 Å molecular sieves. As cocatalyst, solutions of 10% of MAO (Aldrich) or MMAO (Akzo Nobel) in toluene were used.

  The NaCp (Cp = C5H5)9 and the α-diimine bis(mesityl-imino)acenaphthene (Mes-BIAN)10 ligand precursors, the complexes [NiBr2(DME)] (DME = 1,2-dimethoxyethane),11 [NiCl2(PPh3)2]12 and [NiBr2(Mes-BIAN)] (1)10 were prepared according to literature procedures.

  The NMR spectra were recorded on a Varian Unity 300 (1H, 299.995 MHz; 13C, 75.4296 MHz; 31P 121.44 MHz) spectrometer, at room temperature. Deuterated solvents were dried by storage over 4 Å molecular sieves and degassed by the freeze-pump-thaw method. Spectra were referenced internally using the residual protio solvent resonance relative to tetramethylsilane (δ = 0) or, in the case of 31P spectra, relative to H3PO4 (δ = 0). All chemical shifts are quoted in δ (ppm) and coupling constants (J) given in Hz. Multiplicities were abbreviated as follows: singlet (s), doublet (d), triplet (t), septet (sept) and multiplet (m). The samples were prepared in J. Young NMR tubes. Polymer samples were prepared in a mixture of 1,2,4-trichlorobenzene and C6D6 (75:25 v/v) and recorded at 120 ºC.

  The elemental analyses were obtained from the Instituto Superior Técnico elemental analysis services.

  The molecular weights of the polyethylenes obtained were determined by gel permeation chromatography/size exclusion chromatography (GPC/SEC), on a GPC Waters 150 CV chromatograph. The solvent used as eluent was filtered through 0.50 µm membranes from Fluoropore (Millipore), and degassed by ultrasound for 45 min. The polymer samples were always filtered through 0.45 µm Durapore filters (Millipore). A mixture of o-dichlorobenzene (ODCB) and the radical stabilizer butylated hydroxytoluene (BHT) (0.01%) was used as eluent, at a flow rate of 1.0 mL min-1, and the temperature was thermostated at 135, 135 and 60 ºC, respectively, in the injector, column and pump compartments. The permeation of polymers was performed with two Waters Styragel HT linear columns. The molecular weights were calibrated relative to polystyrene standards (TSK Tosoh Co.). The acquisition and data processing were performed with the program Millennium32 (version 3.05.01).

  The thermal analyses of polyethylene samples were performed by differential scanning calorimetry (DSC) using a Setaram DSC 121 calorimeter. The samples were heated between 20 and 300 ºC at 10 ºC min-1. The temperature of the maximum of the peak(s) was registered as the melting temperature and the area under the peak(s) was associated to the melting enthalpy of each polymer sample. During the experiments the sample holder was continuously purged with argon.

  Synthesis of [Ni(η5-C5H5)(PPh3)2]PF6 (2)

  The following procedure was adapted from the literature:6 a suspension of NaCp (0.52 g, 5.90 mmol) in Et2O (20 mL) was added to a suspension of [NiCl2(PPh3)2] (3.89 g, 5.94 mmol) in the same solvent (60 mL), at room temperature. The dark-green suspension turned to light yellowish-green, with a dark red supernatant solution. This mixture was stirred overnight. After filtration and washings with Et2O, THF was added and a violet solution was obtained. TlPF6 was added to the mixture and the reaction was stirred for 1 h. All volatiles were evaporated and the resulting residue was washed with n-hexane and extracted with dichloromethane (filtered through Celite®) until extracts were colorless. The greenish solution was concentrated (ca. 50%) and Et2O was added with concomitant precipitation of a microcrystalline light green powder of 2. Yield: 2.36 g, 50%; 1H NMR (300 MHz, CD2Cl2) δ 7.45 (m, Ph of PPh3, 30H), 5.20 (s, C5H5, 5H); 31P{1H} NMR (121.44 MHz, CD2Cl2) δ 35.7 (s, PPh3), –143.7 (sept, PF6-, 1JPF 712 Hz). Anal. calc. for C41F6H35NiP3: C, 61.82; H, 4.44, found: C, 62.07; H, 4.45.

  Synthesis of [Ni(η5-C5H5(Mes-BIAN)]PF6 (3)

  Method (a)

  A solution of NaCp (0.19 g, 2.16 mmol) in THF (30 mL) was added to a suspension of [NiBr2(Mes-BIAN)] (1) (1.43 g, 2.25 mmol) in the same solvent (100 mL), at room temperature. The mixture was stirred overnight, leading to a violet solution and a white precipitate (NaBr). The solution was filtered to another Schlenk tube, and TlPF6 (0.76 g, 2.18 mmol) was added, an immediate color change to dark green being observed. The final solution was then stirred for 2 h. All volatiles were evaporated under vacuum and the resulting residue was washed with n-hexane, extracted with dichloromethane, and filtered through Celite® until extracts were colorless. The solution was concentrated (to ca. 50%) and double-layered with Et2O (1:3). Dark green crystals of 3 precipitated, which were further washed with Et2O and dried under vacuum. Yield 0.59 g, 45%.

  Method (b)

  A solution of bis(mesityl-imino)acenaphthene (0.83 g, 1.99 mmol) in ODCB (30 mL) was added to a solution of [Ni(η5-C5H5)(PPh3)2]PF6 (2) (1.63 g, 2.05 mmol) in the same solvent (100 mL), at 45 ºC. The mixture was stirred overnight, leading to a dark green solution. All volatiles were evaporated under vacuum and the resulting residue was washed with n-hexane, extracted with dichloromethane until extracts were colorless. The solution was concentrated (to ca. 25%) and double-layered with Et2O (1:5). Dark green crystals of 3 precipitated, which were further washed with Et2O and dried under vacuum. Yield 1.40 g, 100%.
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  1H NMR (300 MHz, CDCl3) δ 8.06 (d, 3JHH = 8.1 Hz, H5', 2H), 7.46 (t, 3JHH = 8.1 Hz, H4', 2H), 7.06 (s, Hmeta mesityl, 4H), 6.61 (d, 3JHH = 7.2 Hz, H3', 2H), 5.22 (s, C5H5, 5H), 2.37 (s, CH3 para mesityl, 6H), 2.30 (s, CH3 ortho mesityl, 12H); 13C{1H} NMR (75.43 MHz, CDCl3) d 163.2 (C1'), 148.5 (Cipso mesityl), 145.7 (C7'), 141.8 (Cpara mesityl), 138.7 (C6'), 131.5 (C2'), 130.2 (Cmeta mesityl) 129.3 (C5'), 127.7 (C4'), 124.9 (Cortho mesityl), 124.1 (C3'), 95.6 (C5H5), 21.1 (CH3para mesityl), 17.5 (CH3 ortho mesityl); 31P{1H} NMR (121.44 MHz, CDCl3) δ -143.7 (sept, PF6-, 1JPF = 712 Hz); Anal. calc. for C35H33F6N2PNi: C, 61.54; N, 4.05; H, 4.85, found: C, 61.34; N, 4.08; H, 4.85.

  General procedure for the polymerization tests with ethylene and propylene

  Polymerizations were carried out in 250 mL crown capped pressure bottles sealed with neoprene septa and pump filled with nitrogen atmosphere (the bottles were previously dried in the oven at 140 ºC for several days), and with magnetic stirring (600 rpm). To each polymerization bottle, 50 mL of freshly distilled solvent were added, which were subsequently thermostated in ice (0 ºC), water or oil baths. After removal of the N2 atmosphere by vacuum, the solvent was saturated with the gas monomer at a relative pressure of 1 bar, which was maintained throughout the polymerization reactions. Then the appropriate amount of MAO cocatalyst was added via a glass syringe at the defined Al/Ni ratio. Solutions were then brought to the desired temperature and allowed to equilibrate for 15 min. The polymerization reactions were initiated by the addition of a solution of the desired amount of catalyst in 1 mL of ODCB via a glass syringe. The polymerizations were terminated after 60 min (or less) by quenching the mixture with 150 mL of an acidic methanol (2% HCl) solution. The polymers obtained were then filtered, washed several times with methanol and dried in a vacuum oven at 60 ºC for 3 days.

  X-ray diffraction

  Crystals of compound 3 were grown from a dichloromethane solution double-layered with Et2O, at -20 ºC, and isolated by filtration. A specimen was chosen under an inert atomsphere, covered with paratone-N oil, and mounted on the end of a glass fiber. Data were collected at 125 K on an Enraf-Nonius DIP2000 image plate diffractometer with graphite monochromated Mo Kα radiation (λ = 0.71069 Å), as summarized below (Crystal data). The images were processed with the DENZO and SCALEPACK programs.13 Corrections for Lorentz and polarization effects were performed. Structure solution and refinement were performed using direct methods with the programs SIR92,14 included in the package of programs WINGX-Version 1.80.05.15 Non-hydrogen atoms were refined with anisotropic thermal parameters. All hydrogen atoms were inserted in idealized positions and allowed to refine riding on the parent carbon atom, with C–H distances of 0.95, 0.98 and 0.99 Å for aromatic, methyl and methylene H atoms, respectively, and with Uiso(H) = 1.2Ueq(C). Graphic presentations were prepared with ORTEP-III.16 Data for 3 was deposited in Cambridge Crystallographic Data Centre (CCDC) under the deposit number 1018192.

  Crystal data

  C35H33NiPF6N2·CH2Cl2, M = 770.24 g mol-1, triclinic, a = 10.8610(4) Å, b = 13.0500(4) Å, c = 14.1750(5), α = 70.439(2), β = 75.195(2), γ = 68.5330(10), V = 1735.44(10) Å3, space group P-1, Z = 2, Dcalc = 1.474 g cm-3, µ = 0.821 mm-1, crystal dimensions 0.5 × 0.55 × 0.6 mm, θmax = 25.02º, total data = 5757, unique data = 5341, R [I > 2σ(I)] = 0.03, Rw = 0.08, goodness of fit = 1.046, ρmin = -0.484, ρmax = 0.351.

   

  Results and Discussion

  The reaction of [NiBr2(Mes-BIAN)] (1) with NaCp, followed by treatment with TlPF6 [Scheme 2, route (a)], in THF, at room temperature, leads to the formation of the cationic complex [Ni(η5-C5H5(Mes-BIAN)]PF6 (3), bearing simultaneously an α-diimine ligand and a h-cyclopentadienyl ring, which was obtained as dark green crystals, in 45% yield. The Ni(II) complex 3, which is stable in air and soluble in chlorinated solvents, such as dichloromethane, chloroform, chlorobenzene and ODCB, can also be prepared quantitatively by substitution of the PPh3 ligands by the mesityl-BIAN bidentate ligand in the complex [Ni(η5-C5H5)(PPh3)2]PF6 (2), in ODCB, at 45 ºC [Scheme 2, route (b)]. Compound 3 was characterized by 1H, 13C{1H} and 31P{1H} NMR, the corresponding spectra revealing the expected resonances and chemical shifts typical of the h-cyclopentadienyl and bis(mesityl-BIAN) ligands and PF6- anion.

  
    

    [image: Scheme 2. (a) (i) NaCp, THF, room temperature]

  

  The molecular structure of complex 3 was determined by single-crystal X-ray diffraction, at 125 K. The molecular structure of the cation is depicted in Figure 1, whereas selected bond distances and angles are presented in Table 1.

  
    

    [image: Figure 1. Perspective view of the molecular structure]
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  Complex 3 displays a trigonal geometry around the nickel center, the sum of the three internal angles about the Ni atom being 360º (considering the Cp centroid as one of the coordination positions). The Cp ligand is coordinated to the metal center with η5 hapticity, being perpendicular to the best {NiN2} plane, as can be observed by the estimated values of the dihedral angle between the planes of Cp and N(1)-Ni(1)-N(2), which are close to 90º (88.99º). The Cp plane is nearly parallel to the plane defined by the mesityl rings (2.04º), the latter being practically perpendicular to the imino-acenaphthene plane. According to the classification proposed by Andersen et al.,17 the cyclopentadienyl ligand of complex 3 exhibits a diene-type distortion (Figure 2). The two non-adjacent bonds which are not intercepted by the {NiN2} plane (C(1)-C(5) and C(3)-C(4)) have bond lengths lower than 1.40 Å, being considerably shorter than the remaining three bonds in the ring. As suggested by Andersen et al.,17 a structure with a carbon atom "on" (< 0.10 Å) the Ni square plane has a diene distortion in the Cp ring. In complex 3, the carbon atom C(2) is very close to this plane (0.122 Å), resulting in a stronger interaction with the metal center. In fact, the distance Ni–C(2) is the shortest of all Ni–CCp bonds (Table 1). The Mes-BIAN ligand of 3 presents geometrical features similar to other aryl-BIAN or analogous ligands coordinated to nickel(II) complexes.5,18

  
    

    [image: Figure 2. (a) Top view]

  

  The Cp-diimine-Ni(II) complex 3 was tested as catalyst for the polymerization of olefins, such as ethylene and propylene. The results obtained are summarized in Table 2. In the absence of a cocatalyst, this complex was inactive towards the polymerization of ethylene, when used at low pressures (Table 2, entry 1). This inactivity can be attributed to its electronic saturation (18-electron count) and also possibly to the fact that the Cp-Ni+ bond is much stronger than that of a Ni+-ethylene bond. Therefore, a ring-slippage from η5 to η1 is unlikely to occur.

  
    

    [image: Table 2. Catalytic performance]

  

  However, in the presence of the alkyl-aluminium cocatalyst MAO, complex 3 revealed to be an efficient catalyst precursor for the polymerization of ethylene (Table 2, entries 2-4 and 6-9), whereas it was inactive towards the polymerization of propylene (Table 2, entry 10). The catalytic activity towards ethylene, as well as the molecular weight, the structural and thermal characteristics of the resulting polyethylenes depend largely on the reaction temperature and solvent. The catalyst system 3/MAO was inactive for a ratio [Al]/[3] of 10 (Table 2, entry 5), showing however similar activities for [Al]/[Ni] ratios of 100 and 1000 (Table 2, entries 6 and 7).

  The polymerization of ethylene in the presence of 3 is very sensitive to the nature of the aromatic solvent employed: toluene (PhMe), chlorobenzene (PhCl) or ODCB (Table 2, entries 2-4). Among these solvents, the maximum catalytic activity is observed when the reaction is performed in PhCl. The higher polarity of PhCl (e = 5.62) compared to that of toluene (PhMe, ε = 2.38) favors the solubility of the cationic catalyst precursor and possibly increases the amount of cationic species in solution, which results in an enhancement of the catalytic activity due to an increase in the concentration of the metal active centers. This is in agreement with the observations of de Souza et al. 4 for the study of [Ni(η3-methallyl)(α-diimine)]PF6 as catalyst precursor for the polymerization of ethylene, although the activities achieved in the present work are considerably higher than those reported by that author for the MAO-based catalyst system. Despite the fact that the polarity of ODCB (ε = 9.93) is greater than that of PhCl, the latter gives rise to slightly higher activities. The molecular weights, melting temperatures and crystallinities of the polyethylenes obtained decrease in the order PhMe > PhCl > ODCB. Conversely, the polydispersity index (PDI = Mw/Mn) 
    increases in the order PhMe < PhCl < ODCB (Table 2, entries 2-4). The catalytic activity increases with the reaction temperature from 0 to 30 ºC (Table 2, entries 3, 6 and 8; Figure 3), going through a maximum and decreasing at 40 ºC (Table 2, entry 9; Figure 3), which can be attributed to a deactivation of the catalyst (irreversible chain termination step). The increase in the reaction temperature caused a decrease in the polyethylene molecular weight since the β-hydrogen elimination, and therefore the chain transfer step, is favored. In fact, the highest molecular weight is obtained when the polymerization reaction was performed at 0 ºC (Table 2, entry 6; Figure 3). The increase in the reaction temperature also causes a significant increase in the branching number, leading to the consequent decrease in the polyethylene melting temperature and crystallinity. These types of variations in the Tm and polymer microstructure were also observed by de Souza et al.. 4

  
    

    [image: Figure 3. Influence of the reaction temperature]

  

  The analysis of the microstructures of the polyethylenes prepared with the cationic system [Ni(η5-C5H5) (Mes-BIAN)]+ activated with MAO was performed using 13C NMR spectroscopy. The results showed branched polymers, in agreement with the results obtained by Brookhart and co-authors21 and de Souza et al.4,22 with nickel catalyst systems bearing α-diimine ligands. As an example, the 13C{1H} NMR spectrum of the product prepared under the reaction conditions of entry 3 (Table 2) is depicted in Figure 4. The assignment of the observed resonances was based on the data available in the literature.22-24 The spectrum shown in Figure 4 displays a polyethylene essentially containing methyl branches attached to the main polymeric chain (resonances at 19.97, 33.53 and 34.72 ppm), and very few long branches (NL > 6; resonance at 29.50 ppm). The absence of "branched branches" in the sample can be attributed to a hampered isomerization reaction, potentially caused by the presence of a bulky counter-anion derived from MAO.

  
    

    [image: Figure 4. 13C{1H} NMR spectrum of polyethylene]

  

  The similarity of the results obtained in the present work with those reported by Brookhart and co-workers2,3,21 and de Souza et al. 4 for the species [NiMe(α-diimine)]+ and [Ni(methallyl)(α-diimine)]+, respectively, led us to put forward a mechanism for the polymerization of ethylene catalyzed by 3/MAO (Scheme 3) analogous to that suggested by Brookhart and co-workers,1-3,21 except in the initiation step (transformation of catalyst precursor 3 into the active species). The initiation reaction, which we propose to be the exchange of the Cp ring of the Ni precursor with the alkyl groups of the MAO cocatalyst in the presence of ethylene, generating the cationic alkyl complex A (catalyst resting state), is followed by the three usual main processes: (1) chain propagation, (2) metal migration along the polymer chain ("chain walking"), and (3) chain transfer. These steps are common to all the other α-diimine nickel catalyst precursors, being well described and extensively discussed in the literature.1-4,21,22,25
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  Conclusions

  The reaction of [NiBr2(Mes-BIAN)] (1) with NaCp in the presence of TlPF6 gave rise to the formation of the first cationic Ni(II) complex containing simultaneously a cyclopentadienyl and an α-diimine ligand, [Ni(η5-C5H5)(Mes-BIAN)]PF6 (3), in moderate yield. Alternatively, this compound can be prepared quantitatively by substitution of PPh3 by the α-diimine ligand in the complex 
    [Ni(η5-C5H5)(PPh3)2]PF6 (2). Although electronically saturated, complex 3 was shown to be an efficient catalyst precursor for the polymerization of ethylene when activated with MAO, whereas it was inactive towards propylene. Reaction conditions such as solvent and temperature were studied in the polymerization of ethylene, revealing that the higher catalytic activities were obtained in polar aromatic solvents, especially when chlorobenzene was employed. The average-number molecular weight, melting temperature and crystallinity decreased with an increase in the polarity of the reaction solvent. The catalytic activity increases with the reaction temperature, but only to a certain extent (from 0 to 30 ºC), leading though to a decrease in the polyethylene average molecular weight, melting temperature and crystallinity.

   

  Supplementary Information

  The 1H, 13C{1H}, 31P{1H} NMR spectra and CIF file for compound 3 are provided as Supplementary Information and available free of charge at http://jbcs.sbq.org.br.

  Crystallographic data (excluding structure factors) for the structure in this work were deposited in the Cambridge Crystallographic Data Centre as supplementary publication number CCDC 1018192. Copies of the data can be obtained, free of charge, via www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033. E-mail: deposit@ccdc.cam.ac.uk.
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    Nanopartículas magnéticas compostas por óxidos mistos de ferro/cádmio (ICdO) e ferro/estanho (ISnO) foram usadas como catalisadores em reações relevantes para diferentes tecnologias de produção de biodiesel. Estes compostos foram ativos para hidrólise e transesterificação de óleo de soja, bem como para a esterificação de ácidos graxos obtidos a partir do óleo de soja. Na esterificação mediada por ISnO foram alcançados altos rendimentos, ca. 84%, após 1 h de reação a 200 ºC. O óxido foi recuperado magneticamente e reutilizado quatro vezes sem perda da sua atividade catalítica, enquanto que uma perda significativa foi observada quando ICdO foi usado. ISnO demonstrou também atividade para a produção de biodiesel a partir de óleo de macaúba, um substrato altamente ácido.

  

   

  
    Magnetic mixed iron/cadmium (ICdO) and iron/tin (ISnO) oxide nanoparticles were used as catalysts in relevant reactions for biodiesel production technologies. These compounds were active for hydrolysis and transesterification of soybean oil as well as esterification of soybean oil fatty acids. In the esterification assisted by ISnO high yields, ca. 84%, were achieved, after 1 h reaction at 200 ºC. The oxide was magnetically recovered and reused four times without loss in its activity, while a loss of activity was observed for ICdO catalyst. ISnO also demonstrated catalytic activity for macauba oil, a highly acidic substrate.

    Keywords: ferrites, biodiesel, hydrolysis, esterification, transesterification

  

   

   

  Introduction

  In order to address the increasing demand for energy and growing ecological awareness, biofuels have emerged in the last decades as elegant alternatives to fossil fuels, since they are obtained from renewable sources.1 In this sense, biodiesel has been highlighted due to the versatility of raw materials that can be used. Moreover, global population and living standards have risen considerably in recent years and one expects that in the coming decades the demand for food may strongly increase. Thus, the search for raw materials for an environmentally friendly fuel supply must consider its impact in the production of food. Therefore, improvements in the technology to produce renewable fuels are needed to gracefully meet global demand for both food and biofuels, avoiding the food, energy, and environment trilemma.2

  Regarding the search for raw materials for biodiesel production that avoids the competition with food supply, it is possible to obtain large amounts of fatty materials from different sources: (i) acid stocks produced during physical neutralization of fats and oils; (ii) domestic or industrial sludge; poultry, porcine or cattle slaughterhouse wastes; (iii) algae bioreactors; (iv) fish oil; or (v) non-edible palm tree oils. However, their main drawback is their high free fatty acid (FA) content, which compromises their use as feedstock in the traditional technology for biodiesel production.3 One example is a palm tree oil called macauba (Acrocomia sclerocarpa M.), which is native to the Brazilian savannah. It is recognized that this palm tree can produce more than 4,000 L per ha when associated with cattle.4 This means that a large amount of oil can be produced in the same area where cattle are reared. Nevertheless, as far as the high FA content of this palm tree oil is concerned (we have received a sample containing about 66% of free fatty acids in its composition), it is impossible to process it using traditional transesterification technologies.

  Since 1937, when the first patent regarding biodiesel production was reported,5 the widespread industrial technology is alkaline transesterification, which is not suitable for raw materials containing more than 0.5% free FA in mass due to several issues, like soap formation, which leads to stable emulsions and difficulties to purify biodiesel, and catalyst consumption.3 In order to address issues of using raw materials with high FA content, different approaches have been described in the literature:

  (i) Promotes the esterification of free FA using active Brönsted acid catalysts, and then performs the alcoholysis of triacylglycerol (TAG) using transesterification-active alkaline catalysts.3 More recently, a process to produce biodiesel was developed using the acid stock from the physical neutralization of palm tree oil as raw material, containing 80% of free FA and 20% of TAG.3 In this technology, after a high conversion rate of FA is achieved using sulfuric acid as catalyst, the biodiesel is recovered by flash distillation and a mixture of unreacted TAG and free FA remains as by-product. Supercritical methanol6 or catalysts have been used for both esterification and transesterification in combined one-pot7-10 or two-step biodiesel production.11-14

  (ii) Promotes the complete hydrolysis of TAG in order to convert the raw material into a mixture of fatty acids, and then performs their esterification. Traditionally, the hydrolysis of TAG is carried out within 100-260 ºC and 1-70 bar using 0.4-1.5% m/m initial water-to-oil ratio with or without catalysts.15 The widespread procedures in the industry are the discontinuous autoclaving, the Twitchell and the continuous countercurrent (Colgate-Emery) processes.16 New ways to improve the hydrolysis processes have been well studied, some of which involve the use of enzymes,17-19 Lewis acids catalysts,20 sub or supercritical systems21-23 and application of ultrasound.24,25

  During the last years, we and other researchers have developed solid catalysts with metal Lewis acidity that are active for the production of biodiesel both in batch and in continuous systems.26,27 The catalysts based on cadmium and tin oxides, particularly pure or mixed with other metals, show excellent results for the reactions of hydrolysis, esterification and transesterification.13,28-31

  In recent years, magnetic compounds have gained prominence in catalysis. Several studies have metal oxide catalyst precursors that also have magnetic properties. They have applications in many processes with high demands in the petrochemical, pharmaceutical and food industries. Some of the major systems studied involve the use of magnetic materials as supports for catalysts and their application in hydrogenation,32-37 epoxidation,38 cross coupling (Suzuki,39-41 Heck42 and Sonogashira43), oxidation,44,45 and photodegradation46,47 reactions. There are also reports of magnetic nanocomposites used to carry enzymes.48,49 Despite being used as magnetic support, magnetic nanoparticles themselves have shown catalytic activity to reactions like oxidation50,51 and alkylation.52,53 Nanostructured magnetic materials have stood out because they allow magnetic separation of the catalysts from the reaction medium. Moreover, they have high surface area that generally increases the catalytic efficiency.42,50,54 It should be noted that the performance of catalysts is sensitive to particle size, because the surface and electronic properties can vary widely in the nanoscale limits.55,56

  The aim of this work was to identify new catalytic precursors with potential application in the preparation of biodiesel both using oils with high purity, as well as using a raw material with high free FA contents. In this sense, iron/cadmium and iron/tin magnetic materials were synthesized, which were tested as catalysts in the reactions of hydrolysis, esterification and transesterification of soybean oil and soybean FA. The catalytic activity of the iron/tin catalyst was further investigated in the transesterification/esterification reaction of the crude acid oil from the macauba palm tree.

   

  Experimental

  General

  All reagents used to prepare the catalysts were obtained from commercial sources and were used without further purification. Refined soybean oil was obtained from commercial sources (Soya) and used as received. Macauba oil was obtained by a traditional procedure that involves fruit pulp pressing. Distilled water was used in the hydrolysis experiments and methanol (Cromoline, 99.8%) was used in the esterification and transesterification assays after drying with magnesium sulfate.

  Catalyst synthesis

  The catalysts were prepared by an adapted coprecipitation method described in the literature using aqueous solutions of CdCl2 or SnCl2 and FeCl3 in alkaline medium.57 A solution containing a metal ratio of 2:1 v/v of FeCl3 (0.5 mol L-1) and CdCl2 or SnCl2 (0.5 mol L-1) was quickly added to a 1 L aqueous solution of NaOH (2 mol L-1) at 100 ºC, under vigorous stirring and kept at this condition for 2 h. The obtained dark precipitate was washed with distilled water to remove excess of ions, treated with HNO3 (1 mol L-1), washed with distilled water and dried in an oven at 100 ºC. The solids were then thermally activated at 300 ºC for 4 h.

  Catalyst characterization

  The specific surface areas, diameter and pore volume of the catalysts were determined from nitrogen adsorption experiments in a Quantachrome NOVA 2200 analyzer. Before the measurements, the samples were pre-heated at 300 ºC under reduced pressure. The surface acidity analyses were evaluated by temperature-programmed desorption of ammonia (TPD-NH3) in a Quantachrome ChemBET 3000 instrument equipped with a thermal conductivity detector. The sample was heated up to 400 ºC under continuous flow of helium (80 cm3 min-1), the ammonia was adsorbed at 100 ºC and the TPD signal was recorded using a temperature ramp of 15 ºC min-1. Powder X-ray diffraction (XRD) measurements were performed on a Bruker D8-Focus Discover diffractometer using radiation of 1.540562 Å (40 kV and 30 mA). Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to determine cadmium (228.80 nm), tin (189.99 nm) and iron (259.95 nm) contents in the solids used as catalyst precursors. The samples were previously digested in aqua regia by heating and further analyzed using an ICP Spectroflame model FVM03 with a focal distance of 75 cm, and a concentric Meihard nebulizer (pressure, 38 psi; flux of cooling gas, 13 L min-1; flux of auxiliary gas, 0.5 L min-1; sample injector flow, 1 mL min-1, and forward power of 1.1 kW). The Raman spectra were recorded on a Renishaw InVia Raman system. The spectra were excited at 632.8 nm (HeNe laser) with the laser spot focused on the sample with a 50× objective. The laser power was adjusted in order to avoid sample decomposition.

  Catalytic experiments

  The catalytic experiments were conducted in a 100 mL stainless steel Parr 5500 Series Compact Reactor using the Parr 4843 controller to control temperature, pressure and mechanical agitation. The reactions were conducted under constant mechanic agitation (800 rpm) and temperature (200 ºC). Due to the vapor pressure of the system, the temperature was measured at the equilibrium pressures. For each reaction (transesterification, esterification or hydrolysis) all reagents were simultaneously added to the reactor, but not mixed until the desired reaction temperature was reached in the reaction bulk. In recycling experiments, the catalyst was separated from the reaction system by using a permanent magnet. The system was kept under a strong magnetic field provided by a neodymium magnet for 15 min in order to ensure maximum recovery of the catalyst. When macauba oil was used, similar procedures were performed.

  Reaction analysis

  The products of the hydrolysis and transesterification reactions were analyzed by high-performance liquid chromatography (HPLC) in a Shimadzu CTO-20A chromatograph (UV-Vis detection at λ = 205 nm) equipped with a Shim-Pack VP-ODS column (C-18, 250 mm, 4.6 mm i.d.). An injection volume of 20 µL and a flow rate of 1 mL min-1 were used in all experiments. The column temperature was held constant at 40 ºC. All samples were dissolved in 2-propanol/hexane (5:4, v/v). An 18.5 min binary gradient with one linear gradient step was employed: 100% methanol in 0 min, 50% methanol and 50% 2-propanol/hexane (5:4, v/v) in 10 min, followed by isocratic elution with the same composition for the last 8.5 min.58 All solvents were filtered with a 0.45 mm Millipore filter prior to use.

  The esterification reaction was analyzed by titration according to standard AOCS Cd3d63 method. The reaction yield Y(%) was determined by the relationship between the acidity value of the products (Ap) and reagents (Ar), according to equation 1.

  
    [image: Equation 1]

  

  The metal (iron, tin and cadmium) content on some products was also analyzed by ICP-AES in order to evaluate the catalyst leaching degree in the reaction systems studied. The sample opening procedure consisted of weighing 1 g of organic phase followed by the consecutive addition of 1 mL HNO3, H2SO4 and H2O2 at 100 ºC. In order to obtain homogeneous aqueous solutions new quantities of these reagents were added after the gas evolution ceased.

   

  Results and Discussion

  The details about the mechanism of ferrite formation are still not well understood. It is well accepted that the dissolution of metal salts in water leads to an aqueous complex, which hydrolyzes to form a polymerized aqueous hydroxy complex.57 It is also known that when two aqueous metal solutions (M2+ and Fe3+) are mixed with a hot sodium hydroxide aqueous solution a condensation process takes place, forming a precipitate of a bimetallic oxide (usually ferrites, MFe2O4). However, all these possible steps depend on the reaction parameters and may lead to different materials.

  Figure 1 shows the diffractograms for iron/cadmium (ICdO) and iron/tin (ISnO) oxides after the coprecipitation reaction and thermal treatment procedures. As observed, a typical system of lines characteristic of the spinel structure was identified for both obtained precipitates, having a lattice constant nearly equal to that of bulk Fe3O4 (see Table 1). It is worth mentioning that no relevant evidence for discrete tin or cadmium oxide phases was observed here. This implies that tin and cadmium have entered the spinel structure by substitution of Fe ions, generating doped CdFe2O4 and SnFe2O4 ferrites. Chemical analysis corroborates this fact. Indeed, ICP-AES analysis of the powders at the end of the preparation procedure indicated iron/divalent metal molar ratios of [Fe3+/Cd2+] = 3.7 and [Fe3+/Sn2+] = 3.3 for ICdO and ISnO materials, respectively.
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  Additionally, through the Scherrer formula, the broadening of the 311 main peak allowed calculation of the mean crystalline sizes of the grains as 3.5 and 34.8 nm for ICdO and ISnO samples, respectively. Note that these results may be not precise because of the relatively low resolution of the spectra, especially for ICdO.

  The magnetic properties of the samples were evaluated by recording the magnetic field (H) dependence on the magnetization (M) at 27 ºC. Thus, the hysteresis loops for the ICdO and ISnO samples are displayed in Figure 2, where magnetizations are normalized by using the sample weight. The ISnO sample presents a loop that shows a ferromagnetic-like behavior with saturation magnetization (Ms), remnant magnetization (Mr) and coercivity (Hc) values of ca. 12.8 emu g-1 (at H = 13 kOe), 3.1 emu g-1 and 86 Oe, respectively, as shown in the inset of the figure. The Mr/Ms value of 0.24 for ISnO nanoparticles follows the same tendency of the Mr/Ms ratios of 0.09, 0.11 and 0.13 for doped tin ferrites of 4, 10 and 15 nm found in a previous work.59
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  On the other hand, the ICdO powder displays features of superparamagnetism, with negligible remanence and coercivity in the low field regime.60 Moreover, the data indicate that ICdO does not saturate in the magnetic field interval investigated in this work, but reaches a magnetization of 22 kOe at the maximum value of magnetic field. This can be explained considering the low dimension of cadmium-doped ferrite (ca. 3.5 nm) and thus, the well-known finite size and surface magnetization dependence effects.61,62

  The N2 sorption isotherms for ICdO and ISnO solids are presented in Figure 3a and Table 2 shows their respective surface areas, pore radius and volumes. As can be depicted from Figure 3, both isotherms present hysteresis by pore condensations that indicate the presence of mesopores (pore diameters between 2 and 50 nm). However, the quantity of nitrogen adsorbed at the low partial pressures (p/p0) indicates the presence of micropores (pore diameters < 2 nm) in ICdO, which may be responsible for the high surface area of this solid (see Table 2).63 Moreover, the total pore volume calculated for ICdO is twice the value calculated for ISnO. The isotherm loop profiles also show a morphological feature of these materials; the absence of any limiting adsorption at high p/p0 is typically attributed to aggregates of plate-like particles giving rise to slit-shaped pores.63
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  TPD of ammonia, shown in Figure 3b, characterized the strength and distribution of acidic sites: weak near 200 ºC, medium near 400 ºC and strong near 600 ºC.64 It is accepted that desorption near 600 ºC refers only to the Lewis acid sites in these materials, i.e., the acidity in the weak plus medium regions is due to the Brönsted and weaker Lewis acid sites. Thus, in ICdO there are only Lewis acid sites, while in ISnO there are also desorption regions of weak and medium acidity that can be Lewis or Brönsted acid sites.64 It was reported that in ferrospinels the acidity comes from the metal in M–O bonds, and the electron donor properties of the solids come from the surface hydroxyl, oxygen anions or electron trapped in intrinsic defects.65

  Catalytic experiments

  The catalytic activity of ICdO and ISnO was investigated by transesterification and hydrolysis of triacylglycerides, as well as by the esterification of fatty acids, which are useful reactions for biodiesel production.29,66 In this sense, the experiments were carried out using soybean oil and fatty acids (previously prepared from soybean oil) as substrate. The reaction yields for esterification, hydrolysis and transesterification are shown in Figure 4. The catalysts are apparently more active for esterification than for transesterification and hydrolysis. It is important to highlight that there is a small contribution by self-catalysis promoted by fatty acids that act as Brönsted catalysts.14,29,66 To evaluate the self-catalytic behavior of fatty acids we performed an esterification reaction at 200 ºC for 2 h in the absence of catalyst that resulted in 41% yield. Thus, these results suggest that the main catalytic activity is due to the magnetic materials. Indeed, the increasing activity during hydrolysis observed for ICdO and ISnO may also be understood as a result of the catalytic activity of the formed fatty acids.
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  Recycling experiments

  In order to evaluate the efficacy of recovery and reuse of the solids after hydrolysis, esterification or transesterification, the catalyst powders were recovered after reactions using a magnet and the solids were used five times in each type of reaction. After separation, the solid was reintroduced in the reactor without any further treatment and a new charge of substrates was added. In this way, Figure 5 shows there were negligible losses in the catalytic activity of ISnO and a light deactivation of ICdO after the forth recycle.
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  However, the catalysts showed catalytic activity in five consecutive reactions and it can be stated that in all experiments there was a small loss in the amounts of catalyst initially introduced in the first reaction (see Table 1). Despite the high activity of catalyst ICdO, there is a decrease of its activity after the recycling experiments that may be related to the decrease in the amount of cadmium in the solid composition after the recycles. This can be observed in Table 1, which brings the Fe3+/M2+ molar ratio (M = Cd2+ for ICdO and Sn2+ for ISnO catalysts, respectively), before and after the recycles, as determined by ICP-AES analysis. However, a decrease in ISnO catalyst activity was not observed during recycling experiments; in this case the Fe3+/Sn2+ molar ration remained nearly constant along all recycling experiments (see Table 1).

  The changes in the catalyst compositions, that were followed by the ICP-AES analysis of the reaction products in the recycle experiments, confirmed there was significant cadmium leaching from ICdO and, in contrast, negligible leaching of tin from the ISnO sample (Table 3). Moreover, the loss of Cd2+ is prominent after the first recycling and becomes less significant after the next ones, a fact that should probably be due to chemical (acidity) and physical (temperature and pressure) conditions imposed during the recycles. Thus, owing to the reduced size (i.e., a larger surface area) of ICdO nanograins the loss of cadmium is more accentuated than that of tin in the ISnO sample.
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  The changes in the chemical composition of the ICdO catalyst during the recycling procedures also modify the crystalline and size characteristics of the nanoparticles as observed in the diffractograms in Figure 6. As mentioned before, the tin-doped ferrite sample does not significantly change its chemical composition (i.e., tin remains in the solid structure) and only about 10% of the solid is lost after the recycles. In this case, the diffractograms after catalysis experiments show a slight improvement on the crystallinity of ISnO nanograins (see Figure 6b), however, no considerable changes were observed in particle sizes and lattice parameters, as shown in Table 1. On the other hand, the significant loss of cadmium associated with the recycling processes led to prominent alterations on the diffraction patterns of ICdO nanograins, as shown in Figure 6a. Here, the crystallinity of products was improved and particle size increased from 3.5 nm before reaction to values of ca. 7.9, 13.7 and 20.9 nm after the fourth cycle of transesterification, esterification and hydrolysis, respectively. This should probably be due to dissolution of material on the surface of the ICdO nanoparticles and reprecipitation of iron on the remaining ferrite cores. In this way, the spinel structure was preserved and the crystalline size of the nanograins increased.
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  The Raman spectra of the ICdO and ISnO samples acquired before and after the transesterification, hydrolysis and esterification reactions are displayed in Figure 7. The Raman spectrum of the ICdO sample before reaction (Figure 7a) shows Raman features at 172, 223, 370, 400, 510, 620, and 683 cm-1. Ferrites with spinel structure have cubic symmetry and therefore should only have five Raman active modes.67 As observed for CoFe3O4 nanoparticles, the Raman spectrum of the as prepared CdFe2O4 presents a total of seven Raman features, suggesting that quantum size effects are playing a role causing the breakdown on the momentum conservation rule, as observed before for Fe3O4 and CoFe2O4 nanoparticles.68 It is worth mentioning that as the ICdO samples are used as the catalyst in three different reactions two main Raman features emerge, one near 300 cm-1 and another near 662 cm-1. These features are characteristic of magnetite, as already reported in the literature.67 These results, in conjunction with those obtained by ICP-AES analysis of the metal content in the reaction products (Table 3), are strong evidences for the formation of a mixed compound during the synthesis of the ICdO catalyst. The mixed compound certainly contains magnetite, as evidenced by the characteristic Raman peaks near 300 and 662 cm-1 that emerge after the ICdO sample is exposed to the different reactions.
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  The Raman spectra of the ISnO samples before and after the reactions are presented in Figure 7b. In this case, the major features observed are those characteristic of magnetite, near 300 and 662 cm-1. This is an interesting finding, since the replacement of Fe(II) centers by Sn(II) in the spinel structure of ferrite does not cause a significant change in the Raman phonons. However, for the samples used in the hydrolysis reaction, other Raman features are observed at 215, 282, 398, 483, and 605 cm-1 which are characteristic of the α-Fe2O3 phase. One could argue that the formation of the α-Fe2O369 phase is due to the laser heating. However, these features were not observed in the other Raman spectra presented in Figure 7b. As mentioned in the experimental section, the laser power was adjusted to a lower level, just to avoid sample oxidation. Because there is no evidence by XRD analysis of the formation of hematite during the hydrolysis reaction, these Raman signals possibly refer to a short phase of α-Fe2O3 in the sample where the laser was focused.

  Fatty acid methyl ester (FAME) production using macauba oil assisted by ISnO

  For the reasons presented in the Introduction section it is interesting to evaluate the potential of the tin catalyst for the production of biodiesel using a low-grade raw material (high free fatty acid content). In this sense, a study using a sample from the macauba palm tree oil was carried out.

  Figure 8 shows the results obtained after the reaction of macauba oil with methanol in the presence of ISnO. Note that only the ISnO catalyst was used because its performance was superior when compared to ICdO in the recycling experiments. It is noteworthy that both esterification and transesterification reactions take place in this experiment, given that the substrate contains, in addition to glycerides, a high content of fatty acids. During the reaction there is a decrease in the acidity value, sharper at the first 2 h, reaching a low acidity, which indicates that free fatty acids were esterified producing biodiesel. On the other hand, up to 90% of fatty acid methyl ester (FAME) was obtained after 3 h of reaction, as a result of acyl-glyceride transesterification and fatty acid esterification. After the reaction, the ISnO catalyst was recovered by magnetic separation and was reused four other times with new charges of substrate. As can be depicted from Figure 8b, it was possible to recover the catalyst with no significant loss of activity.
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  Conclusions

  Mixed iron/cadmium (ICdO) and iron/tin (ISnO) oxides were prepared and tested as catalysts in biodiesel production through hydrolysis, esterification and transesterification reactions using soybean oil or their fatty acids. The metal oxide catalysts present large surface areas. The surface area of the ICdO catalyst was twice that of ISnO. Despite this difference in surface area no significant catalytic activity difference was observed in the esterification reaction. The highest catalytic activity in the esterification of soybean fatty acids was presented by the ISnO catalyst with a 84% yield in FAME after 1 h reaction at 200 ºC. ICdO catalyst showed higher activities in the hydrolysis and transesterefication reactions, probably due to its larger density of Lewis acid sites. The mixed metal catalysts were shown to be nanostructured materials with spinel structures and presented magnetic behavior, ISnO is ferromagnetic and ICdO is superparamagnetic, which allows their magnetic recovery after the reactions. The ISnO catalyst did not present any significant change in the structure after the reactions and showed excellent potential for reuse. It was reused four times in recycling reactions without loss of catalytic activity. ICdO, on the contrary, presented considerable changes in the structure after the reactions and showed considerable loss of Cd during the recycling experiments. Due to its potential for reuse as a catalyst, ISnO was tested in a transeterification/esterification reaction using macauba oil. Nearly 90% of FAME conversion was obtained after 3 h reaction time and the ISnO catalytic activity remained high even after four recycles. These results strongly suggest that macauba oil can be an excellent alternative to biodiesel production, since the oil can be produced in consortium with cattle.
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    Os conhecidos hidretos de irídio(III) [IrH2(NCMe)3(PiPr3)]BF4, [IrH(h3-C3H5)(NCMe)2(PiPr3)]BF4, [IrH(E-CH=CHPh)(NCMe)3(PiPr3)]BF4 e [IrH{C(Ph)=CH2}(NCMe)3(PiPr3)]BF4, derivados do precursor catalítico tipo Crabtree [Ir(cod)(NCMe)(PiPr3)]BF4, foram investigados em reações com substratos tipicamente envolvidos na catálise homogênea de hidrogenação. Novos complexos como as espécies tris-etileno irídio(I) [Ir(NCMe)(h2-C2H4)3(PiPr3)]BF4, os produtos de inserção de difenilacetileno [IrH{Z-C(Ph)=CHPh}(NCMe)3(PiPr3)]BF4 e [Ir(η3-C3H5){Z-C(Ph)=CHPh}(NCMe)2(PiPr3)]BF4, e os derivados de [Ir(k2O-acac)(η3-C3H5){Z-C(Ph)=CHPh}(PiPr3)] e [Ir{k2C-C6H4-2-E-(CH=CPh)}(NCMe)3(PiPr3)]BF4, foram caracterizados. O conjunto de observações experimentais sugere que espécies irídio(I), embora acessíveis, são improváveis como intermediários de hidrogenação. Baseados em experimentos de deuteração, uma nova tautomerização do hidreto de alquenil a carbeno foi proposta.

  

   

  
    The known iridium(III) hydrides [IrH2(NCMe)3(PiPr3)]BF4, [IrH(h3-C3H5)(NCMe)2(PiPr3)]BF4, [IrH(E-CH=CHPh)(NCMe)3(PiPr3)]BF4 and [IrH{C(Ph)=CH2}(NCMe)3(PiPr3)]BF4, derived from the Crabtree-type catalyst precursor [Ir(cod)(NCMe)(PiPr3)]BF4, have been investigated in reactions with substrates typically involved in homogeneous catalytic hydrogenations. New complexes such as the iridium(I) tris-ethylene species [Ir(NCMe)(h2-C2H4)3(PiPr3)]BF4, the products of diphenylacetylene insertion [IrH{Z-C(Ph)=CHPh}(NCMe)3(PiPr3)]BF4 and [Ir(η3-C3H5){Z-C(Ph)=CHPh}(NCMe)2(PiPr3)]BF4, and the derivatives of the latter [Ir(k2O-acac)(η3-C3H5){Z-C(Ph)=CHPh}(PiPr3)] and [Ir{k2C-C6H4-2-E-(CH=CPh)}(NCMe)3(PiPr3)]BF4, have been characterized. The set of experimental observations suggests that iridium(I) species, though accessible, are unlikely hydrogenation intermediates. On the basis of deuteration experiments, a new hydride-alkenyl to carbene tautomerization is proposed.
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  Introduction

  Iridium homogeneous catalysts have proved suitable for large scale enantioselective hydrogenations of C=N bonds1 and could soon become industrial also for unfunctionalized olefin substrates.2 To this end, cationic Crabtree-type catalysts, in particular, are currently under intense investigation to unravel mechanistic details useful for the optimization of ligands and catalysts.3 Such an investigation is mainly based on theoretical calculations,4 with just a few experimental contributions.5 So far, the studies left no doubt that the olefin hydrogenation mechanism involves iridium(III) dihydrides, which are usually observable and often isolable,5,6 but are less conclusive about whether the catalytic cycle closes via iridium(I) or iridium(V) intermediates.

  Fifteen years ago, we reported the cationic iridium(III) dihydride complex [IrH2(NCMe)3(PiPr3)]BF4 (1), which was prepared from the Crabtree-type catalyst precursor [Ir(cod)(NCMe)(PiPr3)]BF4 under conditions typical of homogeneous hydrogenation.7 This compound turned out to be an adequate precursor for the nuclear magnetic resonance (NMR) observation of organometallic species potentially involved as intermediates in olefin hydrogenation cycles. In fact, we presented possible catalytic cycles for ethylene and propylene hydrogenation totally based on observed intermediates and reaction steps. Since then, our frequent use of this compound as starting material in synthetic work has provided new observations that may contribute to this renewed mechanistic discussion. These observations, presented and discussed in the following pages, suggest that Ir(I) species, though easily accessible, are unlikely hydrogenation intermediates.

   

  Results and Discussion

  The dihydride [IrH2(NCMe)3(PiPr3)]BF4 (1) was observed to undergo insertion reactions with olefins7 or alkynes8 en route to hydrogenation, forming hydride-alkyl or hydride-alkenyl complexes, respectively. The X-ray structure of a representative example of this type of compounds, the product of diphenylacetylene insertion [IrH{Z-C(Ph)=CHPh}(NCMe)3(PiPr3)]BF4 (2, Scheme 1), is shown in Figure 1. Relevant distances and angles of this structure are listed in Table 1.
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  This type of insertion products retain from precursor 1 three easily replaceable acetonitrile ligands, which guarantee further reactivity, and in some cases are stable towards reductive elimination. This is not the case for the labile hydride-alkyl complexes derived from ethylene or propylene insertions, which were reported to readily evolve alkene or alkane via facile H β-eliminations or C-H reductive eliminations, respectively.7 The hydride-alkenyl complex 2 proved to be more stable than the alkyl derivatives,9 although it was observed to slowly decompose at room temperature forming Z-stilbene, even in the solid state. The reported phenylacetylene analogues of 2, isomers [IrH(E-CH=CHPh)(NCMe)3(PiPr3)]BF4 (3-trans) and [IrH{C(Ph)=CH2}(NCMe)3(PiPr3)]BF4 (3-gem)8 (Scheme 2), were found to be rather robust and their study constitutes the first part of this work. In addition, the hydride-h3-allyl derivative [IrH(h3-C3H5)(NCMe)2(PiPr3)]BF4 (4),7 closely related to the hydride-alkyls but less labile due to the additional coordination of the olefin moiety, was also interrogated in the search for possible hydrogenation pathways other than reductive elimination.
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  As shown in Scheme 2, the treatment of a 1:1 mixture of the hydride-alkenyl isomers 38 with hydrogen (ca. 1 bar) at room temperature readily produced styrene and complex 1. At low temperature, however, the NMR monitoring of the reaction between these isomers and D2 revealed deuterium incorporation into the hydride ligand prior to styrene formation. This could be conveniently followed by 31P{1H} NMR, given that hydride ligand deuteration produced isotopic shifts of about +0.072 ppm in the phosphorous signal of each isomer 3. This shift is just slightly smaller than those observed for similar isotopic substitutions in the precursor complex 1 (0.12 ppm).7 Although such a process scrambles the deuterium label and therefore impede further conclusions about the C–H bond forming step leading to styrene, it clearly indicates that complexes 3 do not need to undergo reductive elimination to cleave the H2 molecule, in line with the mechanistic alternatives that postulate Ir(V) hydrogenation intermediates.3

  Interestingly, whereas the scrambling of deuterium between D2 and 3-trans exclusively involved the hydride ligand, the isomer 3-gem was observed to further incorporate deuterium into the two geminal positions of the alkenyl ligand. The 1H and 31P{1H} NMR signals of Figure 2, which correspond to a mixture of isotopomers 3-gem after a few minutes of exposition to D2 at 253 K, show that the extent of deuterium incorporation into each of the three positions is similar. This could indicate that isomer 3-gem is in equilibrium with a putative carbene intermediate (Scheme 3), in which methyl rotation statistically distributes the deuterium label into the three positions where it is eventually observed. Given that the process only affects to the gem isomer of 3, a bulky substituent at the alkenyl α carbon might be important to achieve this rare hydride-alkenyl to carbene tautomerization. In fact, whereas the protonation of alkenyl complexes is a known synthetic route to carbene derivatives,10 to the best of our knowledge, an intramolecular version of such reaction has never been reported. Other more conventional explanations for the observed deuteration pattern, in particular those involving styrene formation, can be ruled out because styrene does not react at all with 1 under the conditions of this experiment.
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  In view of the behavior of well-characterized analogues,11 the proposed intermediate of Scheme 3 should be considered an Ir(I) carbene complex even though it contains a typical Schrock type alkylidene ligand. Unconventional species aside, the experiment of Scheme 2 suggests that other Ir(I) intermediates resulting from reductive eliminations of the hydrogenation products are unlikely in the presence of hydrogen. This conclusion is also consistent with the reported behavior of the hydride-allyl complex 4, whose reaction with D2 at room temperature produced propene and the hydride-deuteride isotopomer of 1.7 4 was also tested in reactions with common hydrogen acceptors such as ethylene (Scheme 4).
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  The quick exposition to ethylene of a concentrated solution of 4 in chlorinated solvents, followed by a rapid precipitation in diethyl ether, led to the complex [IrH(h3-C3H5)(NCMe)(h2-C2H4)(PiPr3)]BF4 (5, Scheme 4), in which ethylene was incorporated as a ligand instead of one acetonitrile. Note that unlike the reactions with alkynes (see later) and despite the presence of free acetonitrile, the favored product is the hydride-alkene complex instead of an alkyl derivative. Most signals of the NMR spectra of 5 are similar to those of its precursor 4,7 including a doublet at δ –29.25 (JHP = 15.0 Hz) in the 1H spectrum corresponding to a hydride ligand cis to phosphorous (and trans to acetonitrile) and a doublet at δ 56.61 (JCP = 16.2 Hz) in the 13C{1H} spectrum, consistent with an allyllic carbon trans to phosphorous. The new ethylene ligand displays a singlet at δ 44.08 in the 13C{1H} NMR spectrum and an AA'BB' spin system at δ 3.23 (JAA'= JBB' = 9.6 Hz, JAB = JA'B' = 8.7 Hz) in the 1H NMR spectrum, in agreement with the fast rotation of the coordinated ethylene and the lack of symmetry elements in the complex.

  More prolonged reactions with ethylene led to solutions whose color changed depending on the amount of dissolved ethylene; being red under vacuum and colorless under ethylene excess. The NMR spectra of these solutions were rather meaningless at any temperature because of the presence of broad signals. Nevertheless, we were able to obtain crystals of what we believe is the major species at low temperature under ethylene excess: the Ir(I) tris-ethylene complex [Ir(NCMe)(h2-C2H4)3(PiPr3)]BF4 (6). The X-ray structure of this highly symmetric compound is shown in Figure 3, relevant distances and angles are listed in Table 1. The compound displays a regular trigonal bipyramidal structure in which the metal atom is surrounded by six carbons in a planar arrangement, with Ir-C distances in the range 2.20 to 2.24 Å.
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  The formation of 6 indicates that the excess ethylene is indeed capable of stabilizing the oxidation state Ir(I). The mild reaction conditions leading to this compound also suggest that the replacement of the hard acetonitrile ligands of the Ir(III) precursor by ethylene may facilitate the reductive elimination of propene required to access the Ir(I) intermediates. Yet, the versatility of this type of complexes may enable pathways for propene elimination not necessarily involving Ir(I) intermediates, as suggested by the sequence of reactions in Scheme 5.
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  Similarly to precursor 1, complex 4 can undergo insertion of diphenylacetylene into the Ir-H bond to form an alkenyl derivative, [Ir(η3-C3H5){Z-C(Ph)=CHPh}(NCMe)2(PiPr3)]BF4 (7). Although we were not capable of obtaining crystals suitable for a diffraction experiment, the likely structural features of 7 can be inferred in the X-ray structure of its neutral derivative [Ir(k2O-acac)(η3-C3H5){Z-C(Ph)=CHPh}(PiPr3)] (8) (Figure 4 left and Table 1), which was obtained after the replacement of the two labile acetonitrile ligands of 7 by acetylacetonate. The NMR spectra of 8 are consistent with the solid state structure and resemble those of 7, thus supporting the structural proposal shown in Scheme 5. Both alkenyl-allyl derivatives display characteristic doublets in the 13C{1H} NMR spectrum corresponding to alkenyl α carbons cis to phosphororus, at δ 124.10 (JCP = 7.2 Hz) for 7 and at δ 129.85 (JCP = 7.5 Hz) for 8. In addition, as mentioned for 5, doublets at δ 64.47 (JCP = 20.5 Hz) for 7 and δ 59.22 (JCP = 31.8 Hz) for 8 are diagnostic of the relative trans disposition of one of the allyllic carbons and the phosphine.
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  While derivative 8 is highly stable, its precursor 7 was observed to readily transform at room temperature into the complex [Ir{k2C-C6H4-2-E-(CH=CPh)}(NCMe)3(PiPr3)]BF4 (9), with simultaneous evolution of propene. In view of the structure found for 9 (Figure 4 right and Table 1), the mildness of this transformation is surprising, as it should involve various C-H bond cleavages and formations, not only to enable propene elimination but also to isomerize the former Z alkenyl ligand into the E form. Such alkenyl ligand isomerizations have been previously observed12 and seem to play a role in certain catalytic transformations.13 Typically, they have been attributed to the formation of carbene-like intermediates (zwitterionic or h2-vinyl),14 although recent work has disclosed new mechanistic alternatives in iridium complexes.15 In any case, regardless of the specific mechanism, the transformation of 7 into 9 evidences that these complexes can carry out elaborate transformations of organic molecules without resorting to the oxidation state Ir(I).

   

  Conclusions

  The set of reactions and new compounds described in this study confirms previous observations indicating that Ir(III) dihydride complexes derived from Crabtree-type catalyst precursors can readily react with hydrogen acceptors (alkenes and alkynes) according to coordination and insertion sequences, although they are less likely to undergo reductive eliminations of the hydrogenated products to form Ir(I) intermediates. As an alternative, the Ir(III) insertion products have proved their ability to cleave H–H and C–H bonds, thus leading to the hydrogenation products without resorting to the oxidation state Ir(I). Nevertheless, the experiments have also allowed observing and proposing Ir(I) intermediates potentially accessible under hydrogenation conditions. One of them, a carbene complex, might result from the rare tautomerization of an Ir(III) hydride-alkenyl derivative.

   

  Experimental

  General

  All manipulations were carried out with exclusion of air by using standard Schlenk techniques or in an argon-filled drybox (MBraun). Solvents were obtained from a solvent purification system (MBraun). Deuterated solvents were dried with appropriate drying agents and degassed with argon prior to use. C, H and N analyses were carried out in a Perkin-Elmer 2400 CHNS/O analyzer. Mass spectrometry (MS) data were recorded on a VG Autospec double-focusing mass spectrometer operating in the positive mode; ions were produced with the Cs+ gun at ca. 30 kV, and 3-nitrobenzyl alcohol (NBA) was used as the matrix. Infrared spectra were recorded as Nujol mulls on polyethylene sheets or in KBr using the spectrometers Bruker Equinox 55 or Perkin-Elmer Spectrum One. Conductivities were measured in ca. 3 × 10–4 mol L–1 solutions using a Philips PW 9501/01 conductometer. NMR spectra were recorded on Bruker Avance 300 MHz spectrometer.1H (300.13 MHz) and 13C (75.5 MHz) NMR chemical shifts were measured relative to partially deuterated solvent peaks but are reported in ppm relative to tetramethylsilane (TMS).31P (121.5 MHz) chemical shifts were measured relative to H3PO4 (85%). Coupling constants, J, are given in Hertz. In general, NMR spectral assignments were achieved through 1H COSY, 1H NOESY, 1H{31P}, 13C APT, and 1H/13C HSQC experiments. Unless otherwise indicated, the NMR data are given at room temperature.

  Synthesis and characterization of the complexes

  The complexes 1 and 4,7 and the 1:1 mixture of isomers 3-trans and 3-gem8 were prepared following published procedures. All other reagents were commercial and were used as received. The new complexes described below are air-sensitive in solution and solid state.

  [IrH(Z-C(Ph)=CHPh)(NCMe)3(PiPr3)]BF4 (2): A solution of 1 (100 mg, 0.18 mmol) in 5 mL of acetone was cooled at 253 K and then treated with diphenylacetylene (48 mg, 0.27 mmol). After 5 min of reaction, the resulting red solution was layered with diethyl ether and stored at 273 K for various days to get pale yellow crystals. The NMR spectra of the crystals revealed the presence of complex 2 and indicated its evolution into Z-stilbene and other unidentified compounds.1H NMR (300.1 MHz, CD2Cl2) δ –22.13 (dd, 1H, JHP 21.8 Hz, IrH), 1.17 (dd, 9H, JHP 13.8 Hz, JHH 7.0 Hz, PCHCH3), 1.25 (dd, 9H, JHP 14.0 Hz, JHH 7.2 Hz, PCHCH3), 2.41 (m, 3H, PCHCH3), 2.41 (br, 9H, NCCH3), 6.68 (s, 1H, IrC=CH), 6.68 (d, 2H, JHH 7.0 Hz, CH), 6.87 (m, 1H, JHH 7.2 Hz, CH), 6.96 (dd, 2H, JHH 7.2 Hz, 7.0 Hz, CH), 7.05 (m, 3H, CH), 7.13 (m, 2H, CH); 31P{1H} NMR (121.5 MHz, CD2Cl2) δ 13.10 (s); 13C{1H} NMR (75.5 MHz, CD2Cl2) δ 3.43, 3.54, 3.67 (all br, NCCH3), 18.57, 19.22 (both d, JCP 2.7 Hz, PCHCH3), 25.00 (d, JCP 26.3 Hz, PCHCH3), 118.06, 118.28 (both s, NCCH3), 120.81 (br, NCCH3), 124.67 (d, JCP 2.2 Hz, CH), 125.00, 127.72, 128.82, 129.09, 129.45 (all s, CH) 127.85, 129.35 (both br, CH), 131.44 (d, JCP 7.7 Hz, IrC=CH), 137.57 (d, JCP 7.2 Hz, IrC=CH), 142.10, 153.43 (both s, C).

  Preparation of [IrH(h3-C3H5)(NCMe)(h2-C2H4)(PiPr3)]BF4 (5): A solution of 4 (100 mg, 0.18 mmol) in CH2Cl2 (0.5 mL) was stirred under ethylene atmosphere (ca. 1 bar) during 5 min. The resulting solution was treated with diethyl ether (5 mL) to give a white solid, which was separated by decantation, washed with diethyl ether, and dried in vacuo. Yield 89 mg (90%); IR ν/cm–1 2240 (Ir-H); 1H NMR (300.1 MHz, CDCl3) δ –29.25 (d, 1H, JHP 15.0 Hz, IrH), 1.16, 1.17 (both dd, 9H each, JHP 14.1 Hz, JHH 7.1 Hz, PCHCH3), 2.33 (s, 3H, NCCH3), 2.45 (d, 1H, JHH 11.1 Hz, η3-CH2CHCH2), 2.58 (m, 3H, PCHCH3), 2.88 (dd, 1H, JHH 11.1 Hz, 5.7 Hz, η3-CH2CHCH2), 3.23 (AA'BB' spin system, 4H, dA 3.13, dB 3.32, JAB JA'B' 8.7 Hz, JAA' JBB' 9.6 Hz, C2H4), 3.53, 4.48 (both m, 1H each, η3-CH2CHCH2), 4.84 (m, 1H, η3-CH2CHCH2); 31P{1H}NMR (212.5 MHz, CDCl3) δ 17.22 (s); 13C{1H} NMR (75.5 MHz, CDCl3) δ 2.92 (s, NCCH3), 18.60 (d, JCP 2.7 Hz, PCHCH3), 19.05 (s, PCHCH3), 27.20 (d, JCP 28.6 Hz, PCHCH3), 44.08 (s, C2H4), 45.06 (d, JCP 2.7 Hz, η3-CH2CHCH2), 56.61 (d, JCP 16.2 Hz, η3-CH2CHCH2), 90.97 (s, η3-CH2CHCH2), 123.20 (s, NCCH3); anal. calcd. for C16H34NBF4IrP: C, 34.91; H, 6.23; N, 2.54, found: C, 34.75; H, 6.02; N, 2.62; MS (FAB+, m/[image: Caracter 1] (%)) 463 (15) [M+].

  [Ir(NCMe)(h2-C2H4)3(PiPr3)]BF4 (6): A solution of 4 (100 mg, 0.18 mmol) in CH2Cl2 (5 mL) was stirred under ethylene atmosphere (ca. 1 bar) for 30 min at room temperature. Then, the solution was subjected to vacuum-ethylene cycles until it was concentrated to ca. 0.5 mL. Then it was saturated in ethylene, layered with diethyl ether and stored at 253 K to produce white crystals.1H NMR (300.1 MHz, CD2Cl2, 273 K) δ 1.14 (dd, 18H, JHP 13.1 Hz, JHH 7.1 Hz, PCHCH3), 1.57 (m, 3H, PCHCH3), 2.17 (br, 3H, NCCH3), 3.51 (br, η2-C2H4); 31P{1H} NMR (121.5 MHz, CD2Cl2, 273 K) δ –21.67 (br); 13C{1H} NMR (75.5 MHz, CD2Cl2, 273 K) δ 3.18 (br, NCCH3), 19.11 (s, PCHCH3), 21.63 (brd, JCP 30.0 Hz, PCHCH3), 43.61 (br, C2H4).

  Preparation of [Ir(η3-C3H5)(Z-C(Ph)=CHPh)(NCMe)2(PiPr3)]BF4 (7): A solution of 4 (100 mg, 0.18 mmol) 
    in acetone (1 mL) was treated with PhC≡CPh (48 mg, 0.27 mmol) at 273 K and stirred for 15 min. The resulting red solution was layered with diethyl ether and stored at 263 K. After 3 days, the microcrystalline white solid obtained was separated by decantation, washed with diethyl ether and dried in vacuo. Yield 87 mg (65%); 1H NMR (300.1 MHz, CDCl3, 273 K) δ 1.28 (dd, 9H, JHP 13.8 Hz, JHH 7.2 Hz, PCHCH3), 1.42 (dd, 9H, JHP 13.4 Hz, JHH 7.1 Hz, PCHCH3), 2.03 (s, 3H, NCCH3), 2.19 (dd, 1H, JHH 10.1 Hz, 3.6 Hz, η3-CH2CHCH2), 2.47 (br, 3H, NCCH3), 2.83 (m, 3H, PCHCH3), 3.33 (dd, 1H, JHH 13.1 Hz, 6.6 Hz, η3-CH2CHCH2), 3.52 (d, 1H, JHH 6.6 Hz, η3-CH2CHCH2), 4.67 (dd, 1H, JHH 7.5 Hz, 3.6 Hz, η3-CH2CHCH2), 4.81 (m, 1H, η3-CH2CHCH2), 5.80 (s, 1H, IrC=CH), 6.44 (dd, 2H, JHH 8.1 Hz, 1.2 Hz, CH), 6.85 (br, 2H, CH), 6.90 (tt, 1H, JHH 6.9 Hz, 1.2 Hz, CH), 6.94 (dd, 2H, JHH 8.1 Hz, 6.9 Hz, CH), 7.10 (brt, 1H, CH), 7.25 (br, 2H, CH); 31P{1H} NMR (121.5 MHz, CDCl3) δ 5.93 (s); 13C{1H} NMR (75.5 MHz, CDCl3, 273 K) δ 2.88 (s, NCCH3), 3.36 (br, NCCH3), 19.25, 19.31 (both s, PCHCH3), 25.00 (d, JCP 26.3 Hz, PCHCH3), 26.00 (s, η3-CH2CHCH2), 64.47 (d, JCP 20.5 Hz, η3-CH2CHCH2), 107.49 (s, η3-CH2CHCH2), 122.47 (s, NCCH3), 122.95 (br, NCCH3), 124.10 (d, JCP 7.2 Hz, IrC=CH), 124.93, 125.28, 126.86, 127.69, 127.96 (all s, CH), 133.07 (d, JCP  4.2 Hz, IrC=CH), 139.58, 149.06 (both s, C); anal. calcd. for C30H43N2BF4IrP: C, 48.58; H, 5.84; N, 3.78, found: C, 48.37; H, 5.73; N, 3.91; MS (FAB+, m/[image: Caracter 2] (%)) 655 (10) [M+]; ΛM (acetone) = 85 Ω–1 cm2 mol–1 (1:1).

  Preparation of [Ir(k2O-acac)(η3-C3H5){Z-C(Ph)=CHPh}(PiPr3)] (8): A solution of Na(acac) (34 mg, 0.28 mmol) in MeOH (1 mL) was added at 273 K to a freshly prepared solution of 7 (100 mg, 0.13 mmol) in MeOH (2 mL). The resulting solution was allowed to reach room temperature and stirred for 30 min. The microcrystalline yellow solid obtained was separated by decantation, washed with MeOH and dried in vacuo. Yield 79 mg (90 %); IR 
    ν/cm–1 1570, 1590 (C=O); 1H NMR (300.1 MHz, CDCl3) δ 1.24, 1.26 (both dd, 9H each, JHP 14.1 Hz, JHH 7.2 Hz, PCHCH3), 1.55, 1.62 (both s, 3H each, CH3), 2.01 (brd, 1H, JHH 12.2 Hz, η3-CH2CHCH2), 2.07 (dd, 1H, JHH 12.2 Hz, 8.0 Hz, η3-CH2CHCH2), 2.68 (m, 3H, PCHCH3), 3.68 (brd, 1H, JHH 6.9 Hz, η3-CH2CHCH2), 3.89 (dd, 1H, JHH 6.9 Hz, 5.1 Hz, η3-CH2CHCH2), 4.51 (m, 1H, η3-CH2CHCH2), 5.15 (s, 1H, CH), 5.65 (s, 1H, IrC=CH), 6.52 (dd, 2H, JHH 8.7 Hz, 1.5 Hz, CH), 6.79 (tt, 1H, JHH 8.7 Hz, 1.5 Hz, CH), 6.91 (t, 2H, JHH 8.7 Hz, CH), 6.96 (m, 2H, CH), 7.02 (m, 3H, CH); 31P{1H} NMR (121.5 MHz, CDCl3) δ 11.11 (s); 13C{1H} NMR (75.5 MHz, CDCl3) δ 18.77, 19.19 (both s, PCHCH3), 23.57 (d, JCP 23.5 Hz, PCHCH3), 27.28 (s, CH3), 27.47 (d, JCP 2.8 Hz, η3-CH2CHCH2), 28.08 (s, CH3), 59.22 (d, JCP 31.8 Hz, η3-CH2CHCH2), 101.59 (s, CH), 103.68 (s, η3-CH2CHCH2), 123.55, 123.85, 126.86, 127.34, 127.97, 128.19 (all s, CH), 129.85 (d, JCP 7.5 Hz, IrC=CH), 133.04 (d, JCP 3.1 Hz, IrC=CH), 141.30, 148.68 (both s, C), 185.27, 187.80 (both s, CO); anal. calcd. for C31H44IrO2P: C, 55.42; H, 6.60, found: C, 55.28; H, 6.44. The crystals used in the X-ray diffraction experiment were obtained from a concentrated solution of 8 in MeOH stored at 253 K.

  Preparation of [Ir{k2C-C6H4-2-E-(CH=CPh)}(NCMe)3(PiPr3)]BF4 (9): A solution of 7 (100 mg, 0.13 mmol) in CH2Cl2 (5 mL) was stirred at room temperature until its colour turned dark red (ca. 30 min.). Then, 12 µL of acetonitrile were added and stirred for 15 more min. The resulting solution was concentrated to 0.5 mL, layered with diethyl ether, and stored at 263 K. The microcrystalline white solid obtained was separated by decantation, washed with diethyl ether and dried in vacuo. Yield 60 mg (67%); 1H NMR (300.1 MHz, CD2Cl2) δ 0.96, 0.97 (both dd, 9H each, JHP 13.5 Hz, JHH 7.2 Hz, PCHCH3), 2.30 (m, 3H, PCHCH3), 2.35 (d, 3H, JHP 0.8 Hz, NCCH3), 2.45, 2.62 (both br, 3H each, NCCH3), 6.50 (d, 1H, JHP 0.9 Hz, IrC=CH), 6.70 (td, 1H, JHH 7.2 Hz, 1.5 Hz, CH), 6.86 (td, 1H, JHH 7.2 Hz, 1.3 Hz, CH), 6.96 (dd, 1H, JHH 7.2 Hz, 1.3 Hz, CH), 7.17 (tt, 1H, JHH 7.8 Hz, 1.7 Hz, CH), 7.29 (t, 2H, JHH 7.8 Hz, CH), 7.39 (dd, 2H, JHH 7.8 Hz, 1.7 Hz, CH), 7.45 (dd, 1H, JHH 7.1 Hz, 1.3 Hz, CH); 31P{1H} NMR (121.5 MHz, CD2Cl2) δ –6.79 (s); 13C{1H} NMR (75.5 MHz, CD2Cl2) δ 3.48 (s, NCCH3), 3.52 (br, NCCH3), 18.98 (d, JCP 2.3 Hz, PCHCH3), 19.08 (d, JCP 1.4 Hz, PCHCH3), 24.26 (d, JCP 31.7 Hz, PCHCH3), 117.11 (d, JCP 17.1 Hz, NCCH3), 121.17 (br, NCCH3), 121.84, 123.16, 123.65, 134.13, 125.42, 126.98, 127.87 (all s, CH), 135.11, 140.94 (both d, JCP 8.3 Hz, IrC), 144.31 (s, IrC=CH), 149.78, 158.76 (both s, C); anal. calcd. for C29H40N3BF4IrP: C, 47.03; H, 5.44; N, 5.67, found: C, 47.13; H, 5.67; N, 5.41; MS (FAB+, m/[image: Caracter 3] (%)) 654 (10) [M+].

  Structural analysis of complexes 2, 6, 8 and 9

  X-ray data were collected at 100.0(2) K on Bruker SMART APEX area detector diffractometer equipped with a normal focus, 2.4 kW, sealed tube source (molybdenum radiation, λ 0.71073 Å) operating at 50 kV and 30 mA. In all cases, single crystals were mounted on a fiber and covered with protective perfluoropolyether. Each frame covered 0.3º in ω.  Data were corrected for absorption by using a multi-scan method applied with the SADABS program.16 The structures were solved by the Patterson method and refined by full-matrix least squares on F2 using the Bruker SHELXTL program package,17 including isotropic and subsequently anisotropic displacement parameters for all non-hydrogen non-disordered atoms. Weighted R factors (Rw) and goodness of fit (S) are based on F2, and conventional R factors are based on F. Hydrogen atoms were included in calculated positions and refined riding on the corresponding carbon atoms, or in observed positions and refined freely. For most of the structures the highest electronic residuals were observed in the proximity of the Ir center and make no chemical sense.

  Data for 2: C29H42IrN3PBF4.1.75(CH2Cl2); M = 887.73; colorless irregular block, 0.44 × 0.44 × 0.20 mm3; triclinic, P–1; a = 9.3815(18) Å, b = 14.224(3) Å, c = 14.795(3) Å; α = 87.144(3), β = 87.760(3), γ = 84.327(3); Z = 2; V = 1961.0(6) Å3; Dc = 1.503 g cm–3; µ = 3.726 mm–1, minimum and maximum transmission factors 0.255 and 0.410; 2θmax = 57.72; 24328 reflections collected, 9334 unique [R(int) = 0.0342]; number of data/restrains/parameters 9334/17/410; final GoF 1.029, R1 = 0.0425 [7902 reflections I > 2σ(I)], wR2 = 0.1160 for all data; largest peak and hole 2.151 and –1.407 e Å–3. The hydride ligand was observed and refined with a fixed thermal parameter (10.03) and weak positional restrain (1.59(1) Å: the average value found in the Cambridge Structural Database). The disordered BF4 was refined with two moieties, complementary occupancy factors, restrained geometry, and isotropic thermal parameters. Two dichloromethane molecules were observed disordered in two positions each, both refined with restrained geometry and isotropic thermal parameters. Their occupancy factors were estimated from the thermal parameters and fixed to 0.50, 0.50 and 0.50 0.25, respectively. The highest electronic residuals were observed in the proximity of the solvent molecules.

  Data for 6: C17H36IrNPBF4, M = 564.47; colorless irregular block, 0.22 × 0.20 × 0.10 mm3; monoclinic, P21/c; a = 15.082(2) Å, b = 13.423(2) Å, c = 20.756(3) Å; β = 90.020(3); Z = 8; V = 4201.9(11) Å3; Dc = 1.785 g cm–3; µ = 6.466 mm–1, minimum and maximum transmission factors 0.330 and 0.564; 2θmax = 57.64; 25356 reflections collected, 9987 unique [R(int) = 0.0359]; number of data/restrains/parameters 9987/0/465; final GoF 1.009, R1 = 0.0331 [7993 reflections I > 2σ(I)], wR2 = 0.0711 for all data; largest peak and hole 1.554 and –1.200 e Å–3.

  Data for 8: C31H44IrO2P, M = 671.85; colorless irregular block, 0.16 × 0.14 × 0.12 mm3; monoclinic, P21; a = 8.2703(14) Å, b = 17.394(3) Å, c = 10.5830(18) Å; β = 110.955(3); Z = 2; V = 1421.7(4) Å3; Dc = 1.569 g cm–3; µ = 4.777 mm–1, minimum and maximum transmission factors 0.532 and 0.617; 2θmax = 56.88; 16659 reflections collected, 6597 unique [R(int) = 0.0327]; number of data/restrains/parameters 6597/7/348; final GoF 0.871, R1 = 0.0269 [6008 reflections I > 2σ(I)], wR2 = 0.0450 for all data; largest peak and hole 1.978 and –0.926 e Å–3. Flack parameter results in 0.000(5), which indicates that the absolute structure is correct.

  Data for 9: C29H40IrN3PBF4.C4H10O, M = 814.76; colorless irregular block, 0.10 × 0.06 × 0.04 mm3; triclinic, P–1; a = 10.9216(13) Å, b = 12.3148(14) Å, c = 14.7917(17) Å; α = 98.003(2), β = 97.522(2), γ = 114.742(2); Z = 2; V = 1749.2(4) Å3; Dc = 1.547 g cm–3; µ = 3.913 mm–1, minimum and maximum transmission factors 0.760 and 0.825; 2θmax = 57.80; 15279 reflections collected, 8125 unique [R(int) = 0.0519]; number of data/restrains/parameters 8125/0/411; final GoF 0.976, R1 = 0.0477 [6381 reflections I > 2σ(I)], wR2 = 0.0879 for all data; largest peak and hole 1.420 and –0.953 e Å–3. A crystallization molecule of diethyl ether was observed in the unit cell and refined freely.

   

  Supplementary Information

  Supplementary data (NMR spectra of the new compounds) are available free of charge at http://jbcs.sbq.org.br as a PDF file.

  CCDC 1023054-1023057 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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    Foram realizados cálculos de teoria do funcional da densidade (DFT) de intermediários e estados de transição da reação entre o CO2 e metanol sobre catalisadores do tipo R2Sn(OCH3)2. A interação da molécula de CO2 com o catalisador de estanho é controlada pelo termo entrópico, sendo desfavorecida à temperatura ambiente e pressão atmosférica. Por outro lado, a inserção da molécula de CO2 na ligação Sn–OCH3 é termodinamicamente favorecida para todos os catalisadores estudados. A energia livre de ativação calculada varia com a natureza do substituinte R. Grupos fenila apresentam a menor barreira, enquanto que os átomos de halogênio, as mais elevadas. Os grupos alquila apresentam barreiras intermediárias. Os cálculos estão de acordo com resultados experimentais recentes, que indicaram uma maior frequência de rotação da reação (TON) para a formação de dimetil carbonato (DMC) quando Ph2SnO foi usado como catalisador. O esquema mecanístico completo foi calculado para os substituintes fenila e metila, considerando uma espécie de estanho dimérica.

  

   

  
    Density functional theory (DFT) calculations of intermediates and transition states of the reaction between CO2 and methanol over different R2Sn(OCH3)2 catalysts (R = alkyl, phenyl and halogens) were carried out. The interaction of the CO2 molecule with the tin catalyst was controlled by the entropic term, being disfavored at room temperature and atmospheric pressure. On the other hand, the insertion of the CO2 molecule into the Sn–OCH3 bond is thermodynamic favorable for all the catalysts studied. The computed free-energy of activation varied with the nature of the substituent R. Phenyl groups exhibit the smallest barrier, whereas halogen atoms the highest. Alkyl groups present intermediate barriers. The results are in agreement with recent experimental results that indicated a higher turnover number (TON) for dimethylcarbonate (DMC) formation when Ph2SnO was used as catalyst. The whole mechanistic scheme was then computed for phenyl and methyl as substituents, considering a dimer tin species.

    Keywords: CO2, dimethylcarbonate, tin alkoxides, DFT

  

   

   

  Introduction

  Carbon dioxide (CO2) is essential to maintain optimal temperature conditions for life on our planet, because it is the main responsible for the greenhouse effect. However, due to the burning of fossil fuels, the concentration of CO2 in the atmosphere is dramatically increasing, causing problems related with the global warming and climate changes. If no action is made to control or reduce the emission of CO2 to the atmosphere, it is expected that the Earth temperature may increase by up to 6 ºC until the end of this century.1

  There are many studies for capturing, storing and using the CO2 emitted from the burning of fossil fuels.2 One alternative is the use of CO2 as feedstock in sustainable processes to produce fuels and chemicals.3 Today, the industrial utilization of carbon dioxide is limited. It is used in the production of urea and salicylic acid. Methanol can also be produced from CO2, through hydrogenation over Cu and Zn based catalysts.4 An industrial plant using this route has been recently started up in Iceland, using hydrogen produced from geothermal source. Cyclic organic carbonates can be produced through the reaction of CO2 with epoxides.5 Ethylene carbonate is industrially produced by the reaction of ethylene oxide with carbon dioxide. This route avoids the emission of 1730 ton of CO2 to the atmosphere for each 10000 ton of polymer produced.6 The cyclic carbonates can react with methanol to produce dimethylcarbonate (DMC), an important and versatile chemical.

  DMC is mainly used as a polar solvent in the manufacture of pharmaceuticals, agrochemicals, paints, coatings and fragrances.6 It is also used7 as a carbonylation and alkylation reagent in organic synthesis, substituting toxic reagents such as COCl2 (phosgene), CH3OCOCl (methyl chloroformate), (CH3)2SO4 (dimethylsulfate) and methyl halides (MeX). Yet, DMC is used in the production of polycarbonates and polyurethanes, which are important polymers of versatile applications. DMC can also be used as oxygenated additive in gasoline, improving the octane number and reducing the emission of pollutants.

  DMC can be prepared by the reaction of methanol with phosgene.8 However, this method has been gradually phased out, mainly due to the high toxicity of phosgene. The oxidative carbonylation9 of methanol and transesterification routes are, today, the most used pathways to DMC, but also have environmental concerns.

  One alternative for a green synthesis of DMC is the direct carbonylation of methanol with CO2 (Scheme 1). Apart from being a cleaner route, this process may also contribute to a reduction in the amount of carbon dioxide released into the atmosphere.

  
    

    [image: Scheme 1. Direct carbonation of methanol]

  

  The conversion of CO2 to DMC has been extensively investigated.10 Organometallic compounds, such as Sn(IV) alkoxides, are capable of catalyzing the reaction.11 Different pathways may be envisaged to describe the role of Sn(IV) alkoxides in catalyzing the reaction of CO2 with methanol to afford DMC and water. The most accepted12 mechanistic pathway is shown on Scheme 2, involving a tin dimer species as catalyst. The dimerization increases the nucleophilicity of the Sn–OCH3 oxygen atom and the electrophilicity of the tin atom. Kinetic studies show that the DMC yield increases smoothly and does not depend on the presence of methanol in the reaction medium. In fact, the alcohol can react with the product of the reaction between CO2 and the catalyst (distannoxane), after formation of the DMC, to regenerate the catalyst.

  
    

    [image: Scheme 2. Simplified mechanistic pathway for the conversion]

  

  The initial step of the mechanism is the insertion of the CO2 molecule into the Sn–OCH3 bonds of the catalyst, which involves a nucleophilic attach at the carbon atom of the CO2 molecule by the oxygen atom of the tin alkoxide, affording a methoxy carbonate (2). This intermediate has already been isolated from the reaction medium, supporting the mechanistic pathway.13 The formation of the methoxy carbonate (2) is followed by an isomerization step, to afford an intermediate where the tin atom has an expanded valence shell, which then decomposes into DMC and regenerates the methoxyalkyltin species (1) upon reaction with methanol, restarting the catalytic cycle. In this last step, H2O is released and may contribute to the deactivation of the catalyst, as well as it may react with the formed DMC to yield CO2 and methanol. In all transition states, the Sn atom provides electrophilic assistance, binding to the oxygen atom of the CO2 molecule or the carbonate group. Therefore, electron withdrawing or releasing groups may influence the Lewis acidity of the Sn atom, affecting the eletrophilic assistance which may modify the kinetic profile of the reaction.

  Our aim in this contribution is to carry out a theoretical study to understand the electronic effect of the R1 and R2 substituents on the thermodynamics and kinetic parameters of the conversion of CO2 and methanol into DMC.

  Computational methodology

  Although the reaction of CO2 and methanol to afford DMC and water is proposed to involve a dimeric Sn(IV) alkoxide species, we considered only the monomer, which is always in equilibrium with the dimer, to reduce the computational costs. This procedure may give a trend of the electronic effect of the substituents (R1 and R2) on the thermodynamics and kinetic parameters of the first step (formation of the methoxy carbonate 2 through insertion of CO2 molecule into Sn–OCH3 bond). In addition, steric effects are more significant in the dimeric form, which, in principle, may override the electronic effects in the presence of bulky substituents. Based on these results, we, subsequently, evaluated the thermodynamics and kinetic parameters for all steps of those catalysts that present the best performance in the activation of the CO2 molecule, using the same methodology, but considering a dimeric form of the catalysts. For comparison purposes, we also performed the same calculations for the methyl-substituted catalyst, as a reference case.

  Geometry optimizations were performed with the Gaussian 09 package14 using the meta-GGA functional M06-2x developed by Truhlar.15 The double-zeta polarized basis set 6-31G(d, p) was used to describe all atoms except Sn, for which the LANL2DZ effective core potential and basis set were applied. Vibrational analysis in the harmonic approximation (HO) was performed for all optimized structures at same level to correct for the zero-point energy (ZPE) and thermal effects at 298.15 K and 1 atm. Furthermore, all transition state structures were checked using the intrinsic reaction coordinate (IRC) method.

  The rate constants k(T) were calculated using transition state theory with

  
    [image: Formula 1]

  

  in which c0 is the inverse of the reference volume assumed in translational partition function calculation, kb is the Boltzmann constant, T is temperature, h is plank's constant, R is the universal gas constant, m is the molecularity of the reaction and ∆S≠ and ∆H≠ are entropy and enthalpy of activation, respectively. ∆H≠ is given by ∆H≠ = (E0 + ZPVE + ∆∆H)TS–R, where ΔΔH is a temperature correction; ZPVE is the difference in zero-point vibrational energy between the transition state and the reactants; and E0 is the difference in electronic energy of the transition state and the reactants. We also calculated the activation energy with: Ea = ∆H≠ + mRT and frequency factor with.
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  Results and Discussion

  Figure 1 shows the structures of the transition state and intermediates for the insertion of the CO2 molecule in the Sn–OCH3 bond of the (CH3)2Sn(OCH3)2 monomer. The calculated thermodynamics and kinetic data are also reported in Figure 1 at 298.15 K and 1 atm (Gibbs free energies with the enthalpic and entropic contributions).The structures for the same species in the presence of other catalysts do not present significant differences.

  
    

    [image: Figure 1. Calculated structure of the transition state and intermediates]

  

  Table 1 shows the thermodynamic and kinetic parameters for all catalysts studied. According to the results, the interaction between the CO2 molecule and the tin monomer to afford the interaction complex is not thermodynamically favorable for all the substituents (R1 and R2) at room temperature and atmospheric pressure. This results show the weak interaction between the species, not capable of overcoming the entropic term at room temperature. On the other hand, the CO2 insertion in the Sn–OCH3 bond is thermodynamically favorable for all catalysts and involves energy barriers in the range of 30 to 50 kJ mol–1. The weak interaction between CO2 and the tin complex may explain the use of high pressures in the experimental studies related with the formation of DMC. The interaction is basically of non-dispersive nature (VDW), with carbon atom faced to the oxygen atom of the OCH3 moiety, whereas the tin atom interacts with the oxygen atom of the CO2 molecule.

  
    

    [image: Table 1. Thermodynamic (kinetic) parameters for the insertion]

  

  Figure 2 shows the effect of the substituents on the kinetic parameter (∆G‡) for the insertion of CO2 molecule in the Sn–OCH3 bond of the (CH3)2Sn(OCH3)2 monomer. Phenyl substituents are the most effective groups to enhance nucleophilic/electrophilic assistance of the catalyst in the activation of the CO2 molecule, because the reaction in the presence of Ph2Sn(OCH3)2 has the lowest energy barrier. The Sn–OCO distance on the Ph2Sn(OCH3)2 catalyst is shorter (dSn–OCO = 2.56 Å) than on (CH3)2Sn(OCH3)2 (dSn-OCO = 2.70 Å), showing that CO2 is more strongly bounded with the phenyl-substituted catalyst. Butyl groups also present quite similar results, with activation parameters close to what was calculated for the phenyl substituents. Although the difference is not significant, the others alkyl groups (methyl, ethyl and n-propyl) present higher activation energy compared to the n-butyl group. The results of calculations with the phenyl and butyl groups are in agreement with recent experimental results, that showed that these catalysts presented higher turnover frequencies (TON) for DMC formation in the reaction between methanol and CO2, supporting the present calculation model.16

  
    

    [image: Figure 2. Effect of the substituent (R) on the kinetic parameter]

  

  The free-energy of activation of fluorine, chlorine and bromine substituents are larger, compared with the alkyl groups. The order among the halogen atoms may be explained by the electronegativity, which affect the electrophilicity of the Sn atom. As the electronegativity of the halogen decreases, the free-energy of activation increases.

  Based on these results, we evaluated the thermodynamics and kinetic parameters for the whole mechanistic pathway considering the dimeric form of Ph2Sn(OCH3)2 and (CH3)2Sn(OCH3)2, as a reference case. Figure 3 shows the structure of the transition states and intermediates involved in the reaction of CO2 and methanol to afford DMC with the [(CH3)2Sn(OCH3)2]2 dimer as catalyst. The structures are similar when considering the [Ph2Sn(OCH3)2] dimer.

  
    

    [image: Figure 3. Calculated structures of the transition states]

  

  The potential energy surfaces for both catalysts are shown in Figure 4. It comes from the results that the steric hindrance, due to the presence of bulky phenyl groups, overrides the electronic effects in the dimer catalyst, which present a similar kinetic profile. Indeed, the Sn–OCO distance in TS1 slightly increases from 2.56 Å to 2.60 Å when considering the dimeric form of the Ph2Sn(OCH3)2 catalyst. This may be explained to the steric hindrance, whist keeping the same value (dSn–OCO = 2.70 Å) for the dimeric form of the (CH3)2Sn(OCH3)2 catalyst. Entropic contributions do not significantly modify the kinetic profile of the reaction, which still shows an unfavorable thermodynamic energy. This may explain the low yields and conversions observed in the synthesis of DMC from CO2 and methanol. The use of water suppressor is normally required17 to shift equilibrium and achieve higher yields of DMC.

  
    

    [image: Figure 4. Thermodynamic and kinetic]

  

  The calculated kinetic parameters for the reaction steps involving the TS are shown in the Table 2. According to the results, the activation energy of the slowest step (step C→D) for the dimeric form of the Ph2Sn(OCH3)2 catalyst is slightly higher compared to the (CH3)2Sn(OCH3)2 catalyst, probably due to steric reasons.

  
    

    [image: Table 2. Kinetic parameters for the reaction]

  

   

  Conclusions

  Calculations on the thermodynamic and kinetic profile of the insertion of CO2 in the R1R2Sn(OCH3)2 catalysts were carried out at M062x/6-31G(d,p) level of theory. Regardless of the substituents on the tin complex, the interaction with the CO2 molecule is not favored at room temperature and atmospheric pressure due to the entropic term. The insertion into the Sn–OCH3 bond is thermodynamic favorable for all the catalyst, but the free energy of activation depends on the nature of the substituents. Phenyl groups showed the lowest barrier, whereas halogen atoms the highest, supporting the dependence of the kinetics on the electrophilicity/nucleophilicity of the Sn atom, caused by the substituents.

  The entire mechanistic scheme was then calculated for the dimeric Ph2Sn(OCH3)2 catalyst, showing that steric factors become predominant when considering the dimer as catalysts.
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    A oxidação de substratos orgânicos é uma importante classe de reações explorada visando a produção de insumos industriais tais como epóxidos, álcoois e cetonas. As metaloporfirinas são compostos com reconhecida atividade catalítica que mimetizam processos de oxidação que ocorrem em seres vivos. A sua imobilização em diferentes sólidos robustos e inertes permite a recuperação e reuso do catalisador em processos catalíticos heterogêneos. Hidróxidos duplos lamelares (LDHs) são materiais inorgânicos constituídos de hidróxidos de metais di e trivalentes, resultando em lamelas bidimensionais carregadas positivamente. Neste trabalho reportamos a preparação de catalisadores baseados na imobilização de ferroporfirina (FeP) em LDH macroporoso (LDHM) obtido pelo método de co-precipitação usando poliestireno como template, reconstrução de óxidos e esfoliação (LDHME). A imobilização da FeP no LDH intercalado com ânions nitrato obtido pelo método de co-precipitação também é reportada. Os sólidos obtidos foram caracterizados e investigados como catalisadores na oxidação do cicloocteno e cicloexano.

  

   

  
    The oxidation of organic substrates via catalytic routes is an important class of reactions to produce industrial input materials such as epoxides, alcohols, and ketones. Metalloporphyrins display recognized catalytic activity that mimics oxidation processes in living organisms. Their immobilization in different inert supports allows their recovery and reuse in heterogeneous catalytic processes. Layered double hydroxides (LDHs) are inorganic materials consisting of di- and trivalent metal hydroxides that afford bidimensional positively charged layers. This work reports on the preparation of the solid based on macroporous LDHs (LDHMs) by the co-precipitation method, which involved the use of polystyrene as template, oxides reconstruction, and exfoliation, to furnish LDHME. We also describe the immobilization of an iron(III) porphyrin (FeP) in LDHME and in LDH intercalated with nitrate anions, obtained by the co-precipitation method. Application of the immobilized catalysts in (Z)-cyclooctene and cyclohexane oxidation will help to assess their catalytic activity.

    Keywords: porphyrin, macroporous LDH, oxidation, biomimetic reaction, heterogeneous catalysis

  

   

   

  Introduction

  The family of enzymes collectively known as cytochrome P450 monooxygenases bear a heme prosthetic group and participate in different catalytic processes, mainly oxidative metabolism of endogenous/exogenous products in mammals.1-5

  Over the last years, researchers have made great efforts to develop routes that can generate robust synthetic metalloporphyrins (MPs),6-10 aiming to mimic biological enzymes such as cytochrome P450 (biomimetic approach). Indeed, MPs can efficiently and selectively catalyze hydrocarbon oxidation.11 Some of these MPs are based on the structure of meso-tetraphenylporphyrin [H2(TPP)].

  The high efficiency and selectivity of MPs have motivated the proposition of technological catalytic systems based on this versatile family of oxidation catalysts. Guo et al. developed and patented a process based on MP and atmospheric dioxygen to oxidize cyclohexane under mild conditions,12 as cited by Guan Huang et al. .13 Although information about this process is scarce in the literature, its successful implementation in the industry took place in 2003.13

  The first MP-based catalytic system relied on the Fe(III) complex [Fe(TPP)Cl] as catalyst and iodosylbenzene (PhIO) as oxidant;14 it mimicked cytochrome P450 in many reactions. Since then, the use of MPs, specially FePs and MnPs, in oxidative systems6-11,14-21 has attracted considerable attention, because these complexes can effectively and selectively catalyze a series of oxidation reactions in homogeneous medium, among which epoxidation and hydroxylation stand out.15-21

  Despite their efficiency in homogeneous systems, the use of this family of complexes in solution has raised concerns. In homogeneous media, secondary reactions (e.g., destructive oxidation of the complex and MP dimerization, among others) can deactivate the catalytic species.10 Another difficulty posed by homogeneous catalysts is their recovery, reuse, and recycling, which could prevent the design of a technological process.8,15,18 To minimize such problems, researchers have turned to the synthesis of new robust and resistant porphyrin structures10,22 as well as to immobilization of these catalysts in different inorganic supports.22-33

  Catalyst immobilization can facilitate catalyst recovery from the reaction medium, to enable their reuse and recycling.17,33-39 This is particularly attractive from an economical and environmental viewpoint. In this context, layered double hydroxides (LDHs) have emerged as interesting supports to immobilize a variety of MPs.18,23,40-44

  LDHs are synthetic layered compounds that contain divalent and trivalent metal cations [M(II) and M(III)] in a structure derived from the mineral brucite. In LDHs, M(III) metal ions replace part of the M(II) metals in the brucite-like structure, to give excess positive charge in the layers, counterbalanced by intercalating hydrated anions.24,40,44-49 Some hydrogen-bonded water molecules may occupy the free space that remains in the interlayer region, which stabilizes the structure.

  Chemical modification of the support or the MP with suitable organic groups can confer enhanced stability to the catalyst-support assembly. Some kind of interaction involving the modifier on the support and/or on the MP might occur, which shall not only increase the rate of MP immobilization,40 but also provide a new solid catalyst with unprecedented efficiency and selectivity.8,18,50

  There has been a recent surge in scientist's interest in nanostructured LDHs. This type of solid can be achieved by controlling the textural properties of the material in terms of morphology, particle size, specific area, and porosity. A colloidal crystal template method has produced tridimensional ordered macroporous MgAl-LDHs.41,51-53 Our group has already intercalated different anionic FePs in macroporous LDHs, to obtain more efficient and selective catalysts for heterogeneous hydroxylation and epoxidation reactions than their homogeneous counterparts.18 Co-precipitation using a template like polystyrene spheres furnishes an LDH structure bearing macropores, which is suitable for immobilization of countless FePs.41

  In this work, we have prepared two solids by immobilizing the [Fe(TDCSPP)Cl] (Figure 1) - FeP - in different LDH supports, namely LDH containing intercalated nitrate anions (LDH-NO3) and exfoliated macroporous LDH (LDHME) (the iron porphyrin [Fe(TDCSPP)Cl] will be abbreviated as FeP by simplification; in this representation charges and counter ion Cl1– are omitted). Because these solids have the same composition, but different structures, we investigated their catalytic activity in the oxidation of two model substrates, (Z)-cyclooctene and cyclohexane, by PhIO.
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  Experimental

  Materials

  All the chemicals used in this study were purchased from Aldrich, Sigma or Merck and were of analytical grade. Iodosylbenzene (PhIO) was synthesized by hydrolysis of iodosylbenzene diacetate,54 and the obtained solid was carefully dried under reduced pressure and kept at 5 ºC. LDH-NO3 and the macroporous LDH (LDHM) were synthesized as described previously by our research group.40-42

  The free-base porphyrin [5,10,15,20-tetrakis(2,6-dichloro-3-sulfonate phenyl)porphyrin], or [H2(TDCSPP)], was synthesized, purified, and characterized as previously described.55,56 The corresponding FeP, [FeIII(TDCSPP)Cl], 
    was obtained by inserting iron ion from ferrous chloride tetrahydrate into the free-base porphyrin ligand in dimethylformamide (DMF), as described by Adler, Longo, and Kobayashi.57,58 It is expected that the FeIIP complex is oxidized to FeIIIP by air. The FeP was purified by column chromatography on Sephadex; deionized water was used as eluent. The metalloporphyrin was characterized by UV-Vis and electron paramagnetic resonance (EPR) spectroscopies. UV-Vis: [Fe(TDCSPP)Cl] (deionized water) 390 nm (ε = 6.4 × 104 L mol–1 cm–1).

  Preparation of the solid LDHME and intercalation of the FeP

  To obtain LDHME, the previously synthesized LDHM40,41 was subjected to exfoliation.23,40 Shortly, 10 mL of formamide and 25 mg of solid LDHM were mixed in an Erlenmeyer flask, and the mixture was stirred in an ultrasound bath for 2 h. An almost translucent milky suspension emerged, which suggested the formation of macroporous LDH by exfoliation (solid LDHME). The solid anionic FeP (3.8 × 10–6 mol) was added to the suspension, and the mixture was kept under magnetic stirring for 24 h. A reddish brown solid (FeP-LDHME) arose. This solid was separated from the solution by centrifugation and extensively washed with water, until a colorless washing solution was achieved. The supernatants resulting from the washing process were collected and quantitatively analyzed by UV-Vis spectroscopy, to determine the FeP loading in the support.

  Immobilization of FeP in LDH-NO3

  LDH-NO3 (Mg/Al at a 3:1 molar ratio) was prepared according to a methodology previously described by our group.40 FeP immobilization was conducted by dispersing LDH-NO340 (about 30 mg) in water (10 mL), which was followed by addition of the FeP (about 3.9 × 10–6 mol). The suspension was refluxed and stirred for 2 h. After that, the resulting solid was filtered and washed with water. The supernatant was analyzed by UV-Vis spectroscopy, to quantify the FeP that could have been removed from the matrix by leaching. The bright brown solid labeled as FeP-LDH-NO3 was dried at 60 ºC for 48 h.

  Catalytic oxidation reactions

  Catalytic oxidation reactions were carried out in a 2 mL thermostatic glass reactor equipped with a magnetic stirrer, placed inside a dark chamber. The oxidation of (Z)-cyclooctene (previously purified on alumina column) and cyclohexane by PhIO was accomplished in the presence of the catalyst FeP-LDH-NO3 or FeP-LDHME. In a standard experiment, the solid catalyst (FeP-LDH-NO3 or FeP-LDHME) and the oxidant (FeP/PhIO molar ratio 1:50) were suspended in 400 µL of solvent (dichloromethane/acetonitrile 1:1 mixture, v/v) and degassed with argon for 15 min, inside a 2 mL vial. The reaction started after addition of the substrate (FeP/substrate molar ratio 1:5000); the oxidation reaction was performed under magnetic stirring for 1 h. At the end of the reaction, sodium sulfite acetonitrile saturated solution (50 µL) was added to the reaction mixture, to eliminate excess PhIO. The supernatant containing the reaction products was separated from the solid catalyst by centrifugation and transferred to a volumetric flask. The solid catalyst was washed several times with dichloromethane and acetonitrile, to extract any substrate and reaction products that might have remained adsorbed onto the solid catalyst. The washing solutions were added to the previously separated reaction supernatant, and the products and reagents content in these combined solutions was analyzed by gas chromatography, using n-octanol (acetonitrile solution, 1.0 × 10–2 mol L–1) of high purity degree (99.9%) as internal standard. Product yields were based on the mass of PhIO added to each reaction. Control reactions were carried out using this same procedure, as follows: (a) substrate only, (b) substrate + PhIO, and (c) substrate + PhIO + LDH-NO3 or LDHME (supports without FeP). A similar procedure was adopted to test the FeP as homogeneous catalyst.

  All the heterogeneous catalysts were exhaustively washed and dried for reuse in further reactions using the same procedure described above.

  Characterization techniques

  Scanning electron microscopy (SEM) characteristics of the samples were imaged on either a JEOL 5190 microscope operated at 15 keV or a JEOL JSM-6360LV operating 15 keV.

  X-ray powder diffraction patterns (XRPD) were recorded in the reflection mode on a Shimadzu XRD-6000 diffractometer operating at 40 kV and 40 mA; CuKα radiation (λ = 1.5418 Å) and a dwell time of 1º min–1 were employed.

  Electronic spectra (UV-Vis) were obtained on a Cary-Varian 100 Bio and Shimadzu UV-2501PC spectrophotometer, in the 200-800 nm range.

  EPR measurements of the powder materials were accomplished on an EMX microX spectrometer (standard concavity: 4102-SP and 9.5 GHz X band frequency), at room temperature or at 77 K (in liquid N2).

  Products from the catalytic oxidation reactions were quantified on a gas chromatograph Agilent 6850 (FID detector) equipped with a capillary column DB-WAX (J&W Scientific). Quantitative analyses were based on internal standards.

   

  Results and Discussion

  Preparation of LDH-NO3 and LDHM relied on the co-precipitation methodology without previous intercalation/functionalization of the inorganic matrix with organic molecules, as detailed by our group in recent publications.40,41 In particular, the synthesis of LDHM involved co-precipitation of divalent (Mg2+) and trivalent (Al3+) metal ions during the synthesis of LDH; polystyrene beads (PS) served as template.41 After synthesis of the LDH-NO3 solid, its calcination removed the polystyrene template that remained in the double oxides resulting from the calcined LDH. In the presence of dodecyl sulfate (DDS) solution, the lamellar structure of LDH-NO3 re-emerged, whilst DDS intercalated within the macropores.

  Immobilization of the FeP in LDH-NO3 (FeP-LDH-NO3) or exfoliated macroporous LDH (FeP-LDHME)

  FeP immobilization in LDH-NO3 resulted in a brown solid with spectroscopic properties similar to those previously reported by us.40,46

  Exfoliation of LDHM in the presence of formamide afforded a white colloidal (milky) suspension, designated LDHME. After an ion exchange reaction between this suspension and the anionic FeP, a reddish brown solid arose (FeP-LDHME). This solid was further characterized by X-ray diffraction (XRD), Fourier transform infrared (FTIR), UV-Vis, and SEM. The exfoliation process generated individual lamella (or monolamella), which could facilitate chemical modification or exchange of the anion present in the lamellar space.40,59 The formamide employed during the exfoliation process solvated the anions and intercalated between the lamella, which caused a rupture in the lamellar structure and consequently exfoliated the compound in the form of individual lamella. Indeed, Hibino59 described that formamide constitutes a good solvent for this purpose and dismisses the need for heating or reflux.

  As expected, the anionic FeP successfully anchored in both LDHME and LDH-NO3: the negative charges in the structure of this FeP (Figure 1) effectively interacted with the positively charged layers of the solids. Obviously, this process did not exhaust the anionic exchange capacity of the solid matrixes, so part of the original anions still existed in the material.

  To quantify the FeP loading in LDH-NO3 and LDHME, we measured the amount of non-immobilized FeP in the combined solutions from the washings of the solids FeP-LDH-NO3 and FeP-LDHME by UV-Vis spectroscopy. The FeP loadings on LDH and LDHME were 1.53 × 10–4 and 9.23 × 10–5 mol FeP g–1 of matrix, respectively.

  Figure 2 shows the XRD patterns of the solids before and after FeP immobilization. The solid resulting from FeP immobilization in LDH-NO3 (Figure 2c) exhibited an X-ray diffraction pattern similar to that obtained for LDH-NO3 alone (Figure 2a), with a basal distance of approximately 8.3 Å. This distance corresponded to the presence of intercalated nitrate anions, indicating that the immobilized FeP did not replace these ions and probably localized on the surface of the layered crystals.10
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  LDHM (figure not shown) displayed reflections (00l and hkl) characteristic of hydrotalcite-like compounds, with a basal distance of 25.5 Å. These data agreed with literature values for DDS intercalated into LDHs. The XRD analysis of LDHME as a slurry revealed a halo in the 2θ region of 18 to 40º after exfoliation, typical of amorphous compound in colloidal suspension.41 The phase obtained after ion exchange with the anionic FeP had basal spacing of approximately 22 Å, calculated from the higher order diffraction peak at 2θ values of 12.15º (7.28Å × 3 = 21.85Å ca. 22 Å) (Figure 2d). Although not evident as indicated by an arrow in Figure 2, other two harmonic peaks related with the same basal distance (8.22º = 10.76 Å (10.76 × 2 = 21.5 Å); 12.15º = 7.28 Å (7.28 × 3 = 21.85 Å)) are a clear evidence that another peak occurs at 4.04º (2θ) (21.87Å). This basal distance is close to the value reported in the literature when porphyrins are intercalated into LDH-NO3 (Figure 2c). Therefore, we cannot exclude FeP intercalation in the interlayer space of LDHME, but asserting that intercalation indeed took place in this case is difficult because intercalated DDS anions also exist in the matrix and produce similar basal spacing. Interestingly, DDS bilayers and FeP species exhibit high chemical and structural compatibility, so co-immobilization of this species could also occur, as recently described for the immobilization of this same FeP in LDHM.41 Besides this diffraction peak, the characteristic peak of LDH-NO3 in the region of 60º (2θ) appeared, indicating that exfoliated layers restacked (Figure 2d).

  In general, the SEM images of LDHs predominantly intercalated with inorganic ions show particles agglomerated in the hexagonal form, known as "pink sand". However, if the LDH contains intercalated organic anions, the SEM images reveal layered crystals with round corners,40,60 which was the case with LDH-NO3 (Figure 3a), a solid that contained submicrometric layered crystals.
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  Because FeP immobilization in both LDH-NO3 and LDHME happened under rash conditions, the crystals should lose their original morphology and form agglomerates without any apparent order (Figure 3b and 3d). In the case of LDHM (Figure 3c), part of the image showed the macroporous structure that resulted from removal of the polystyrene sphere, evidencing a honeycomb-like morphology. After exfoliation and restacking, even these structures disappeared, to reveal particles arranged in the form of a "house of cards", typical of exfoliated and restacked LDHs.61 Obviously, some of the layers remained stacked, to give the original crystals, as attested by XRD (Figure 2d).

  The FTIR technique was inconclusive to ascertain the presence of the FeP on the surface or intercalated in the supports. Indeed, FeP-LDH-NO3 and FeP-LDHME (in the Supplementary Information (SI) section) display the typical bands of FePs (region between 1200 and 1020 cm–1, typical of the νsym. S-φ and νasym. S-φ symmetric and asymmetric vibrations of the φ-SO3 groups.62,63 The large intensity of the bands of the support in the region of 3000 cm–1 (surface hydroxyl groups and also water molecules in the interlamellar space), 1628 cm–1 (water molecules present in the interlayer space), and 1385 and 843 cm–1 (symmetric and asymmetric vibrations of intercalated nitrate, respectively) allied with the low FeP concentration in the support probably made difficult to observe the FeP bands. These bands occur between 1600-1370 cm–1, due to νC=C phenyl and around 640 cm–1, attributed to out-of-the-plane C-H vibrations.40,63 For the solid FeP-LDHME, other bands were observed in the region of 2960-2840 cm–1 (νC-H); around 1700 cm–1 (νC=O) and 1600 cm–1 symmetric angular deformation in the plane (NH2) attributed the presence of formamide used in the exfoliation process.

  For a system containing high-spin Fe(III), the combination of five unpaired electrons results in three Kramer doublets: ±1/2, ±3/2, and ±5/2. The extent to which these energy levels are occupied depends on the separating field and temperature. In a strong crystal field of tetragonal symmetry, the deployment parameter of the field is large, and only the transitions ±1/2 are viewable (g⊥ and g// = 6.0 and 2.0, respectively).64-66 However, if the local symmetry reduces from tetragonal to orthorhombic, for example, which distorts the porphyrin plane, other signs arise. Systems with maximum distortion display only one signal at g = 4.3. The field separation can be described in terms of two parameters: D (axial separation) and E (rhombic splitting). The ratio between D and E may have values between 0 (axial symmetry) and 0.33 (rhombicity maximum) with different values of factor g.64-66

  Figure 4 illustrates the EPR spectra of the solids obtained after FeP immobilization. The free FeP (Figure 4a) presented a signal in g ca. 6.0 (axial symmetry), typical of a high-spin 5/2 FeP complex. FeP immobilization in LDH and LDHME (Figures 4b and 4c) gave the characteristic signal of high-spin Fe(III) (S = 5/2), typical of axially symmetric FePs.17,52,67 A typical signal of Fe(III) with rhombic distortion (g = 4.3) arose, which is usual in immobilized FeP systems.10,68 The estimated D/E ratio was 0.20, which enabled assignment of the observed signals to transitions of the states + –1/2 + and –3/2, with g values of 8.79, 5.77, and 4.28.
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  The intense signal at g = 4.28 detected for solid FeP-LDHME originated from the greater distortion undergone by the FeP during the immobilization process. Such distortion may be associated with the necessity of the FeP structure to settle as close as possible to the matrix, to maximize its interactions with the positively charged layers of the support.17 Hence, EPR analysis confirmed the presence of FeP in the matrixes (Figures 4b and 4c) after the immobilization process and evidenced FeP distortions (Figure 4c).

  UV-Vis analysis of the solid samples also attested that FeP existed in the support (Figure 5).
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  The spectra of the solids FeP-LDH-NO3 and FeP-LDHME contained the Soret band characteristic of Fe(III)Ps in the region of 400 nm. Other three bands appeared between 500 and 700 nm (Q bands).

  Comparison of the spectra of the immobilized FeP with that of the free FeP revealed that immobilization promoted a blue shift of the Soret band.9,18,69 Such shifts may result from (i) FeP intercalation into the support, which may distort the structure of the complex, or (ii) interactions between the support surface and the FeP, which can cause steric constraints. Regardless of the immobilization mode, in both cases (FeP-LDH-NO3 and FeP-LDHME), the blue shift may have stemmed from interactions between the FeP plane and the support in an attempt of the complex to acquire a more planar conformation and maximize the electrostatic interaction.29 The Soret band of FeP-LDH-NO3 shifted less markedly, leading to the conclusion that the FeP was less constrained in this support (Figure 5d).

  Because we immobilized the FeP in previously prepared LDH-NO3, and on the basis of XRD analysis, we inferred that the FeP bound at the surface of the layered crystals. In the case of LDHME, the FeP was added to a suspension of exfoliated macroporous LDH, so many individual layers were available to interact with the anionic FeP, which localized closer to the positive charges on the matrix (Figure 6). These results were in line with the EPR data, which had suggested that FeP-LDH-NO3 displayed less rhombic distortion than FeP-LDHME (Figures 4b and 4c, respectively).
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  Catalytic oxidation reactions

  The use of FePs as catalysts promotes C–H bond activation by oxidation under biomimetic mild conditions and in the presence of a number of oxygen atom donors such as iodosylbenzene,8,11,14,16,28,70 hydrogen peroxide,71 and dioxygen,72,73 among others. Here, we decided to employ PhIO as oxygen donor because MP/PhIO is a classical biomimetic system that can produce the same intermediate catalytic species regardless of the FeP.6,11

  The oxidation of (Z)-cyclooctene by MP/PhIO systems produces epoxide as the sole oxidation product, with no traces of allylic alcohol or ketone.74 For this reason, (Z)-cyclooctene is the substrate of choice when testing the activity of biomimetic catalytic systems involving MPs, and we also selected it to assay the efficiency and stability of the anionic FeP immobilized in both of the investigated supports. By employing this substrate, we also obtained initial information about accessibility to the activated iron site.

  The activation of the highly inert C–H bonds of cyclic alkanes, to obtain hydroxylated products, is one of the most remarkable reactions that natural and synthetic systems can accomplish.75 Indeed, C–H bond activation in alkanes calls for more drastic conditions than those necessary for alkene functionalization, which in turn allows one to differentiate between the performances of an MP catalyst in solution and the same MP catalyst immobilized in a solid support. Cyclohexane is also a very useful substrate to test the activity of FeP/PhIO systems as its major oxidation products, cyclohexanol and cyclohexanone provides information about catalyst selectivity.

  Table 1 presents the results from the oxidation of (Z)-cyclooctene and cyclohexane by PhIO catalyzed by FeP-LDH-NO3 and FeP-LDHME. We also evaluated the free FeP for comparison.
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  The immobilized FeP afforded excellent product yields for both (Z)-cyclooctene oxidation and cyclohexane hydroxylation, which were even better than the yields obtained with the free FeP in homogeneous solution (Table 1 runs 1, 2, and 4). All the reactions that involved FeP-based catalysts (runs 1 to 4) furnished considerably higher product percentages than the control reactions (runs 5 to 7), which confirmed that the catalytic activity of the studied catalysts was really due to the FeP.

  The low solubility of anionic porphyrins like [Fe(TDCSPP)] in a CH2Cl2/CH3CN 1:1 solvent mixture certainly underlay the lower yields obtained with the free FeP in homogeneous medium (run 1) as compared with the immobilized FeP (runs 2 and 4). Another explanation for the difference between the catalytic performances of the FeP in homogeneous and heterogeneous media might be that the charged catalyst hinders the approach of the apolar substrates to the active metal center. Indeed, immobilization of the anionic FeP in the LDH-NO3 and LDHME supports by electrostatic interaction may have minimized this effect in the case of the heterogeneous process, to improve the catalytic activity of the FeP.40,41

  Interestingly, FeP-LDHME presented better catalytic results as compared with FeP-LDH-NO3 (runs 2 and 4, respectively) a probable consequence of the macroporous structure of the former support. In fact, the strategy employed during catalyst immobilization can tailor catalyst efficiency for different substrates. The morphology and textural properties of the support can direct the substrates to the catalytically active center in a different way.18,36,50,76-78

  Besides that, FeP immobilization protects the catalyst from the oxidative attack of another catalytically activated FeP, which avoids destruction of the catalytic species. In the specific case of FeP-LDHME, the microporous structure of the support may have conferred better protection to the FeP, whereas the immobilized FeP remained on the surface of the layered crystals in FeP-LDH-NO3, as indicated by XRD analysis (Figure 2c).

  Immobilized catalysts offer a number of advantages: control of the reaction medium, prevention of catalyst degradation, low cost (depending on the support), stability, and possibility of catalyst reuse and/or recycling.

  Indeed, we have performed the catalysts reuse reactions that surprisingly afforded the best result in a new cyclohexane oxidation reaction (FeP-LDHME; run 3). Also, the obtained product yield was similar to that achieved with the freshly prepared solid catalyst (run 2). Therefore, this solid catalytic is potentially reusable in oxidation reactions, favoring heterogeneous catalysis over the homogeneous route.

  The monitoring of the reaction solvent or the washing solutions resulting from the filtration of the catalyst FeP-LDHME was performed and no traces of porphyrin were detected by UV-Vis analysis. This fact allowed us to conclude that there was no leaching of the FeP after the first use or during the washing process and the reaction is truly performed in heterogeneous media.

  In addition, FeP-LDH-NO3 and FeP-LDHME (spectra FTIR) after catalysis reactions, the solids presented characteristic bands observed in the fresh catalysts, which seems to be a convincing evidence that the catalysts preserved its structure after the reaction, washing process and reuse. As the catalysts consist of very fine powder, after each reaction, around 10% of the solids is lost by manipulation, washing and drying.

  Recently, we have verified that highly distorted immobilized MPs and MPs in solution afford better catalytic results.22 This is because the presence of bulkier substituents in the porphyrin macrocycle can affect ring symmetry and distort the structure.22 This may influence the formation and stabilization of the active catalytic oxo-species in such a way that the more distorted porphyrin structure performs better than the less distorted one.22 In fact, distortions in the porphyrin skeleton can destabilize the macrocycle π systems, thereby modulating their oxidation potentials.79-87 Hence, distinct structural configurations could also determine the catalytic outcome.78,79

  The catalytic results achieved with the solid FeP-LDHME were also better than those reported by Halma et al.41 for FeP-LDHM (Table 1, run 8).41 In the former catalyst, the FeP acquired a more distorted arrangement due to exfoliation associated with the structure and macroporous morphology of LDHME, as evidenced by SEM.

   

  Conclusions

  This work described the preparation of two solid catalysts via immobilization of the anionic [Fe(TDCSPP)] in LDH supports, with the aim to compare the influence of supports with the same composition but different structures in the catalytic activity of the iron complex during the oxidation of two model substrates.

  We selected a second generation ironporphyrin10 because the presence of electron-withdrawing groups on the phenyl substituents of the porphyrin ring made the catalyst more resistant to oxidative degradation as compared with simpler metalloporphyrins like the first-generation iron(III) tetraphenylporphyrin [Fe(TPP)] employed by Groves.11,14

  We successfully immobilized the ironporphyrin on both LDHs (one LDH was obtained by co-precipitation; the other was prepared by using polystyrene beads as template). After calcinations to eliminate polystyrene, the latter solid presented a macroporous structure of oxides that regenerated the LDH structure after hydration. Additionally, this same FeP was also immobilized on LDH of Mg/Al containing nitrate anions intercalated. Characterization of the solids obtained after immobilization/intercalation of the ironporphyrin by UV-Vis and FTIR spectroscopies and XRD analysis confirmed the presence of the iron complex in the LDH. The solids displayed good catalytic activity in heterogeneous catalysis; they furnished yields higher than those achieved in homogeneous medium.
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  Supplementary information (spectra FTIR of all the compounds prepared) is available free of charge at http://jbcs.sbq.org.br.
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    Varias técnicas, como fisissorção, espectroscopia de fotoelétrons excitados por raios X (XPS), difração de raios X (XRD), redução à temperatura programada (TPR) e quimissorção foram usadas para a caracterização de catalisadores de Co/gAl2O3 para a produção de nanotubos de carbono por deposição de metano. Os catalisadores apresentaram três principais espécies de cobalto: CoAl2O4, CoO e Co3O4. As espécies de CoAl2O4 estavam bem dispersas nos catalisadores e apresentaram elevada temperatura de redução, fazendo com que estas espécies sejam inativas para a produção de nanotubos. Para o catalisador 1%Co/Al2O3, a principal espécie encontrada foi o CoAl2O4. Contudo, com o aumento do teor de cobalto nos catalisadores, ocorreu um aumento na formação das espécies Co3O4 em relação às espécies CoO e CoAl2O4. Os catalisadores 2 e 3%Co/Al2O3 apresentaram aglomeração das partículas de cobalto após a etapa de redução e baixa seletividade para produção de nanotubos. Entretanto, o catalisador 4%Co/Al2O3 não apresentou aglomeração, resultando em uma melhor seletividade para formação de nanotubos, 71%, principalmente do tipo nanotubos de carbono de paredes múltiplas (MWNT).

  

   

  
    Several analytical techniques, such as N2 physisorption, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), temperature programmed reduction (TPR) and chemisorption were employed to characterize the structure of Co/γAl2O3 catalysts used for the production of carbon nanotubes by methane vapor deposition. The catalysts were studied after the calcination step and presented three main cobalt species, CoAl2O4, CoO and Co3O4. The CoAl2O4 species were well dispersed and were reduced only at high temperatures, rendering them inactive for the carbon nanotube production. In the case of the 1%Co/Al2O3 catalyst, the main cobalt species found was CoAl2O4. However, increasing the cobalt content in the catalysts led to a higher formation of Co3O4 as compared to CoO and CoAl2O4 species. The 2 and 3%Co/Al2O3 catalysts showed particle agglomeration during the pretreatment step that decreased selectivity towards nanotube production. The 4%Co/Al2O3 catalyst did not show particle agglomeration and presented a higher selectivity to carbon nanotube production, 71%, mainly multi-walled carbon nanotubes (MWNT).

    Keywords: carbon nanotubes, cobalt, catalyst support, chemical vapor deposition, methane

  

   

   

  Introduction

  Carbon nanotubes (CNT) exhibit unique physical and chemical properties that have opened a vast number of applications and new ones are still under development. However, for the incorporation of CNT into everyday materials, it is important to control their growth. The production of CNT with pre-determined specifications is an essential requirement for their industrial use. The investigation into CNT production by catalytic chemical vapor deposition (CVD) has attracted great attention and has become the most popular synthesis method due to its easy setup and scale-up for mass production.1,2

  Many researchers3-5 have studied different catalyst formulations and operating conditions for CVD process improvement. Cobalt-supported catalysts have shown high selectivity towards CNT production. The nature and morphology of the cobalt species affects the catalyst activity and selectivity on CNT production. So, it is important to understand the influence of these cobalt species on carbon nanotube production in order to develop a strategy to maximize the catalyst selectivity and activity. In our previews work,6 among various catalyst formulations investigated, cobalt catalysts supported on alumina exhibited the highest carbon nanotube yield. Therefore, this contribution has focused on the characterization of the cobalt species present in a cobalt/alumina system for each step of CNT growth and explored their influence in CNT synthesis.

  In our CNT production method, there are two main steps: reduction of the oxide catalyst followed by methane decomposition on the reduced catalyst for carbon nanotube growth. Therefore, 1, 2, 3 and 4 wt. % Co/Al2O3 catalysts were studied in three different states, as an oxide, reduced and passivated.

  The catalysts were investigated using energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), N2 physisorption, temperature programmed reduction (TPR), CO and H2 chemisorption and X-ray photoelectron spectroscopy (XPS). The combination of these techniques can detail the structure of the catalysts, which can be used to clarify the activity and selectivity toward carbon nanotube formation.

  CNT characterization was performed by Raman spectroscopy, temperature programmed oxidation (TPO), scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

   

  Experimental

  Catalyst preparation

  The Al2O3 support was obtained by drying bohemite (Catapal-A, Sasol, degree of purity: 99.9%) in air at 120 ºC for 16 h and then calcining in air at a heating rate of 10 ºC min-1 up to 550 ºC for 2 h. A series of 1, 2, 3 and 4 wt. % Co/Al2O3 catalysts was prepared by incipient wetness impregnation using a solution of Co(NO3)2.6H2O (Merck, degree of purity: 99.8%). After impregnation, the catalysts were dried in air at 120 ºC for 16 h and then calcined in air for 2 h at 550 ºC.

  Catalyst characterization

  The oxide catalysts were studied after the calcination step. For the reduced state, the oxide catalysts were reduced under H2 flow from room temperature to 700 ºC at a heating rate of 10 ºC min-1 and were then analyzed. For the passivated state, the samples were reduced as described above and then the catalysts were cooled to room temperature in He flow. Finally, they were passivated with 1.0% O2/He (30 mL min-1) during 2 h at room temperature.

  Measurements of surface area, pore volume and pore diameter distribution were performed in a Micromeritics ASAP 2010 apparatus by N2 adsorption. The oxide catalysts were evacuated at 220 ºC during 4 h before analysis. Pore volume and pore diameter distribution were calculated from the N2 desorption curve using the Barrett-Joyner-Halenda (BJH) method.

  The chemical compositions of the oxide catalysts were determined by EDX in vacuum using an EDX-720 Shimadzu apparatus.

  XPS experiments of the oxide and passivated catalysts were performed with a Thermo Scientific ESCALAB 250Xi with monochromatic Al Kα X-rays with a spot size of 650 µm. The base pressure inside the analysis chamber was 1 × 10-9 mbar or lower. The samples were mounted on a sample holder by means of a double-sided adhesive carbon tape. For the survey spectra an energy step size of 1.0 eV and a pass energy of 100 eV were used. For the individual element spectra, Co2p, O1s and Al2p, an energy step size of 0.05 eV and a pass energy of 25.0 eV were used. The flood gun was used to neutralize charge buildup on the surface of the samples. The spectra were analyzed and peak fitted with a linear type background and a Gaussian product function.

  XRD experiments of the oxide and passivated catalysts were performed in a Rigaku Miniflex diffractrometer with monochromatic Cu Kα (1.540 Å) radiation with a scan rate of 0.05º min-1 in the range of 2θ = 2.00 to 80.00º. The average cobalt particle sizes were calculated from the most intense Co3O4 line, 2θ = 36.9º, using the Scherrer formula.

  Raman spectroscopy was used for the characterization of the oxide catalysts and carbon deposits on the catalysts after the reaction step. Raman spectra were taken in a Confocal Raman Microscope alpha 300, Witec, using a 50× objective lens and green laser with 532 nm wavelength. The integration time was 1.0 s and the number of scans was 500.

  TPR experiments were performed in a U-shaped tubular quartz reactor coupled to a quadrupole mass spectrometer (Omnistar, Balzers). The oxide catalysts, approximately 0.5 g, were dried in He for 30 min at 150 ºC before TPR. After cooling to room temperature, a mixture of 5% H2/Ar 
    flowed (30 mL min-1) through the catalyst and the temperature was raised at a heating rate of 10 ºC min-1 up to 1000 ºC.

  H2 and CO chemisorptions were performed using a volumetric method in a Micromeritcs ASAP 2010 device. The pretreatment of the oxide catalysts consisted of drying at 220 ºC for 30 min under a 30 mL min-1 He flow before the reduction. After cooling to room temperature, the reduction step was performed. The temperature was raised at a heating rate of 10 ºC min-1 up to 700 ºC under 30 mL min-1 of H2. Then, the reduced catalysts were outgassed under vacuum at 700 ºC before cooling to 150 ºC, where the H2 chemisorption measurements were performed. Then, the catalysts were evacuated at 500 ºC, and finally the CO chemisorption measurements were done at 35 ºC. H2 and CO chemisorption on cobalt are performed at temperatures higher than room temperature as they are activated.7 Total and reversible isotherms were measured at the pressure range of 10-300 mmHg. The amount of H2 and CO adsorbed in each measurement was determined by extrapolating the linear part of the isotherm to zero pressure. It is assumed that the adsorption stoichiometries for H2 and CO are H/Co = 1 and CO/Co = 1, respectively. The Co particle size was calculated supposing spherical Co particles. For H2 chemisorption, these calculations were performed assuming total chemisorption as recommended by Reuel and Bartholomew.8

  CNT production

  For the CNT production by methane CVD, 1.0 g of catalyst was inserted into a quartz boat and then placed in a horizontal tubular quartz reactor. The catalyst was heated under 200 mL min-1 H2 flow from room temperature to 700 ºC at a heating rate of 10 ºC min-1. Then, the H2 flow was switched to 200 mL min-1 methane for 30 min. Finally, the sample was cooled to room temperature under Ar flow.

  CNT characterization

  TPO experiments were performed in the same apparatus described for the TPR experiments. The samples (0.2 g) were dried in He for 30 min at 200 ºC before TPO. Afterwards, the sample was cooled to room temperature, a 5% O2/He mixture flowed through the sample at 30 mL min-1 as the temperature was raised at a heating rate of 10 ºC min-1 up to 1000 ºC. There was always O2 in excess to avoid the formation of carbon monoxide. The mass of carbon present in each sample was determined by the evolution of CO2.

  CNT morphology was analyzed by SEM images. SEM images were performed in a Zeiss EVO MA and a Jeol JSM-5800 LV scanning electron microscopes with electron beam energy in the 10-30 kV range.

  The TEM images were obtained in a FEI Tecnai F30 transmission electron microscope. For this experiment, the samples were dispersed in isopropanol and ultrasonicated for 15 min. Then, a few drops of the resulting suspension were deposited on a grid and subsequently evaporated.

   

  Results and Discussion

  N2 physisorption

  N2 physisorption measurements were performed to determine the changes in surface area and pore diameter distribution between the support and catalyst after the calcination step. Table 1 shows the textural properties of the support and cobalt catalysts. The surface area and the average pore diameter of the alumina are typical of γ-phase, as found by Rane et al..9

  
    

    [image: Table 1. Textural properties and chemical composition]

  

  Higher cobalt loading catalyst showed lower surface area and pore volume. This may be attributed to the blocking of narrow pores by the cobalt oxide particles. Since the narrow pores are blocked, there is an increase in average pore diameter as shown in Figure 1 and Table 1.
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  Energy-dispersive X-ray spectroscopy

  The catalyst chemical composition was analyzed by EDX. The cobalt fraction is consistent with the nominal value used in the catalyst preparation. Table 1 shows the cobalt composition of the catalysts.

  X-ray photoelectron spectroscopy

  XPS can be used to determine the surface chemical composition of the catalyst. Two survey spectra were obtained at different points for each catalyst and they showed the same profile. This indicates a uniform cobalt distribution on the support. The survey spectrum detected four elements: cobalt, aluminum, oxygen and carbon. The carbon comes from adventitious hydrocarbons nearly always present on samples, introduced from the laboratory environment or from adhesive carbon tape.

  The cobalt composition found by XPS is a function of its depth and surface distribution. So, when cobalt particles are concentrated in the top layers of the catalyst or they are highly dispersed on the support, the intensity of the cobalt X-ray photoelectron is increased. 1Co/Al2O3 showed approximately the same surface cobalt concentration as its bulk value, Table 1. This is an indicative that the cobalt particles are uniformly distributed within the catalyst pellet.

  Usually, three different cobalt species are present in a Co/Al2O3 catalyst: Co3O4, CoO and CoAl2O4. Each of these cobalt species shows a different color; cobalt aluminate is light blue, CoO is olive greenish-brown and Co3O4 is black.10,11 1Co/Al2O3 catalysts presented a light blue color, indicating that most of the cobalt is in the form of cobalt aluminate. Increasing the cobalt loading of the catalysts, they became darker until turning black for 4%Co/Al2O3. So, the amount of Co3O4 species increased with cobalt loading and XPS helped in identifying these species.

  The identification of cobalt chemical states depends on the accurate determination of the binding energy lines. The flood gun technique was used to neutralize charge build-up on the sample surface. However, the flood gun may provide more electrons to the catalyst than those leaving it. As a result, the whole catalyst surface may charge up due to the energy of the flood gun beam. For this reason, the peak energies were corrected by reference to the C1s line at 284.8 eV. In our experiments, there was an excessive charge compensation making the peaks shift to lower binding energy at values of 0.5, 0.4, 0.3 and 0.2 eV for the catalysts with cobalt loadings of 1, 2, 3 and 4 wt. %, respectively. Other authors, such as Hilmen et al.,12 have corrected the peak energy by reference to Al2p. In our results, there was no significant difference between the correction by reference to the C1s line or to the Al2p line.

  The binding energy of the cobalt species present on the catalysts can be compared to the binding energy of reference compounds, such as Co3O4, CoO and CoAl2O4.3,12,13 According to Hilmen et al.,12 the binding energy of the Co2p3/2 peak is found at 780.2 eV for a Co3O4 bulk sample and its asymmetric shape can be explained due the slightly higher binding energy of Co2+ in relation to Co3+ (780.3 and 779.5 eV, respectively). For a bulk CoO sample, Herrera et al. 3 found a binding energy of 780.5 eV for the Co2p3/2 peak. As these cobalt species show approximately the same binding energy, it is hard to distinguish these peaks precisely. However, the Co2p3/2 peak of CoAl2O4 is found at higher binding energy, 782.0 eV, than the binding energy of the 2p3/2 peak of Co3O4 and CoO. In this way, it is possible to distinguish the cobalt aluminate Co2p3/2 peak from the other cobalt species. Therefore, the amount of CoAl2O4 could be estimated by deconvolution of the Co2p3/2 peak into two mixed Gaussian-Lorentzian curves centered at a fixed binding energy peak, 780 eV for CoO and Co3O4 species and 782.0 eV for CoAl2O4. Figure 2 shows the XPS spectra of the oxide catalyst for the Co2p region and Table 1 shows the fraction of cobalt aluminate present on the catalysts.
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  The Co2p3/2 peak of the 1Co/Al2O3 catalyst has the same binding energy of the CoAl2O4 bulk sample, as found by Hilmen et al..12 It shows that most of the cobalt species on the 1Co/Al2O3 catalyst is CoAl2O4. Increasing the cobalt content on the catalysts, the binding energy of the Co2p3/2 peak shifted to lower energy and the satellite peak intensity decreased. The first effect shows an increase of the CoO and Co3O4 fraction in relation to CoAl2O4 and the second effect points to an increase of Co3O4 species in relation to CoO. The satellite peak intensity is weaker for Co3O4 than for CoO and centered about 10 eV from the main peaks.13 In our results, the satellite peak could only be observed in the case of the 1Co/Al2O3 catalyst, Figure 2.

  The Co3O4 and CoAl2O4 species represent the two limit cases of cobalt/alumina interaction in a catalyst. The Co3O4 species has no any interaction with alumina while CoAl2O4 shows complete spinel formation.12

  Kerkhof and Moulijn14 have shown that the supported phase/support signal intensity ratio is related to the dispersion of the supported phase. In this model, the catalyst is supposed to consist of several sheets of the support with cubic particles of equal size in between. Thus, the oxide cobalt particle size can be estimated from the Co2p3/2 and Al2p intensity ratio, (ICo/IAl)crystallite, according to equation 1:

  
    [image: Equation 1]

  

  where, α = [image: Caracter 1], c is the cube edge length of the average cobalt particle and λCo is the mean escape depth of the photoelectrons from cobalt passing through cobalt oxide.

  The predicted monolayer intensity of Co and Al were calculated using the Kerkhof and Moulijn model,14 according to equation 2:

  
    [image: Equation 2]

  

  where β1 = t / λ(Al/Al) and β2 = t / λ(Co/Al). λ(Al/Al) is the mean escape depth of the photoelectrons from aluminum passing through the alumina, λCoAl is the mean escape depth of the photoelectrons from cobalt passing through the alumina and t is mean thickness of the alumina. The term (nCo/nAl)bulk is the bulk atomic ratio of cobalt and aluminum from the catalysts. The mean escape depth of the photoelectrons used were obtained from Penn.15

  The detector efficiency D is a function of the kinetic energy of the electrons and σ is the photoelectron cross sections. These parameters were substituted by the atomic sensitivity factor from the Avantage Software library, 12.62 for Co2p3/2 and 0.537 for Al2p.

  For the 1Co/Al2O3 catalyst, the ratio between the measured Co2p3/2 and Al2p intensity ratios and the predicted monolayer intensity ratio is 1.28 as shown in Table 2. As this ratio cannot be higher than 1, this result indicates that cobalt aluminate is not dispersed as in the Kerkhof and Moulijn model. For the other catalysts, the average CoAl2O4 particle size was estimated. The cobalt aluminate particle size increased with the cobalt content. As the cobalt Co2p3/2 peak from CoO and Co3O4 have approximately the same binding energy, it was not possible to separate these peaks precisely. Hence, the average particle size of CoO and Co3O4 were estimated together. The average cobalt oxide size also increased with cobalt content and they are larger than the CoAl2O4 particles. The cobalt particle size is shown in Table 2.
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  For the 1CoAl2O3 catalyst, a highly dispersed cobalt aluminate may be formed by cobalt atom migration into the bulk alumina matrix, as found by Liotta et al. 16 and Jongsomjit et al. .17

  The 1Co/Al2O3 catalyst presented only CoAl2O4 species as found by XPS, a surface analysis, and by TPR, a bulk analysis (see TPR section, below). This catalyst showed approximately the same CoAl2O4 concentration on the surface (XPS measurements) and in the bulk phase, as found by EDX analysis (Table 1). Application of the Kerkhof and Moulijn model has also shown that the cobalt aluminate species remain highly dispersed in the other catalysts as in the case of 1Co/Al2O3. In this way, the CoAl2O4 concentration on the surface was assumed as equal to the bulk concentration for all studied catalysts and the total amount of cobalt as CoAl2O4 present in the catalysts was determined by multiplying the fraction of Co as CoAl2O4 estimated by XPS by the weight fraction of bulk Co measured by EDX.

  Increasing the cobalt content in the catalysts, there was an increase in the total amount of CoAl2O4 up to 2.1 wt. % on the 3Co/Al2O3 catalyst. This shows that there is a maximum limit between 2 and 3 wt. % Co for the CoAl2O4 formation on the cobalt/alumina catalyst, when it is prepared as in the synthesis conditions described in the experimental section.

  X-Ray diffraction

  XRD analysis was used to determine the crystalline phases and to estimate the cobalt oxide crystallite size. Figure 3 shows the XRD patterns of the support and oxide catalysts. The diffraction peak at 40.0 and 66.7º are those of γ-Al2O3 and they can be observed in all samples.
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  The 3 and 4Co/Al2O3 catalysts showed diffraction peaks at 31.3, 36.9 and 59.5º. These diffraction lines can be related to Co3O4 or CoAl2O4 species.17 In this way, it was not possible to distinguish these two phases by XRD. However, CoAl2O4 species are well dispersed and there is a maximum on its formation (2.1 wt. %) in the 3Co/Al2O3 catalysts, 
    as found by XPS. This way, the increase in the cobalt diffraction peak intensity from 3 to 4Co/Al2O3 catalysts on the XRD patterns may be attributed to the Co3O4 species. The diffraction peaks of CoO, 42.6 and 61.8º,17 could not be observed in the XRD patterns. It may due to its low loading, which can lead to a very small particle size or the CoO particles were amorphous.

  The average Co3O4 crystallite size was calculated from the most intense Co3O4 peaks at 36.9º using the Scherrer equation. These results can be observed in Table 2.

  The average crystallite sizes found by XRD were quite larger than the particle size found by XPS. In the case of XPS, the particle size was estimated from the Co2p3/2 peak associated with photoelectrons leaving the CoO and Co3O4 particles, not only from the crystalline Co3O4 particles. Thus, the particle size calculated by XPS is probably an average of small CoO and large Co3O4 particles.

  Temperature programmed reduction

  TPR can help with the identification and quantification of the cobalt oxide species supported on alumina. The TPR profile for 1Co/Al2O3 didn't show any significant hydrogen consumption, Figure 4a. This shows that there was only irreducible cobalt species present on this catalyst, in the form of CoAl2O4, as suggested by Jongsomjit et al..17 XPS analysis showed that 93 wt. % of these species are cobalt aluminate. The presence of this species on the catalysts is not desired, since only metallic cobalt particles are able to decompose methane and grow carbon nanotubes.
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  The TPR profile of the 2Co/Al2O3 catalyst showed four small reductions peaks, suggesting that there are four different reducible cobalt species. The peak at 364 ºC is attributed to the reduction of an amorphous cobalt oxide similar to bulk Co3O4.18 The peak around 507 ºC is attributed to the two-step reduction of Co3O4. This reduction temperature is higher than the reduction temperature of a bulk Co3O4 sample. This shift to higher temperatures demonstrates that there is an interaction between the support and the cobalt oxide particles.19 The small peak at 737 ºC is associated with the reduction of CoO linked to alumina19 and the reduction peak at 1000 ºC is attributed to reduction of cobalt aluminate.20

  The irreducible cobalt aluminate present in the 
    1Co/Al2O3 catalyst may have different structure from the reducible aluminate present in the 2Co/Al2O3 catalyst. The cobalt aluminate spinel may be a partly inverse spinel, in which some Co2+ ions are placed in unstable octahedral positions, or a normal spinel, with Co2+ ions placed in stable tetrahedral positions. Because of their different stability, Co2+ ions in partly inverse spinel are reduced at lower temperatures than in normal spinel.

  The reduction profile for the 3Co/Al2O3 catalyst also showed four different reducible cobalt species, as in 
    2Co/Al2O3. However, the fraction of each reduced cobalt species was different. The fraction of Co3O4 (peak at 507 ºC) 
    was higher for 3Co/Al2O3 than for 2Co/Al2O3. This peak was also intense in the TPR profile of the 4Co/Al2O3 catalyst, in agreement with its X-ray diffractogram.

  The degree of reduction is an important parameter on catalyst activity and different cobalt oxide species require different amounts of hydrogen to be reduced to its metallic form. The fraction of the cobalt present as Co3O4 species can be estimated from the hydrogen consumption from 130 to 645 ºC. This reduction corresponds to the following reaction: Co3O4 + 4H2 → 3Co + 4H2O. Thus, a molar ratio of 1.33 H2/Co is required. The CoO and CoAl2O4 species demand a molar ratio of 1H2/Co for their reduction.18,19 In this way, it was possible to estimate the total hydrogen consumption for a complete catalyst reduction and the degree of reduction was then calculated. Table 3 shows the degree of reduction for the several catalysts.
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  The degree of reduction increased with the cobalt content in the catalyst. However, there was a large cobalt fraction that was not reduced in all studied catalysts. The strong interaction between cobalt and alumina can form surface and bulk spinels that are not easily reduced.21 The trend of increasing degree of reduction with the cobalt content was previously observed for the Co/Al2O3 catalysts.21

  While all Co3O4 was reduced to its metallic form, only a small fraction of CoO and CoAl2O4 was reduced from 645 to 1000 ºC. In this way, the overall fraction of CoO and CoAl2O4 could not be determined by TPR. However, the fraction of CoO can be calculated by the subtraction of the Co3O4 fraction determined by TPR from the CoAl2O4 fraction estimated by XPS. XPS was used to estimate the CoAl2O4 concentration, considering that this species is uniformly distributed through the catalyst, as discussed before. Figure 5 shows the distribution of cobalt species for the catalysts.
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  The increase of cobalt loading on the catalysts led to a higher formation of reducible Co3O4 as compared to reducible CoO and CoAl2O4 species. From Figure 5 we can also note that the weight percentage of cobalt as irreducible CoAl2O4 did not increase much, increasing with the cobalt content up to the 3Co/Al2O3 catalyst while the formation of irreducible CoO keeps increasing. These changes in composition affect the catalyst color and they became darker with the increase of Co3O4 species.

  Chemisorption

  A better representation of the cobalt particle as it stands before the carbon nanotube reaction can be done by its characterization in the reduced or in the passivated state. The chemisorption measurements may be used to estimate the average metallic particle size. For this, it is necessary to know the catalyst degree of reduction at the beginning of reaction. So, the pretreatment degree of reduction was determined by a new TPR after the reduction step. The difference between the hydrogen consumption for reduction of the oxide catalysts and for the partially reduced catalysts is related to the hydrogen consumption during the reduction pretreatment step. Table 3 shows values of the pretreatment degree of reduction of the catalysts. The pretreatment degree of reduction increased with cobalt loadings up to 22%. After pretreatment, the catalysts show values of degree of reduction similar to the degree of reduction observed after the standard TPR. So, an increase in the temperature of catalyst reduction during the pretreatment reduction step would not increase the final degree of reduction. Additionally, static H2 and CO chemisorption measurements were used to determine the dispersion and average particle size of the metallic cobalt particles. These reduced species are related to the catalyst activity and structure of carbon nanotube growth. There is a correlation between the size of the catalyst particles and the CNT diameter.22-24 The average particle size was calculated from total H2 uptake and from irreversible CO uptake using a stoichiometric adsorption ratio of 2 and 1, respectively. Table 4 shows the total and irreversible H2 and CO uptakes and average particle size.
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  H2 and CO uptakes increased with cobalt loading and higher values were obtained for CO uptake, as previously reported by Reuel and Bartholomew.8 Besides, the total 
    H/Co and irreversible CO/Co ratios have shown some increase with increasing metal loading. In this way, the 4Co/Al2O3 catalyst showed better metallic dispersion and smaller metallic particle size than 2 and 3 wt. % cobalt catalysts. However, in the oxidized state, the particle size increased with the increase of cobalt loading. Nevertheless, the 2 and 3 wt. % cobalt catalysts showed cobalt oxide particles that are reduced at low temperature (see TPR profile). These metallic particles may have agglomerated on the reduction pretreatment step.

  To clarify the cobalt agglomeration during the reduction pretreatment, the reduced catalysts were re-oxidized with 1.0% O2/He (30 mL min-1) during 2 h at 550 ºC. Then, these catalysts were analyzed by XRD. The particle size of the 1 and 2 wt. % cobalt catalysts could not be estimated due the low Co3O4 peak signal. However, the particle size of 3Co/Al2O3 increased from 10.0 to 14.3 nm and the 
    4Co/Al2O3 catalyst didn't change much its particle size, 14.2 nm. These results support the particle agglomeration suggestion during the reduction pretreatment.

  These re-oxidized samples were also studied by XPS measurements, Figure 6. There was no significant difference between the XPS spectra of 1Co/Al2O3 in the oxide and passivated state. This result agrees with TPR findings, where no reduction was observed for the 
    1Co/Al2O3 oxide catalyst. Thus, there was no chemical change in its composition after the reduction and passivation steps. The XP spectrum of the other passivated catalysts showed small differences in their profile in relation to oxide profile. These differences can be observed in the inset graph of Figure 6. The 2, 3 and 4Co/Al2O3 catalysts showed two main peaks in the inset. The first peak, at 778.2 eV, represents the increase of the metallic phase,3,12 and the second peak (negative), at 780.3 eV, represents the decrease of cobalt as oxide species in the passivated catalyst in relation to the oxide catalysts.
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  The fraction of metallic phase, R, can also be obtained by using the following equation:25

  
    [image: Equation 3]

  

  The fraction of metallic phase increased with the cobalt loading, Table 2.  However, the degree of reduction found by XPS is significantly lower than that calculated by TPR. The passivation step produces a cobalt oxide shell on the metallic cobalt particle and the cobalt fraction on the oxide shell is higher on small particles. Moreover, XPS is a surface method while TPR is a bulk method.

  Carbon nanotube production and characterization

  TEM

  Carbon nanotube production was characterized by SEM and TEM. The SEM images showed low-density carbon deposits in the case of the 1, 2 and 3Co/Al2O3 catalysts. However, the 4Co/Al2O3 catalyst showed a high carbon density, Figure 7a. Increasing the SEM magnification, the image shows that most of the surface is covered by carbon filaments, Figure 7b. From Figure 7c along with other images, the filament average diameter was estimated as 13 nm (73 filaments measured). The average diameter of metallic cobalt particles found by H2 chemisorption was approximately the same of the average diameter of the filaments, 14.2 nm. TEM images show that theses filaments are carbon nanotubes and most of them are multi-walled carbon nanotubes (MWNT). Figure 7d shows MWNT growth on the 4Co/Al2O3 catalyst.
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  TPO

  The total carbon yield during the reaction step was defined as the mass of carbon deposited per mass of catalyst. 1Co/Al2O3 didn't show any significant carbon deposition. In this catalyst, most of the cobalt is present as cobalt aluminate and it could not be reduced during the reduction pretreatment. Table 5 shows the total carbon yield for the several catalysts. The carbon yield is proportional to the metallic surface area. The 4Co/Al2O3 catalyst showed the highest production, 37.5%.
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  Combining the data obtained from TPO, Raman and electron microscopy, it was possible to estimate the amount of each carbon species produced in the reaction step. Three main different species can be produced in the carbon nanotube reaction step. These different carbon species oxidize at different temperatures. The TPO profiles of the carbon species present on the catalysts are illustrated in Figure 8. The 2 and 3Co/Al2O3 catalysts showed low selectivity toward carbon nanotubes. In their profiles, there is a large peak at 380 ºC related to amorphous carbon oxidation. These catalysts have shown metallic particle agglomeration in the reduction pretreatment. These agglomerated particles may not have the adequate shape or size for carbon nanotube growth. Table 5 shows the catalyst activity and selectivity of catalysts.
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  Raman

  Raman spectroscopy provides information about the structure of carbon nanotubes and other carbon species. The tangential mode, called G band, at 1590 cm-1 is used to identify the presence of ordered carbon-like graphite and carbon nanotubes. The D band at 1350 cm-1 is related to defects on the carbon nanotube structure and the presence of amorphous carbon.26-28 The intensity of the D band relative to the G band has been used as qualitative measurement of the formation of undesirable forms of carbon on nanotube production. Figure 9 shows the Raman spectra of carbon deposits formed on the catalysts.
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  The carbon deposits on the 2 and 3 Co/Al2O3 catalysts showed high D/G intensity ratios. These results indicate the presence of amorphous carbon and/or poorly structured carbon nanotubes, which were not observed on the SEM images. The TPO profile of these samples showed that most of the carbon deposits were amorphous carbon.

  The D/G intensity ratio of carbon deposits on 4Co/Al2O3 was lower than on the 2 and 3Co/Al2O3 catalysts. The TPO profile also showed a decrease in the amorphous carbon fraction.

  The influence of amorphous carbon in the Raman spectrum was verified by its oxidation for the 4Co/Al2O3 catalyst. The oxidation consisted of a flow of 1% O2/He (30 mL min-1) at a heating rate of 2 ºC min-1 up to 350 ºC. Then, the sample was cooled under He flow until room temperature and a new TPO profile and a Raman spectrum were acquired, Figure 8d and Figure 9d, respectively. The new TPO profile showed a smaller fraction of amorphous carbon and the remnant carbon species deposited on the catalysts did not change their oxidation profile significantly. In the case of the Raman experiments, the D/G intensity improved to 0.5, indicating the amorphous carbon was removed by the oxidation at 350 ºC.

  The carbon deposits on the 4Co/Al2O3 catalyst showed two small peaks at 167 and 183 cm-1. These peaks are associated with single-walled carbon nanotubes (SWNT) and they are called radial breathing mode (RBM) peaks. TPO showed that 29% of carbon deposits on 4 Co/Al2O3 were SWNT. Some oxide species, like CoO, Co3O4 and CoAl2O4 can also show Raman peaks in the RBM region. In order to identify the cobalt oxide peaks, a Raman spectrum of the 4Co/Al2O3 oxide catalyst was acquired, Figure 9e. There was not any overlap between the RBM peaks and the cobalt oxide peaks. So, the peaks found at 167 and 183 cm-1 on spectra c and d in Figure 9 are from SWNT.

   

  Conclusions

  There are three main cobalt species in Co/γ-Al2O3 catalysts, CoAl2O4, CoO and Co3O4. Most cobalt in the 
    1Co/Al2O3 catalyst was present as CoAl2O4. This species was irreducible and highly dispersed on the support. Increasing the cobalt content of the catalysts led to a higher formation of Co3O4 as compared to the reducible CoO and CoAl2O4 species.

  Catalysts with 2 and 3 wt. % of cobalt have cobalt oxide particles that reduced at low temperatures, lower than 400 ºC. These particles agglomerated during the pretreatment step. These particles may not have the shape or size for carbon nanotube production.

  The 4Co/Al2O3 catalyst showed high selectivity toward carbon nanotube production, mainly MWNT. The average metallic particle size is approximately the size of the carbon nanotube diameter, with the same correlation found in the literature.
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    Dibutilmetoxiestananas são conhecidas por catalisar a reação entre dióxido de carbono e metanol, produzindo dimetil carbonato. Apesar das similaridades entre din-butil- e diterc-butildimetoxiestanana, os complexos isolados ao fim do reciclo tem características estruturais diferentes. Na série din-butil, um complexo decaestanho(IV) foi caracterizado e é menos ativo que o precursor estanana. Experimentos cinéticos indicam que todos os centros de estanho não são ativos, o que é confirmado quando se compara com o complexo binuclear relacionado 1,3-dimetoxitetran-butildistanoxana. Na série diterc-butil, o complexo triestanho(IV) isolado após o reciclo apresenta características relacionadas ao efeito estérico dos ligantes auxiliares volumosos tBu. A ligação de hidrogênio encontrada na estrutura SnOH. . .O(H)CH3 prevê uma troca Sn-OH/Sn-OCH3, uma etapa crucial para encerrar o ciclo catalítico. Cálculos de densidade funcional ressaltam que a troca Sn-OH/Sn-OCH3 é endotérmica. Analisando conjuntamente, os resultados são promissores no papel dos complexos de baixa nuclearidade na síntese de dimetil carbonato.

  

   

  
    Dibutyldimethoxystannanes are known to catalyze the reaction between carbon dioxide and methanol leading to dimethyl carbonate. Despite similarities between din-butyl- and ditert-butyldimethoxystannane, the recycled complexes have different structural features. In the din-butyl series, a decatin(IV) complex has been characterized and is less active than the stannane precursor. Kinetic experiments likely indicate that all the tin centers are not active, which is confirmed in comparing with the related dinuclear 1,3-dimethoxytetran-butyldistannoxane complex. In the ditert-butyl series, the tritin(IV) complex isolated upon recycling features the steric effect of bulky tBu ancillary ligands. Interestingly enough, the SnOH. . .O(H)CH3 hydrogen bonding found in the structure prefigures Sn-OH/Sn-OCH3 interchange, a crucial step for closing the catalytic cycle. Density functional calculations highlight that the Sn-OH/Sn-OCH3 exchange is endothermic. Taken together, the results cast a clear light on the significant role of complexes of low nuclearity for dimethyl carbonate synthesis.

    Keywords: carbon dioxide, dimethyl carbonate, dibutyltin(IV) complexes, kinetics, DFT calculations

  

   

   

  Introduction

  Waste minimisation, solvent selection, atom economy, catalysis, alternative synthetic routes from sustainable resources are issues addressed in the Green Chemistry approach.1 Accordingly, the challenge in fundamental research is to provide tools and understanding for developing cleaner reaction pathways and products. For example, dialkyl- and diaryl carbonates are interesting targets since their conventional production involves the use of toxic phosgene or carbon monoxide rendering scale-up production problematic.2 Among them, dimethyl carbonate (DMC) has low toxicity, rapid biodegradability,3 low impact on air quality,4 and new applications are making progress in different sectors (e.g ., polymers, fuels, organic synthesis).5 Greener processes for DMC synthesis are currently studied according to three main reaction routes: (i) carbonate transesterification, (ii) urea methanolysis, and (iii) methanol carbonation.6 On a stoichiometric basis, the carbonation of methanol, so-called direct synthesis of DMC, is more attractive because atom economy7 is highest, 83 wt. %, forming only 17 wt. % of water as the by-product (equation 1).

  
    [image: Equation 1]

  

  Moreover, equation 1 contributes to the direct fixation of carbon dioxide and, hence, to its use as renewable C1 feedstock (i.e., recycling for producing chemicals), which is one of the challenges to carbon storage for mastering anthropogenic emissions.8 Only a limited number of processes have thus far reached industrial stage, including production of urea, salicylic acid, organic carbonates and polycarbonates, methanol, and inorganic carbonates.9 Being non toxic, easy to handle, to manipulate and to store, such a C1 synthon is obviously superior to phosgene and carbon monoxide.10 However, not surprisingly, carbon dioxide is much less reactive, and its transformation into organic chemicals is better achieved with high-energy co-reactants in the presence of catalysts.

  It has been reported since nearly two decades that mono- and dialkyltin(IV) complexes promote equation 1 under solventless conditions with a positive effect of CO2 pressure,11,12 taking, therefore, advantage of monophasic supercritical conditions.13 These complexes were found to be totally selective to DMC, but they exhibit low turnover numbers (< 10). The reaction mechanism is poorly understood, justifying further studies for improvement of catalyst design and reaction conditions. We previously reported that CO2 inserts into Sn-OR bonds of a series of din-butyldialkoxystannanes,12 and stressed the role of monomeric din-butyldimethoxystannane for DMC formation by carrying out kinetic experiments and DFT calculations.14 Attempts to recycle the active species definitely showed an intricate network of organometallic reactions leading to polynuclear complexes, less active than the stannane precursor.15,16 Water is the by-product of equation 1 that accumulates in the reaction medium as DMC formation proceeds. Hence, hydrolysis of organometallic species may be at the origin of activity drop in hampering din-butyldimethoxystannane to be quantitatively recycled. In line with this thought, in situ water trapping has been shown to boost DMC conversion.17 Shifting from n-butyl groups as ancillary ligands to more bulky tert-butyl ones led to recycling different polynuclear species.18

  The results herein reported provide new insight into the activity of recycled species from nBu2Sn(OCH3)2 and tBu2Sn(OCH3)2 on the basis of kinetics experiments and DFT calculations. On the one hand, kinetic analysis at the early stage of the reaction shows recycled high nuclearity tin species are less active than low nuclearity ones. On the other hand, DFT calculations provide the energy profile of hydroxy-methoxy ligand interchange, a key step in recycling the active species.

   

  Results and Discussion

  Kinetics experiments

  The kinetics experiments were performed at high pressure (around 20 MPa) to ensure the reaction was occurring under monophasic conditions (supercritical phase) in all the cases. This was assessed by visual observation with a reactor equipped with sapphire windows as well as from fluid phase equilibria modeling.16 Importantly, monophasic conditions allowed us to run the reaction under constant volume, therefore, under known concentrations for the kinetic study. Several related dibutyltin(IV) complexes were compared aiming at identifying parameters that govern optimum recycling of the active species.

  As depicted in Figure 1, nBu2Sn(OCH3)2 precursor is active in DMC formation with smooth increase during 50-hour run, showing at first the reaction is not limited by thermodynamics. After depressurization of the reactor followed by workup procedure, the solid residue was reloaded into the reactor for checking the recyclability of the catalytic system. As a matter of fact, the reloaded species is less active (Figure 1).

  
    

    [image: Figure 1. DMC formation with reaction]

  

  Nevertheless, further recyclings (up to six) led to the same kinetic profile. Attempt to characterize the tin residue was successful. A molecular complex containing 10 tin atoms could be crystallized and characterized by single-crystal X-ray diffraction (Scheme 1).16 The structure shows two interesting features in connection with its activity. Firstly, all the tin centers bear two n-butyl groups, showing that the C(sp3)-Sn bonds are stable under the reaction conditions. Secondly, three different pentacoordinated tin atoms coexist, bearing oxo-, methoxy and carbonato ligands. Consequently, the lower reaction rate observed for recycled species may be ascribed to the presence of inactive tin centers.

  
    

    [image: Scheme 1. Structure of the decatin species]

  

  Determination of the partial kinetic order in tin corroborates the hypothesis. The study was performed at 411 K with initial tin concentration ranging from 0.35 × 10–2 to 10 × 10–2 mol L–1. At the early stage of the reaction, DMC yield increases linearly with time, which allowed us to calculate the initial rate, r0, from linear regression from a significant number of online samplings for analysis according to the rate law r0 = (d[DMC]/dt)t0 = k[Sn]a[CO2]b[CH3OH)c. Pseudo zeroth-order in CO2 and methanol concentrations applies due to their large molar excess relative to tin (> 150), thereby reducing the rate law to r0 = kobs[Sn]a. The obvious advantage of the initial rate method lies in preventing rate interference of subsequent reactions, if any. The calculated tin partial order of 0.20 ± 0.05 unambiguously shows only a fraction of the tin centers play a significant role in the initial rate (Figure S1, in the Supplementary Information (SI) section).

  As shown in Scheme 1, the decatin backbone arises from nBu2Sn(IV) fragments being connected together via oxo, methoxy, and carbonato ligands. In order to assess the individual reactivity of such subunits, known compounds having close elemental composition were studied. Only dibutyltin(IV) complexes with the oxo and methoxy ligands have been previously isolated and characterized. The complex nBu2SnO is a commercial product, air stable, and insoluble in conventional solvents at room temperature due to its crosslinked polymeric (nBu2SnO)n structure.19 The air-sensitive 1,3-dimethoxytetrabutyldistannoxane complex, (nBu2SnOCH3)2O, is easily prepared according to conproportion equation 2.15

  
    [image: Equation 2]

  

  The kinetic profile of these two complexes was determined at 411 K and compared with those of nBu2Sn(OCH3)2 and the decatin species (Figure 2).

  
    

    [image: Figure 2. DMC formation with reaction time]

  

  Clearly, Bu2Sn(OCH3)2 is by far the most active, with tin first-order,14 providing the highest initial rate with turnover frequency (TOF) of 0.096 h–1. The distannoxane comes next (TOF = 0.041 h–1). Tin partial order for the distannoxane was calculated to be 0.5 ± 0.05, which strongly suggests one tin center out of two is involved in the catalytic cycle (Figure S2). Hence, the distannoxane likely disproportionates into the stannane and the oxide under the reaction conditions (the reverse of equation 2), the stannane being predominantly responsible for DMC formation. The decatin and oligomeric nBu2SnO complexes exhibit the lowest initial rate with TOFs of 0.026 and 0.022 h–1, respectively, which indicates high nuclearity of the tin complex hampers DMC formation under the reaction conditions herein used. One approach to promote low nuclearity consists in tuning the steric effect of the ancillary butyl ligands. For the time being, ditert-butyldimethoxystannane reveals this steric effect for DMC formation.

  Figure 3 reports the kinetics of DMC formation with tBu2Sn(OCH3)2 under the same conditions as those of Figure 1. However, the recycled species is barely less active than the stannane contrasting with the n-butyl case, with initial TOFs of 0.045 and 0.066 h–1, respectively. Further recyclings (up to four) gave the same kinetic profile.
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  The tin residue from recyclings was successfully characterized by single-crystal X-ray diffraction as trinuclear cluster solvated by methanol molecules (Scheme 2).18

  
    

    [image: Scheme 2. Structure of the trimeric species]

  

  Each tin atom is pentacoordinated with two tBu ligands, showing the two Sn-C bonds are stable under the reaction conditions as in the nBu case. In connection with DMC formation, the main feature is the presence of oxo, hydroxy, and carbonato ligands. The hydroxy ligands have formally replaced the methoxy groups of the decatin structure. Moreover, the SnOH. . .O(H)CH3 hydrogen bonding characterized in the structure between hydroxy and methanol may significantly prefigures the Sn-OH/Sn-OCH3 interchange with the concomitant formation of water. This step is crucial for closing the catalytic cycle as we have previously established that the insertion of CO2 into Sn-OCH3 bond to give the hemicarbonate Sn-OC(O)OCH3 is a key elementary step to DMC.14 It was, therefore, relevant to calculate the energetics of the Sn-OH/Sn-OCH3 transformation as discussed in the following sub-section.

  Modeling study

  DFT calculations were performed at first with tBu2SnO to compare the optimized structure and bond distances with those obtained from previous X-ray analysis.20 The X-ray structure shows the complex crystallizes as trimer with planar 6-membered SnO ring, and the optimized calculated structure nicely fits the experimental one (Scheme 3a). In addition, the Sn-O and Sn-C bond lengths are in agreement. The effect of bulky butyl groups was further evidenced by comparing the structure of [(CH3)2SnO]3 in which tBu groups have been replaced by methyl ones (Scheme 3b). The trimeric structure could be optimized having also tetracoordinated tin centers, but the 6-membered SnO ring is no longer planar with slightly shorter Sn-O and Sn-C bonds.
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  Nonetheless, when tin exhibits pentacoordination as in the structure depicted in Scheme 4, less steric constraint was evidenced. The corresponding optimized structure with methyl ligands, [(CH3)2Sn(OH)2]{[(CH3)2Sn]2(O)(CO3)}.3CH3OH, is consistent with the X-ray structure of Sn3-(OH)2.3CH3OH (Table S1).
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  This benchmarking study allows us to rely on the calculations of the energetics of the Sn-OH/Sn-OCH3 exchange process with [tBu2Sn(OR)2][(tBu2Sn)2(O)(CO3)], (R = H: Sn3-(OH)2; R = H, CH3: Sn3-(OH)(OCH3); R = CH3: Sn3-(OCH3)2). The optimized geometries are given in Scheme 4, and relevant charges and bond lengths in Figures S1 and S2, respectively. All the structures are very similar, tin retaining its pentacoordination. No drastic differences are evidenced in charges and bond lengths (Figures S3 and S4).

  The energy profile of the three compounds given in Figure 4 shows the dihydroxo species to be more stable than the mixed hydroxo-methoxy and dimethoxy ones. However, the difference is small amounting to 11.6 and 15.4 kJ mol–1, respectively.
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  The interchange between hydroxo and methoxy will, therefore, be driven by the experimental conditions, e.g., excess of methanol and temperature. It is worth noting that methanol solvation as observed in Sn3-(OH)2.3CH3OH likely leads to lower energy. Infrared spectra also reveal methanol hydrogen bonding. The carbonato signature for Sn3-(OH)2 was calculated at 1651 (νC=O) and 1130 (νC-O) cm–1, shifting to 1549 (νC=O) and 1282 (νC-O) cm–1 with methanol hydrogen bonding in agreement with the experimental spectrum (1549 and 1291 cm–1).18

   

  Conclusions

  The dibutyltin(IV) complexes characterized during the recycling experiments from the reaction between CO2 and methanol to afford DMC and water are polynuclear species. The kinetics of DMC formation is correlated with the nuclearity of the recycled species. The lower the nuclearity, the highest is the initial rate. DFT calculations point out tin-hydroxy fragment can be transformed into tin-methoxy in the presence of methanol. The process being endothermic, increasing reaction temperature and methanol concentration likely promotes tin-methoxy species and thereby the concentration of active species.

   

  Experimental

  General

  All manipulations were carried out under argon by using standard Schlenk tube techniques. Methanol and toluene (Carlo Erba, RPE grade) were dried and distilled from Mg(OCH3)2 and CaH2, respectively. Carbon dioxide N45 TP (purity 99.995%) was purchased from Air Liquide and used without further purification.nBu2SnO was purchased from Aldrich. The other tin complexes have been synthesized and fully characterized previously in our group.12,15,16,18

  Kinetics experiments

  Caution: when high pressures are involved, appropriate safety precautions must be taken.

  In a 56 cm3 stainless steel batch reactor equipped with magnetic stirrer bar and internal thermocouple, was introduced under argon a methanolic solution or suspension (9 cm3) of the tin complex (Sn = 1.5 mmol). Then, a known mass of liquid CO2 (ca. 20 g, 454 mmol) was transferred at room temperature with a high-pressure ISCO-260 pump, and the reactor was heated up to the desired temperature. DMC formation with time was determined by online analysis of the reaction mixture with a high-pressure sampling loop of 0.090 cm3. After the last sampling, the reactor was cooled down to 273 K, gently depressurized, and the liquid phase transferred for quantitative gas chromatography (GC) analysis using toluene and diethyl carbonate as internal and external standards, respectively. Comparison between these two procedures of DMC analysis gave a fit better than 3% (relative error). GC analysis was performed on a Fisons 8000 equipped with a J&W Scientific DB-WAX 30 m capillary column and FID detector. Blank test experiments showed no DMC formation in the absence of the tin complexes.

  DFT calculations

  The Amsterdam Density Functional (ADF) code was herein used for all the calculations.21-23 The PBE gradient-corrected exchange-correlation functional24 and the Triple Zeta plus Polarization (TZP) basis set were retained for all the calculations, with small frozen cores. All the structures were characterized by vibrational analysis in the harmonic approximation, with no imaginary frequency for stable states.

   

  Supplementary Information

  Supplementary Information (tin order determination, selected charges and bond lengths for Sn3-(OH)2, 
    Sn3-(OH)(CH3) and Sn3-(CH3)2, and selected bond lengths for Sn3-(OH)2.3CH3OH) is available free of charge at http://jbcs.sbq.org.br.
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      [image: Figure S1. (a) Initial rate of DMC formation]

    

    
      

      [image: Figure S2. (a) Initial rate of DMC formation with the distannoxane]

    

    In Figures S1a and S2a, the zero value of the time scale corresponds to starting heating up to 411 K. Therefore, DMC is analyzed after the reaction mixture has reached 411 K, i.e., after 0.5 h on average. With the decatin complex (Figure S1a), DMC is even analyzed at higher reaction times which suggests the active species is formed after an induction period.
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    Neste trabalho, foi estudado o desempenho catalítico de materiais a base de Ni, suportado em cério dopado com Zr, Pr e Nb para serem usados como anodos em células a combustível de óxido sólido (SOFC) alimentadas com combustíveis contendo metano e CO2. Os anodos foram preparados pelo método hidrotérmico, usando um teor de Ni (14% em volume) menor do que o utilizado em anodos convencionais (30% em volume). Os materiais obtidos foram caracterizados através de análises de difração de raios X, redução à temperatura programada, espectroscopia Raman e termogravimetria. Os resultados mostraram que o material contendo Zr apresentou o menor tamanho de cristalito de níquel metálico, o que levou a um maior valor de atividade inicial na reação de reforma seca do metano a 1073 K. Entretanto, o catalisador Ni/CePr apresentou a menor quantidade de carbono formada. Isto foi atribuído à maior mobilidade de oxigênio do suporte CePr, o que promove o mecanismo de remoção do carbono.

  

   

  
    In this work, the catalytic performance of Ni supported on ceria doped with Zr, Pr and Nb used as anodes for solid oxide fuel cell (SOFC) operating directly on fuels containing methane and CO2 was studied. The anodes were prepared by a hydrothermal method using a Ni content (14 vol%) lower than that of a conventional SOFC anodes (30 vol%). The materials obtained were characterized by X-ray diffraction, temperature-programmed reduction, Raman spectroscopy and thermogravimetric analyses. The results showed that the sample containing Zr exhibited the lowest Ni crystallite size, which led to a high initial activity on dry reforming of methane at 1073 K. However, the Ni/CePr catalyst showed the lowest carbon formation. This was attributed to the higher oxygen mobility of CePr support that promotes the carbon removal mechanism.

    Keywords: nickel/doped ceria, SOFC anodes, CO2 reforming of methane

  

   

   

  Introduction

  The solid oxide fuel cells (SOFC) technology has been considered as an attractive energy conversion system. It has several advantages such as high efficiency, relatively low sensitivity to impurities, and possibility for operation with an internal reformer.1,2 In the case of the direct internal reforming solid oxide fuel cell (DIR-SOFC), the complexity and costs of the fuel cell system are reduced, since the available fuels (hydrocarbons or alcohols) can be fed straight to the anode side of SOFC and reformed to H2 without the use of an external reformer. In addition, the conversion of these fuels at the anode side can be promoted due to the H2 consumption by the electrochemical reaction, leading to high conversions and high efficiency.3-5

  Associated gas or biogas fueled SOFC system is a potential technology for electric power generation, since it can contribute to reduce CO2 emissions. The associated gas produced in the world's largest deepwater field in Brazil contains a significant amount of carbon dioxide that has to be removed before its use. In the case of biogas or landfill gas (LFG), this gaseous mixture containing, mainly methane and carbon dioxide, is produced by anaerobic digestion or fermentation of organic matter such as sewage sludge, municipal solid waste (MSW), etc. Therefore, the emission of biogas to the atmosphere may contribute significantly to the greenhouse gas effect. Biogas fuelled SOFC can produce electricity with high efficiency (30-40%) even in small size power generations (< 20 kW).6 When associated gas or biogas is fed straight to SOFC, H2 and CO are produced by the CO2 reforming of methane, the so called dry reforming of methane (DRM).

  The Ni/YSZ cermets are typically used as anode for SOFC systems.7-9 Ni provides electronic conductivity, while YSZ provides the ionic conductivity and thermal stability. However, in order to exceed the percolation threshold for electronic conductivity, a high Ni content (above 30 vol. %) is necessary. Since Ni is very active to reforming as well as cracking reactions, such a high volume fraction favors carbon formation when hydrocarbons such as methane are used directly as a fuel in SOFC. The carbon deposits on metal sites of anodes, resulting in the rapid degradation of the cell performance.7,8,10 It is well known that catalyst deactivation due to carbon deposition is one of the main issues of the dry reforming of methane.11,12 Therefore, the development of anodes for SOFC running on associated gas or biogas that exhibit high catalytic activity, high stability and adequate ionic and electronic conductivity at working conditions is still a challenge. Some strategies have been proposed for suppressing carbon deposition over SOFC anodes such as: (i) the addition of an oxidant to the feed; (ii) the decrease in Ni content and; (iii) the use of redox supports.

  The use of an excess of carbon dioxide in the DRM reaction could avoid carbon deposition on the anodes.13 However, the use of high CO2/CH4 ratios decreases the electrical efficiency of the SOFC by the dilution of fuel, the yield of hydrogen and the system efficiency.13

  Decreasing the Ni content of the anode aims at controlling the ensemble size, while keeping the appropriate electronic conductivity. The nickel particle size significantly influences the nucleation rate of carbon.14 Therefore, controlling the number of atoms in an ensemble will most likely suppress the coke formation rate. In this sense, the anode preparation method may play a critical role in determining anode stability during DRM. Some authors15,16 reported the use of SOFC anodes with low Ni content (ca. 10-18 wt. %) prepared by alternative methods. Jasisnky et al.15 showed that the conductivity under H2 of anodes with 14 vol. % of Ni prepared by a net shape procedure was similar to the conductivity of the cermet with 35 vol. % of Ni synthesized by a conventional technique. On the other hand, Moddaferi et al.16 reported that Ni based anodes with low metal content (5 wt. % Ni and 5 wt. % Ru) prepared by the hydrothermal method did not exhibit carbon formation during oxidative steam reforming (OSR) of propane under SOFC operation conditions.

  Another possibility is the use of redox supports such as ceria and ceria-mixed oxides instead of YSZ in order to improve catalyst stability. These supports play an important role on the mechanism of carbon removal during DRM.17-19 The support participates in the dissociative adsorption of CO2 near the metal particles, transferring oxygen to the surface of the metallic particle containing carbon deposits. Therefore, the use of supports that exhibit a high oxygen exchange capacity, such as ceria and ceria-mixed oxides, promotes the mechanism of carbon removal. Some authors20,21 showed that adding dopants, such as Zr, to ceria structure promotes the reduction of the bulk ceria, which was attributed to an improvement of the oxygen mobility. In addition, ceria exhibits a mixed ionic and electronic conductivity due to the reduction of Ce4+ to Ce3+, which improves the electrocatalytic activity of the anode. Moreover, higher ionic conductivities were obtained when ceria was doped with trivalent cations, such as Gd, Sm and Y2 or Pr.22-25 It was also reported that doping ceria with elements of valence higher than 4+, such as Nb5+, leads to an increase of electronic conductivity.26

  However, only few studies reported the use of nickel/doped ceria anodes of SOFC running on methane and CO2.27,28 Bornura et al.27 detected the carbon formation on NiCu/GdCe catalysts during dry reforming of biogas at a reaction temperature ranging from 923 to 1073 K. The catalytic behavior of Ni supported on ceria-based anodes doped with Zr, Gd or Pr for methane reforming was evaluated by Gaudillèrea et al.28 The effect of addition of water and CO2 to a reactant mixture containing CH4 and O2 was studied. However, the catalytic tests were performed at very low temperatures (673-873 K) that are not typical of SOFC operating conditions. In addition, they observed that, in the presence of CO2, most of Ni/ceria catalysts are not active.

  Therefore, the aim of this work is to study the catalytic performance of Ni supported on ceria doped with Zr, Pr and Nb as anodes for SOFC operating directly on methane and CO2. The anodes were prepared by a hydrothermal method using a Ni content (14 vol%) lower than that of a conventional SOFC anodes (30 vol%). The materials obtained were characterized by X-ray diffraction (XRD), temperature-programmed reduction (TPR) and Raman spectroscopy. Thermogravimetric analyses (TG) were carried out to measure and characterize the carbonaceous deposits formed during the reaction. The catalytic performance of the samples for DRM was evaluated, using a conventional fixed-bed reactor at the reaction temperature typical of a SOFC (1073 K).

   

  Experimental

  Catalyst preparation

  The supports were synthesized by a hydrothermal method previously described elsewhere.16,29 An aqueous solution of precursors salts (cerium (IV) ammonium nitrate, zirconium and praseodymium nitrate, or ammonium niobium oxalate) was prepared with a Me/Ce molar ratio of 1/9 (Me = Zr, Pr or Nb). Cerium and zirconium, praseodymium or niobium hydroxides were then co-precipitated by the addition of an excess of ammonium hydroxide. The precipitate was transferred to an autoclave and heated to 453 K for 4 h. Then, the precipitate was washed with distilled water and calcined at 573 K (CeZr-573, CePr-573, CeNb-573) for 2 h in a muffle furnace. Ni (14 vol. %) was added to CeZr-573, CePr-573 and CeNi-573 supports by wet impregnation using an aqueous solution of Ni(NO3).6H2O. After impregnation, the samples were dried at 393 K and calcined under air (50 mL min-1) at 1073 K according to the following temperature program: (i) from room temperature to 673 K at 0.5 K min-1; (ii) from 673 to 973 K at 1.7 K min-1 and (iii) from 973 to 1073 K at 10 K min-1, remaining at the final temperature for 5 h. Then, three catalysts were obtained: Ni/CeZr, Ni/CePr and 
    Ni/CeNb. For comparison with the catalysts, the precipitates obtained after hydrothermal treatment were also calcined at 1073 K (CeZr-1073, CePr-1073, CeNb-1073).

  BET surface area

  The BET surface areas of the samples were measured using a Micromeritics ASAP 2020 analyzer by nitrogen adsorption at the boiling temperature of liquid nitrogen.

  X-ray diffraction (XRD)

  The X-ray powder diffraction pattern of the calcined and reduced/passivated samples were obtained with CuKa radiation (l = 1.5406 Å) using a RIGAKU diffractometer. Data were collected over the 2θ range of 25 to 75º using a scan rate of 0.04 degree step-1 and a scan time of 1 s step-1. The Scherrer equation was used to estimate the crystallite mean diameters of CeO2, NiO, and Ni. For the measurements of the crystallite mean diameter of Ni, the calcined samples were also reduced under pure hydrogen (30 mL min-1) at 1023 K for 1 h, purged under N2 at the same temperature for 30 min and cooled to 298 K. Then, the reactor was maintained at 203 K by immersing it in a mixture of isopropyl alcohol and liquid nitrogen for 1 h, and the catalyst was passivated with a 5% O2/He mixture.

  Raman spectroscopy

  The Raman spectra were recorded at room temperature using a Horiba LabRam HR-UV800/Jobin-Yvon spectrometer, equipped with He-Ne laser (λ = 632 nm) of intensity 10 mW, a CCD detector (203 K), Olympus BX41 microscope, objective lens of 100× and spot 0.96 nm.

  Temperature-programmed reduction (TPR)

  TPR measurements were carried out in a homemade apparatus. The catalyst was pretreated at 673 K for 1 h under air flow prior to the TPR experiment in order to remove traces of water. The reducing mixture (2% H2/N2) was passed through the sample (80 mg) at a flow rate of 30 mL min-1 and the temperature was increased to 1273 K at a heating rate of 10 K min-1.

  Thermogravimetric analysis (TG)

  Thermogravimetric analysis of the used catalysts was carried out in a TA Instruments equipment (SDT Q600) in order to determine the amount of carbon formed over the catalyst. Approximately 10 mg of spent catalyst was heated under air flow from room temperature to 1273 K at a heating rate of 20 K min-1 and the weight change was measured.

  Reaction conditions

  CO2 reforming of methane was performed in a quartz reactor at 1073 K and atmospheric pressure. In order to avoid hot spot formation or temperature gradients, catalyst samples (25 mg) were diluted with SiC (25 mg). Prior to the reaction, the catalyst was reduced under H2 at 1023 K for 1 h and then heated to 1073 K under N2. A reactant mixture with CH4:CO2 ratio of 1 and a flow rate of 100 mL min-1 was used. The exit gases were analyzed using a gas chromatograph (Agilent 6890) equipped with a thermal conductivity detector and a Carboxen 1010 column (Supelco). The methane conversion was determined as follows:
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  Results and Discussion

  Catalyst characterization

  The supports calcined at 1073 K exhibited low surface areas (CeZr: 39 m2 g-1; CePr: 18 m2 g-1 e CeNb: 22 m2 g-1). However, these values are higher than that obtained by Augusto et al.29 for gadolinium-doped ceria support (ca. 8 m2 g-1) prepared by the same procedure used in this work. Regarding the nature of dopant, CeZr sample exhibited the highest surface area. Some authors reported that the increase in ceria surface area by the addition of zirconia is due to the higher thermal stability of CeO2, avoiding the sintering process.20,21,30

  The XRD patterns of supports calcined at 1073 K are shown in Figure 1.
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  The diffractograms of CeZr, CePr and CeNb exhibited the diffraction lines corresponding to CeO2. However, these lines were slightly shifted to higher 2q positions, when the diffractograms of these samples were compared to the diffractogram of CeO2 with cubic structure (ICSD 72155).  For CeZr and CePr, these shifts indicate the formation of Ce0.9Zr0.1O1.95 (ICSD 152478) and Ce0.9Pr0.1O2 (ICSD 182184) solid solutions. In the case of CeNb sample, the niobium content used (5.2 wt. %) is higher than the solubility limit of Nb in CeO2 (1.4 wt. %), which can lead to the formation of secondary phases, such as Nb2O5 and CeNbO4.26 Nevertheless, the lines corresponding to Nb2O5 and CeNbO4 were not detected in this work. This could be attributed to the high dispersion of these phases.

  For the catalysts calcined at 1073 K, in addition to the lines related to ceria and ceria solid solutions, the XRD patterns (Figure 2) also revealed the lines characteristic of NiO phase. However, Ni/CeNb sample showed less intense lines of NiO than Ni/CeZr and Ni/CePr. This indicates that a fraction of Ni would be present as another phase such as nickel niobate. This phase was not detected in the diffractogram that is likely due to its low loading or high dispersion. Further evidences of the presence of this phase will be provided by the TPR experiments.
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  Table 1 lists the crystallite sizes calculated using the Scherrer equation for supports and catalysts, after calcination at 1073 K. For the supports, the ceria crystallite size of CeZr is smaller than that obtained for CePr and CeNb, which agrees with the values of BET surface area. These results confirm that, in the presence of Zr, the sintering process of ceria was less pronounced. In the case of catalysts, the sample containing Zr also exhibited the smallest ceria crystallite size. Moreover, adding Ni to CeZr support did not significantly affect the ceria crystallite size. On the other hand, the addition of Ni to CePr and CeNb supports led to a slight increase of ceria crystallite sizes. Ni/CeNb showed the largest NiO crystallite size (30 nm). Augusto et al.29 obtained the same NiO crystallite size for nickel/Gd-doped ceria calcined at 1073 K.
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  The XRD patterns obtained for the reduced and passivated samples (Figure 3) exhibited the lines associated with ceria with cubic structure, CeZr and CePr solid solutions and metallic Ni phase (ICSD 43397).
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  The reduction treatment did not significantly change the ceria crystallite size for Ni/CeZr and Ni/CePr catalysts (Table 1). For Ni/CeNb, a decrease in the ceria crystallite size was observed. The Ni crystallite size of Ni/CeZr was smaller (24 nm) than that of Ni/CePr and Ni/CeNb (33 and 32 nm, respectively). Augusto et al.29 also obtained a Ni crystallite size of 33 nm for nickel/Gd-doped ceria calcined and reduced at the same conditions used in this work.

  The Raman spectra of the supports are shown in Figure 4. The Raman spectrum of bulk CeO2 was also added for comparison. CeO2 and ceria-doped materials exhibited a band at around 465 cm-1, which is associated with F2g mode, due to the symmetric stretching of Ce-O vibrational unit of CeO2. CePr sample showed an additional broad band at 574 cm-1 that corresponds to defect induced mode (D bond), due to oxygen vacancy.31 The relative intensity ratio of ID/IF2g is related to the degree of defect sites on CeO2. Then, this result indicates that the CePr sample has a higher number of oxygen vacancies.
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  Figure 5 shows the TPR profile of the supports calcined at 1073 K.
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  The TPR profile of CeZr exhibited a small H2 consumption between 600 and 900 K and a broad peak at around 1148 K. Two peaks at 806 and 856 K and a broad H2 uptake above 900 K were observed K in the TPR profile of CePr. For CeNb, a small H2 consumption was also detected at 973 and 1184 K.

  According to the literature,20,21,30 the TPR profile of CeO2 generally exhibits a H2 consumption at around 820 K and a large H2 uptake at 1220 K. The H2 consumption at low temperatures is attributed to the surface reduction of CeO2, whereas the H2 uptake at high temperatures is related to the formation of Ce2O3. Adding dopants, such as Zr, to ceria structure shifts the H2 consumption to lower temperatures, which suggests that the presence of dopants promotes the reduction of ceria. This was attributed to an increase in oxygen mobility induced by the insertion of dopant into the CeO2 lattice.

  In this work, for CeZr and CePr, the H2 consumption at low temperatures (600-900 K) was attributed to the surface reduction of CeO2 and the H2 uptake at higher temperatures (> 900 K) was associated with the reduction of bulk ceria. For CeNb support, the H2 consumption at low temperatures could be also attributed to the reduction of surface ceria. However, the reduction of niobium oxide or cerium niobate at high temperature cannot be ruled out. Some authors32 observed the reduction of Nb2O5 around 900-1050 K.

  A comparison between the TPR profiles obtained for all supports showed that CePr exhibited the highest H2 consumption at low temperatures. In addition, a higher reduction degree was obtained for this sample (Table 2). These results indicated that CePr showed the highest reducibility and consequently the highest oxygen mobility, which suggests that the promoting effect of ceria reduction was more significant for the sample containing Pr.
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  The TPR results obtained for all catalysts were also presented in Figure 5. The TPR of a bulk NiO was also added for comparison. The TPR profile of NiO exhibited a reduction peak at 719 K and a shoulder at 770 K. The first peak was found to be much higher than the second one. In the case of Ni/CeZr and Ni/CePr catalysts, the TPR profiles were similar to the reduction profile of NiO, showing a peak at 726-728 K and a shoulder around 805-890 K. These results show the formation of large NiO particles on these catalysts, which are in agreement with the XRD results. Similar TPR profiles were obtained by Roh et al.33 and Augusto et al.29 for bulk NiO and Ni supported on ceria based oxides, indicating that there is no strong interaction between NiO and CeO2. This was attributed to the large crystallite sizes of both support and NiO phases formed at high calcination temperatures.

  The reduction degree of NiO was larger than 100% for Ni/CeZr and Ni/CePr catalysts (Table 2), which shows that the H2 uptake at low temperature region (600-900 K) observed for these catalysts cannot be attributed only to the reduction of NiO. The H2 consumption in this low temperature region of the TPR profiles of Ni/CeZr and Ni/CePr is likely due to the reduction of bulk NiO as well as to the reduction of CeO2 promoted by the metallic nickel particles formed. This promoting effect is due to the hydrogen spillover from the metal particles onto the support.21 In the case of Ni/CeNb catalysts, in addition to the reduction of bulk NiO (749 K), it was also observed a reduction peak at 1025 K. The reduction degree of NiO was lower than 100% (Table 2). This could be related to the presence of Ni species with lower reducibility, in addition to bulk NiO. Some authors34 reported that Nb2O5 phase can react with nickel oxide to form a mixed niobium and nickel oxide phases, such as NiNb2O6 over Ni/Nb2O5 catalysts. The nickel niobate phase is reduced at high temperature region (1025 K). These phases were not detected in the XRD analyses, which is likely due to its low loading or high dispersion.

  Reactions

  Methane and CO2 conversions as a function of time on stream (TOS) for the DRM at 1073 K over Ni/CeZr, 
    Ni/CePr and Ni/CeNb catalysts are shown in Figure 6. The values of initial methane and CO2 conversions obtained for Ni/CeZr (CH4 = 74% and CO2 = 81%) were slightly higher than that observed for Ni/CePr and 
    Ni/CeNb (CH4 = 66-69% and CO2 = 75-77%). In addition, the methane and CO2 conversions slightly decreased during 24 h TOS for all catalysts. Regarding the selectivity to H2 and CO, all catalysts exhibited similar H2/CO ratios (around 0.54-0.67). The values of H2/CO ratio lower than 1.0 is likely due to the reverse of the water-gas shift reaction.

  
    

    [image: Figure 6. Methane conversion]

  

  Characterization of used catalysts

  TG analyses were carried out to characterize post-reaction catalysts. Figure 7 shows the TPO profiles obtained after DRM. The TPO profile of all catalysts exhibited a peak at around 899-945 K. In addition, Ni/CeNb showed a small CO2 formation around 766 K. According to the literature,35-38 CO2 peaks in the low temperature region (< 673 K) were attributed to oxidation of amorphous carbon overlaying the metal surface. On the other hand, the CO2 formed at high temperatures was assigned to filamentous (773-973 K) and graphitic carbon (> 973 K). In this work, the TPO profiles after dry DRM suggest the formation of filamentous carbon for all samples.
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  From the TPO profiles, the amount of carbon deposited over all catalysts after DRM was calculated. Ni/CePr exhibited the lowest carbon formation (0.42 mgcarbon gcat-1 h-1). The amount of carbon formed over Ni/CeNb and 
    Ni/CeZr was 6.47 and 9.68 mgcarbon gcat-1 h-1, respectively. Faria et al.39 also detected large carbon formation over 
    Ni/CeZrO2/Al2O3 catalysts during DRM.

  Some authors17-19 proposed a dual path mechanism for CO2 reforming of methane. According to this mechanism, in the first step, methane dissociates on nickel surface, producing hydrogen and highly reactive carbon species (Cα).40 In the second step, this carbon reacts with oxygen from the support and the surface of the catalyst remains free of carbonaceous residues. This oxygen is formed during the dissociative adsorption of CO2 and reoxidation of the support. When the rate of methane dissociation is faster than the rate of carbon oxidation, Cα formed may undergo polymerization to less active carbon (Cβ). Then, this carbon may accumulate on the surface or may dissolve into the Ni crystallite, which is the first step for the nucleation and growth of carbon filaments. Therefore, the stability of the catalyst is determined by the proper balance between the rate of methane decomposition and the rate of carbon removal. As a result, in this mechanism, the support participates in the dissociative adsorption of CO2 near the metal particles, transferring oxygen to the coked metal and promoting the removal of carbon from the metal.41,42 Then, supports with a high oxygen mobility such as ceria and ceria-mixed oxides, promote the mechanism of carbon removal.

  In this work, the lower carbon formation over Ni/CePr 
    catalyst could be associated with the higher oxygen mobility of the CePr solid solution. The higher oxygen mobility of CePr support, as revealed by TPR and Raman, favors the mechanism of carbon removal, improving catalyst stability.

   

  Conclusions

  All anodes exhibited a good catalytic activity on dry reforming of methane. The values of initial methane and CO2 conversions were slightly higher for Ni/CeZr likely due to the lower Ni crystallite size, as detected in DRX analyses. However, all samples presented a slight deactivation during the reaction. The TG analyses carried out after the reaction showed that this loss of activity was due to the formation of carbon that was lower for the sample containing Pr. This result was attributed to a higher reducibility and a higher amount of oxygen vacancies on Ni/CePr catalyst, as revealed by TPR and Raman analyses. A significant increase in oxygen mobility was induced by the insertion of Pr into the CeO2 lattice. The higher oxygen mobility of Ni/CePr promoted the mechanism of carbon removal, reducing the amount of carbon formed during the reaction.
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    Neste trabalho descrevemos a obtenção de hidrocarbonetos líquidos por meio do hidrocraqueamento catalítico de óleo de soja, dendê e mamona, na presença e ausência de catalisadores nanoparticulados de rutênio e ródio. A reação realizada a 200 ºC leva somente à hidrogenação de ligações duplas C=C. No entanto, a 400 ºC, foi observada a decomposição dos triacilglicerídeos, levando a hidrocarbonetos e compostos oxigenados. O hidrocraqueamento catalítico de óleos vegetais na presença de Rh e Ru levou a um aumento da quantidade de produtos desoxigenados e à formação de hidrocarbonetos lineares de cadeia longa, que são adequados para utilização como combustível para motores diesel, quando comparado com o da reação de pirólise na ausência de catalisadores. O catalisador de Ru é mais eficaz do que o catalisador de Rh, especialmente no caso do óleo de mamona, provavelmente devido à sua maior oxofilicidade quando comparado com Rh.

  

   

  
    We describe herein the production of liquid hydrocarbons through the catalytic hydrocracking of soybean, palm tree and castor oils, in the presence and absence of ruthenium and rhodium nanoparticle catalysts. The reaction at 200 ºC leads to the hydrogenation of C=C double bonds only. However, at 400 ºC, the decomposition of the triacylglycerides was observed, leading to hydrocarbons and oxygenated compounds. The catalyzed hydrocracking of vegetable oils in the presence of Rh and Ru strongly increased the amount of deoxygenated products and the formation of long-chain linear hydrocarbons, which are suitable for use as diesel fuel, when compared with pyrolysis reaction in the absence of the catalysts. The Ru catalyst is more effective than Rh, especially in the case of castor oil, probably due to its higher oxophilicity when compared to Rh.

    Keywords: hydrocracking, vegetable oil, rhodium, ruthenium, bio-oil, biomass

  

   

   

  Introduction

  As a consequence of the oil supply crisis and the increasing demand for liquid fuels, as well as enhanced environmental awareness, the study of the use of biomass to provide alternative energy sources has intensified in recent decades. Given its wide availability, renewability and biodegradability, biomass has been highlighted as an elegant solution to substitute raw fossil materials. Because of their labor intensive characteristic, in developing countries like Brazil, biomass-derived fuels have also been highlighted as a way to promote social and economic development in depressed rural areas.1

  In this context, several alternative liquid fuels have been proposed for diesel engines, such as the direct use of fats and oils, the use of methyl or ethyl fatty acid esters (biodiesel) and hydrocarbons produced from thermal cracking of fatty materials (renewable diesel). Note that the renewable diesel obtained from thermal cracking, as well as biodiesel, matches international specifications required for transport fuel when blended with diesel fuel in up to 20 vol%.2-5 However, the production of renewable diesel by thermal cracking is associated with several negative issues due to incomplete deoxygenation of the fuel, leading to a mixture containing not only the desired hydrocarbons but also a wide variety of oxygenated compounds, such as fatty acids, aldehydes and ketones.6,7 In order to address this issue, different approaches have been proposed, such as performing the cracking reaction in the presence of steam,8 employing solid catalysts (catalytic cracking)9 and the use of catalysts under hydrogen pressure (hydrocracking).10

  The processing of diesel streams by hydrocracking is already used in refineries for the stabilization and desulphurization of hydrocarbons. The reaction, widely known as hydrodesulfurization (HDS), which is performed under high hydrogen pressures in the presence of a heterogeneous catalyst, consists of the hydrogenation of double bonds and the breaking of sulfur-carbon bonds affording low-sulfur stabilized diesel.11 Oils and fats can also be processed by hydrocracking in order to deoxygenate triacylglycerides and hydrogenate the alkyd chains, producing linear hydrocarbons in the range of diesel fuel. Thus, the hydrocracking of oils and fats, known as hydrodeoxygenation (HDO), may provide a mixture of hydrocarbons with appropriate physical-chemical properties to substitute petroleum diesel.12

  It is well accepted that HDO occurs in several steps. Firstly, the alkyl chain double bonds are hydrogenated and the triglycerides are then broken into fatty acids and, finally, deoxygenated into hydrocarbons.13 This final process occurs via hydrocracking, deoxygenation or hydrogenolysis, in sequence or concurrently. Recently, Donnis et al.14 studied the mechanism involved in the HDO of oils and fats by running reactions of oxygenated molecules and also modeling mixed diesel-rapeseed oil. They concluded that there are two possible routes for the deoxygenation reaction products. Besides decarboxylation at high temperature, there may be a route where there is a keto-enol equilibrium, forming water and alkanes. However, there are few reports available in the open literature regarding the production of hydrocarbons from fats and oils by HDO. The majority of these studies were carried out by petroleum companies, aiming to use the knowledge acquired directly in their refineries. Some of the few academic studies available in the open literature describe the use of HDS catalysts for the HDO of fats and oils.10,14 The most common catalysts used in the HDS process applied to petroleum-based fuels, and usually studied in relation to the HDO of fats and oils, are based on sulfides, particularly WS2 and MoS2 supported on alumina (γ-Al2O3),15 commonly doped with Ni and Co to increase their activity.

  One of the pioneering studies involved the HDO of vegetable oils using Ni/SiO2 and NiMo/Al2O3 under different temperatures and hydrogen pressures.16 The authors claim they achieved the complete deoxygenation of triglycerides leading to a mixture of aliphatic saturated hydrocarbon.16 This pioneering work was revisited, confirming the potential use of fats and oils to produce hydrocarbons in the range of diesel directly in the HDS process in petroleum refineries.10 Also, Huber et al. 13 have studied the HDO, promoted by the traditional catalysts NiMo/Al2O3 under standard HDS conditions, of pure sunflower oil and mixtures with residue from the vacuum distillation of petroleum to compare the products obtained. They concluded that the mixture is converted into alkanes and, thus, the process may be applied directly using HDS plants available in the oil refineries, without the need for modifications.

  It is well established in the literature that the activity and selectivity of catalytic systems can be finely tuned through the appropriate choice of the catalyst. In this respect, based on studies reported in the literature, it can be noted that the metals widely used for catalytic hydrogenation of C=C and C=O bonds are: Pd, Pt, Ni, Rh and Ru.16,17 In heterogeneous catalytic systems, these metals are usually supported on activated carbon, silica and alumina18 in order to increase their surface area and thus their activity. This strategy provides high catalytic activity towards the target reaction using small amounts of noble metal catalysts.

  In this study, we investigated the catalytic properties of Rh and Ru in the HDO of soybean oil, palm tree oil and castor oil. Our approach involved the use of catalysts based on rhodium and ruthenium nanoparticles immobilized on a magnetic responsive solid support (magnetite nanoparticles spherically coated with silica, Fe3O4@SiO2). Our main goal was to perform a qualitative study on the potential use of these two noble metals in HDO and to compare their activities. The magnetic properties are an additional attribute of these materials, facilitating the catalyst separation after completion of the reactions, and avoiding filtration, centrifugation or any other time-, solvent- and energy-consuming step.

   

  Experimental

  Materials

  Refined soybean oil, castor oil and palm tree oil were obtained from commercial sources and used without further treatment.

  Preparation of rhodium and ruthenium catalysts

  The magnetically-recoverable catalyst support, comprised of silica-coated magnetite nanoparticles (Fe3O4@SiO2), was prepared following the described-previously procedure.19

  The Rh catalyst19 was prepared by adding 100 mg of the amino-functionalized magnetic support, Fe3O4@SiO2-NH2, 
    to 20 mL of an aqueous solution of rhodium chloride (210 mg L-1). The mixture was stirred for 2 h at room temperature and then the solid was magnetically collected from the solution and washed twice with acetone followed by drying at 100 ºC for 3 h. The Rh3+-loaded solid was reduced to Rh nanoparticles by molecular hydrogen in a Fischer-Porter glass reactor (cyclohexene, 6 atm H2, 75 ºC, ca. 20 min), as previously reported. The Rh content in the final solid was analyzed by inductively coupled plasma/optical emission spectrometry (ICP OES): 1.5 wt. %.

  The Ru catalyst20 was prepared by adding 100 mg of the amino-functionalized magnetic support, 
    Fe3O4@SiO2-NH2, to 20 mL of an aqueous solution of ruthenium chloride (500 mg L-1). The mixture was stirred for 2 h at room temperature and then the solid was magnetically collected from the solution and washed twice with distilled water and acetone followed by drying at 100 ºC for 3 h. The Ru3+-loaded solid was reduced by NaBH4 in ethanol to produce Ru nanoparticles. The dried solid obtained above was added to 20 mL of ethanol containing 10 mg of NaBH4. Thereafter, the material was washed twice with distilled water and acetone and dried under vacuum. The Ru content in the final solid was analyzed by ICP OES: 1.4 wt. %.

  Hydrocracking reaction

  Hydrocracking experiments were carried out at different temperatures using a home-made stainless steel autoclave. The vegetable oil (10 g) and the catalyst 
    (Fe3O4@SiO2NH2Rh or Fe3O4@SiO2NH2Ru, 0.1 g) were introduced into the reactor and then the system was pressurized with the desired hydrogen pressure and heated by an external electric resistance. The temperature was monitored by a thermocouple in contact with the reaction-bulk. After 1 h, the reaction was stopped and the reactor was cooled down, depressurized and opened. The catalyst was magnetically separated from the products.

  Characterization methods

  The products were analyzed by gas chromatography-mass spectrometer (GC-MS), infrared (FT-IR) and acid number (AN). The GC-MS analysis was carried out with a Shimadzu chromatograph equipped with a mass spectrometer (GCMS-QP5050), with a 50-m polydimethylsiloxane column of 0.25 mm i.d. and film thickness of 0.2 µm (CBPI PONAM50- 042), operating between 50 and 250 ºC applying a heating rate of 10 ºC min-1. The FT-IR spectra were obtained in triplicate on a Bruker Equinox 55 spectrometer using a horizontal ATR cell of 7 cm length (10 reflections), which covers the regions 650-4000 cm-1. The FT-IR spectrum corresponds to the sum of 32 scans with a spectral resolution of 4 cm-1. The spectra were normalized using the 1459 cm-1 signal (CH3 bending) as internal standard. The AN is a direct evaluation of the presence of carboxylic acid and was determined by the titration of the products with a methanol/KOH solution, according to standard method ASTM D465-9. The titration of each sample was conducted in triplicate with a negligible error of ± 0.3 mL for Vf.

   

  Results and Discussion

  We investigated the catalytic hydrocracking of vegetable oils by Rh and Ru nanoparticle catalysts supported on a magnetic solid support comprised of magnetite nanoparticles spherically coated with silica (Fe3O4@SiO2). The synthesis and complete description of these catalysts have been recently published by some of the authors.19,20 The catalysts exhibit magnetic properties due to the presence of superparamagnetic Fe3O4 cores (ca. 10 nm), which were spherically coated with a layer of silica by means of a reverse microemulsion. The main features of the support material are: controlled morphology (ca. 60 nm silica spheres), BET surface area of ca. 62 m2 g-1, and saturation magnetization of ca. 69 emu g-1 of Fe3O4 at 70 kOe.19-21 The uptake of metal ions in the magnetic silica spheres (Fe3O4@SiO2) was improved by the surface functionalization with the silane coupling reagent 3-(aminopropyl)-triethoxysilane. After functionalization, the magnetic solid could be loaded with metal ions when stirred with metal chloride aqueous solutions and recovered by applying a magnetic field. The Rh3+ and Ru3+ -loaded solids were reduced by H2 and NaBH4, respectively, to give well dispersed Rh and Ru nanoparticles deposited on the solid surface. The preparation of the catalysts was optimized in such a way that they all contained ca. 1.4-1.6 wt. % of metal, as determined by ICP OES. The two solids were previously characterized by high-resolution transmission electron microscopy (HRTEM) and energy dispersive spectroscopy (EDS) analysis, and the Rh and Ru nanoparticles were found to be of controlled size < 5 nm. Previous catalytic studies on both supported Ru20 and Rh19 catalysts have shown very interesting results in the hydrogenation of either olefins or aromatics.

  In Table 1, the main results of the catalytic hydrocracking of vegetable oils obtained using Fe3O4@SiO2NH2Rh (1) are summarized. The results obtained in the absence of catalyst (pyrolysis) are given for comparison. The catalyst was recovered magnetically by transferring the reaction mixture to a beaker and placing a small magnet (4000 G) on the glass wall. This caused a quick migration of the catalyst to one side of the glassware, allowing the product (hydrocarbon and oxygenated compounds) to be removed with a syringe. It is reasonable to assume that the silica layer is protecting the magnetic core, but it is important to highlight that if magnetite is reduced to metallic iron under the reaction conditions (400 ºC and hydrogen pressure), it will not compromise the magnetic separation and catalyst recovery after reaction. Note that some coke (less than 0.01% of the starting mass) was deposited on the catalyst. As can be seen in Table 1 (entries 1-6), the presence of the Rh catalyst 1 increases the deoxygenation of the products. Indeed, the AN, a direct measurement of carboxylic acids content (main oxygenated product of the cracking of triglycerides), indicates deoxygenation of around 50%.
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  The FT-IR spectra of final products obtained in the hydrocracking reactions detailed in Table 1 are shown in Figure 1. For entries 1 to 6, 8 and 9, the C=O stretching band with a maximum at 1710 cm-1 is attributed to the carboxylic acid formed during the reaction. For entry 7, in contrast to the experiments where the triacylglyceride decomposed, the C=O stretching band appears with a maximum at 1745 cm-1 attributed to the ester carboxylic group of the triacylglyceride, indicating that it was not converted in the presence of catalyst at 25 atm H2 and 200 ºC. The band at 1745 cm-1 also appears in the spectrum of entry 8, meaning that the decomposition of the triacylglyceride was not complete at 6 atm of H2 and 400 ºC. The products were also analyzed by gas chromatography [GC-flame ionization detector (FID) and GC-MS]. As an example, the chromatograms (GC-FID) for the mixtures obtained after catalytic hydrocracking of castor, soybean and palmtree oils in the presence of the Rh nanoparticle catalyst are shown in Figure 2.
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  As can be depicted from these chromatograms, it is really complicated to identify and quantify all peaks. However, comparing GC-MS with the Wiley Library CLASS-5000 (6th edition), it was possible to determine, with more than 95% similarity, that the pyrolysis results in a mixture of hydrocarbons with linear and saturated or unsaturated chains and oxygenated products, such as linear carboxylic acids, aldehydes and ketones. It is still the case that most of the molecules identified after cracking in the absence of catalyst are carboxylic acids and long-chain hydrocarbons, such as docosane (C22H46), but in smaller amounts. When using castor oil, a low level of deoxygenation took place and it was possible to identify a wide variety of oxygenated products, such as alcohols, carboxylic acids, esters, and some hydrocarbons. On comparing the results for the different fats and oils (Table 1, entries 1 to 6), it is clear that the activity of the catalytic system increases in the order: castor oil < palm tree oil < soybean oil. The presence of catalyst, in the case of castor oil, did not improve the deoxygenation to the same extent as observed for soybean and palm tree oils. This can be evidenced by comparing the AN of the reaction without catalyst (Table 1, entry 4) and in the presence of catalyst (Table 1, entry 3), and also the results obtained for the other oils. Further evidence that the product obtained from castor oil is rich in oxygenated compounds is the increased baseline between 2500 and 3500 cm-1, attributed to the C–O–H…O=C of dimerized carboxylic acids, in the FT-IR spectrum (Figure 1). This result is probably due to competition between the oxygen from the hydroxyl group and those from the acyl group present in castor oil.

  As can be seen in Table 1, the lowest AN using soybean oil was obtained at 400 ºC and pressures of 12.5 and 25 atm (entries 5 and 8). In fact, in the chromatographic analysis the prevalence of normal alkanes, mainly undecane, pentane and docosane, was observed. The fact that the deoxygenation was almost the same for 12.5 and 25 atm, can be explained by the saturation of hydrogen in the bulk reaction, and probably the diffusion of this reagent towards the catalytic center does not limit the reaction under such conditions. However, when the pressure is lowered to 6 atm (entry 9), the AN increases considerably, being close to the non-catalyzed thermal cracking, which strongly suggests a diffusion control of the reaction under this pressure condition. Also, a shoulder in the band related to the carboxyl group in the FT-IR spectrum (νC=O at 1745 and 1710 cm-1 in Figure 1) suggests that the conversion was not complete. At lower temperature (200 ºC, entry 7), an AN close to that of the initial soybean oil (2.04 mgKOH gsample-1) was obtained, which confirms the information given in the literature22 that there is no cracking of triglycerides at this temperature, and that the sole final product is the hydrogenated soybean oil. Indeed, the FT-IR spectrum corresponding to the reaction at 200 ºC differs from the FT-IR spectra of the reactions at 400 ºC, and exhibits the C=O stretching band characteristic of the ester carboxylic group at 1745 cm-1, with the absence of the band corresponding to carboxylic acid (see Figure 1). It is also not possible to identify the broad band related to O–H as observed during the decomposition of triacylglycerides. Unsaturated fats and oils have a well-known band at 3000-3100 cm-1, corresponding to the stretching of olefinic C–H bonds. This band is not present in the FT-IR of all samples shown in Figure 1, further indicating the reduction of the olefinic bonds.

  In Table 2, the main results of the catalytic hydrocracking of vegetable oils obtained using a ruthenium catalyst, Fe3O4@SiO2NH2 Ru (2), are summarized. The presence of the Ru catalyst 2 also increases the deoxygenation of the products when compared to non-catalyzed reactions. The Ru catalyst 2 resulted in products with a lower AN value than the products obtained with the Rh catalyst 1, under similar reaction conditions. This is probably due to the higher oxophilicity of ruthenium compared to rhodium. The results of the gas chromatography analysis showed the prevalence of normal alkanes, such as undecane, pentane and docosane, in the products of soybean oil hydrocracking. In the case of castor oil, some oxygenated compounds were observed, but in smaller amounts than when using Fe3O4@SiO2NH2Rh (1) as the catalyst. The FT-IR analysis also confirmed the decomposition of triglycerides, except for the reaction at 200 ºC, which exhibits the C=O stretching band of the ester carboxylic group at 1745 cm-1 and does not exhibit the band corresponding to carboxylic acid (Figure 3).
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  Conclusions

  Rh and Ru nanoparticles immobilized on silica were effective catalysts for the deoxygenation of soybean and palm tree oils at 400 ºC and the Ru nanoparticles were also active for castor oil. These catalysts are also active in the hydrogenation of soybean oil at 200 ºC. The hydrocracking of vegetable oils leads to the preferential formation of long-chain linear hydrocarbons, which are suitable for use as diesel fuel. However, their acid number are still high and future studies are needed before an optimized process can be developed for industrial production of fuels that match specification for commercial diesel fuel. Due to the presence of a magnetic-responsive catalyst support, the product (hydrocarbon) could be collected after the catalyst was magnetically separated and other separation techniques, such as filtration and centrifugation, are unnecessary.

   

  Acknowledgments

  The financial support of CNPq, FAPDF, and FAPESP is gratefully acknowledged. The authors also express their gratitude for the research fellowship granted by CNPq.

  The authors would like to dedicate this paper to the memory of Roberto F. de Souza, a great human being, teacher and researcher. PAZS and LMR had the great opportunity to start their research carrier with him and Yeda Pinheiro-Dick, and recognize them as their mentors in catalysis research.

   

  References

  1. Suarez, P. A. Z.; Meneghetti, S. M. P.; Meneghetti, M. R.; Wolf, C. R.; Quim. Nova 2007, 30, 667.

  2. De Oliveira, E.; Quirino, R. L.; Suarez, P. A. Z.; Prado, A. G. S.; Thermochim. Acta 2006, 450, 87.

  3. Doll, K. A.; Sharma, B. K.; Suarez, P. A. Z.; Erhan, S. Z.; Energy Fuels 2008, 22, 2061.

  4. Sharma, B. K.; Suarez, P. A. Z.; Perez, J. M.; Erhan, S. Z.; Fuel Process. Technol. 2009, 90, 1265.

  5. Suarez, P. A. Z.; Moser, B. R.; Sharma, B. K.; Erhan, S. Z.; Fuel 2009, 88, 1143.

  6. Lima, D. G.; Soares, V. C. D.; Ribeiro, E. B.; Carvalho, D. A.; Cardoso, E. C. V.; Rassi, F. C.; Mundim, K. C.; Rubim, J. C.; Suarez, P. A. Z.; J. Anal. Appl. Pyrolysis 2004, 71, 987.

  7. Suarez, P. A. Z.; Santos, A. L. F.; Rodrigues, J. P.; Alves, M. B.; Quim. Nova 2009, 32, 768.

  8. Idem, R. O.; Katikaneni, S. P. R.; Bakhshi, N. N.; Energy Fuels 1996, 10, 1150.

  9. Quirino, R. L.; Tavares, A. P.; Peres, A. C.; Rubim, J. C.; Suarez, P. A. Z.; J. Am. Oil Chem. Soc. 2009, 86, 167.

  10. Tiwari, R.; Rana, B. S.; Kumar, R.; Verma, D.; Kumar, R.; Joshi, R. K.; Garg, M. O.; Sinha, A. K.; Catal. Commun. 2011, 12, 559.

  11. Prins, R.; Egorova, M.; Rothlisberger, A.; Zhao, Y.; Sivasankar, N.; Kukula, P.; Catal. Today 2006, 111, 84.

  12. Elliot, D. C.; Energy Fuels 2007, 21, 1792.

  13. Huber, G. W.; O'Connor, P.; Corma, A.; Appl. Catal., A 2007, 329, 120.

  14. Donnis, B.; Egeberg, R. G.; Blom, P.; Knudsen, K. G.; Top. Catal. 2009, 52, 229.

  15. Gusmão, J.; Brodzki, D.; Djéga-Mariadassou, G.; Frety, R.; Catal. Today 1989, 5, 533.

  16. Gates, B. C.; Catalytic Chemistry; John Wiley & Sons Inc. : New York, 1992.

  17. Clayden, J.; Greeves, N.; Warren, S.; Wothers, P.; Organic Chemistry; Oxford University Press: New York, 2001.

  18. Rylander, P. N.; Hydrogenation Methods; Academic Press, Inc. : Orlando, 1985.

  19. Jacinto, M. J.; Kiyohara, P. K.; Masunaga, S. H.; Jardim, R. F.; Rossi, L. M.; Appl. Catal., A 2008, 338, 52.

  20. Jacinto, M. J.; Santos, O. H. C. F.; Jardim, R. F.; Landers, R.; Rossi, L. M.; Appl. Catal., A 2009, 360, 177.

  21. Jacinto, M. J.; Landers, R.; Rossi, L. M.; Catal. Commun. 2009, 10, 1971.

  22. Alves, M. B.; Medeiros, F. C. M.; Suarez, P. A. Z.; Ind. Eng. Chem. Res. 2010, 49, 7176.

   

   

  Submitted on: July 21, 2014.

  Published online: October 28, 2014.

  FAPESP has sponsored the publication of this article.

   

   

  
    *e-mail: psuarez@unb.br

    *e-mail: lrossi@iq.usp.br

  





  DOI: 10.5935/0103-5053.20140254

  ARTICLE

  
    Carvalho GA, Gusevskaya EV, Santos ENs. An electrostatically-anchored rhodium(I) catalyst for the hydroformylation and tandem hydroformylation/acetalization of biorenewable allyl benzenes. J. Braz. Chem. Soc. 2014;25(12):2370-77

  

  
    An electrostatically-anchored rhodium(I) catalyst for the hydroformylation and tandem hydroformylation/acetalization of biorenewable allyl benzenes

  

   

   

  Glenda A. CarvalhoI,II; Elena V. GusevskayaI; Eduardo N. dos SantosI,*

  IDepartamento de Química - ICEx, Universidade Federal de Minas Gerais, 31270-901 Belo Horizonte-MG, Brazil

  IICentro Federal de Educação Tecnológica de Minas Gerais, 37250-000 Contagem-MG, Brazil

   

  
    Um catalisador de ródio ancorado em uma resina de troca iônica comercial (IRA900/TPPMS/Rh) foi preparado de maneira direta, através de um protocolo simples, a partir de precursores prontamente disponíveis. O material foi usado como um catalisador heterogêneo para a hidroformilação e a sequência tandem hidroformilação/acetalização do eugenol e do estragol em condições brandas. A regiosseletividade para os produtos lineares foi cerca de 62%, mas para os alil benzenos os produtos ramificados são também valiosos. O desempenho do catalisador ancorado na hidroformilação foi comparável aos catalisadores homogêneos de ródio convencionais, entretanto, sua eficiência na etapa de acetalização foi significativamente mais elevada. O material pode ser separado da solução reacional por decantação e pode ser reutilizado sem perda significativa de atividade ou seletividade. Este método catalítico simples representa uma rota alternativa economicamente atrativa para compostos de valor comercial como fragrâncias partindo de substratos prontamente disponíveis de fontes bio-renováveis.

  

   

  
    A rhodium catalyst anchored in a commercial anion exchange resin (IRA900/TPPMS/Rh) was prepared straightforwardly through a simple protocol from readily available precursors. The material was used as a heterogeneous catalyst for the hydroformylation and tandem sequence hydroformylation/acetalization of eugenol and estragole under mild conditions. The regioselectivity for linear products was ca. 62%, but for the allyl benzenes the branched isomer are also valuable. The performance of the anchored catalyst in hydroformylation was comparable to that of the conventional homogeneous rhodium system; however, its efficiency in the acetalization step was significantly higher. The material can be separated from the reaction solutions by decantation and re-used without a significant loss in activity and selectivity. This simple catalytic method represents an economically attractive route to commercially valuable fragrance compounds starting from the substrates easily available from natural bio-renewable sources.

    Keywords: anchored rhodium catalyst, tandem, hydroformylation, acetalization

  

   

   

  Introduction

  Hydroformylation (oxo synthesis) is an industrially relevant reaction catalyzed by rhodium or cobalt complexes in solutions. The word production of oxo derivatives is in the order of 6 millions ton per year. Rhodium-catalyzed hydroformylation is also employed for fine chemicals syntheses,1 as showed in a recent review.2 In the last years our group has been interested in the hydroformylation of naturally occurring olefins, such as monoterpenes2-10 and allyl benzenes.11 The hydroformylation of allyl benzenes (1a-c) and propenyl benzenes (2a-c) (Scheme 1) represents a potential route to fragrance ingredients. In particular, aldehydes 5b and 5c are commercialized as valuable fragrance components under the trade names of Chantoxal® (5b) and Helional® or Tropional® (5c).12,13
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  For industrial processes involving rhodium complexes, the recycling of the catalyst has to be guaranteed due to the high price of this metal. Distillation is inconvenient or even not viable for heavy products as it leads to the thermal deactivation of the catalyst. Many strategies have been investigated to recover the catalyst before the distillation step, such as the employment of biphasic systems14 or anchoring the catalyst on a solid support.15 The latter approach is more attractive from process viewpoint as it allows catalyst separation by simple filtration or the operation in fixed-bed continuous tubular reactors. Among the drawbacks associated with this approach is the difficulty to prepare suitable supports, which must have a functional group capable to bind the catalyst through a chemical bond. The preparation of these supports involves either the synthesis of monomers containing functional groups followed by polymerization or the chemical modification of preformed polymers such as macroporous poly(styrene/divinylbenzene) or silica gel.15 

  An alternative approach is to anchor the catalyst through electrostatic interactions on a solid polyelectrolyte, such as ion-exchange resins.16 Some grades of ion-exchange resins are considerably cheap and are used in large scale, e.g., for water purification or in agricultural formulations. To be effective, the catalyst has to bear an electric charge throughout the catalytic cycle and a way to fulfill this requirement is to employ ligands with an ionic fragment which binds the metal center of the catalysts.17-21 A great variety of phosphines containing ionic moieties have their synthetic routes well established.22 The most readily synthesized one is 3-sulfonatophenyldiphenylphosphine, monosodium salt (TPPMS), which has been anchored on anion-exchange resins and used for the immobilization of ruthenium18,23 and rhodium24 catalysts for the hydrogenation of olefins.

  In the present work we propose a straightforward protocol to prepare an effective and recyclable anchored rhodium catalyst for the hydroformylation as well as for the tandem sequence hydroformylation/acetalization of allyl benzenes.

   

  Experimental

  General procedures

  The strongly basic anion-exchange resin IRA900 purchased from Fluka was alternately washed with solutions of HCl (1 mol L–1), NaOH (1 mol L–1), HCl (1 mol L–1), and finally, with deionized water. Eugenol and estragole purchased from Aldrich were passed through a short column of neutral alumina to remove peroxides. Hydrogen (99.999%) and carbon monoxide (99%) were purchased from Praxair. Bis[(µ-methoxy)(1,5-cyclooctadiene)rhodium(I)] 
    ([Rh(cod)(OMe)]2)25 and 3-sulfonatophenyldiphenyl-prosphine monosodium salt (TPPMS)26 were prepared according to published procedures. Manipulations under argon were performed employing Schlenk techniques. Toluene was refluxed with sodium/benzophenone for 8 h. Methanol and anhydrous ethanol were refluxed with the corresponding magnesium alkoxyde prepared in situ for 6 h. Deionized water was refluxed under argon for 6 h. After the treatment, all solvents were distilled and stored under argon.

  Catalyst preparation and characterization

  Under argon, TPPMS (0.364 g, 1.0 mmol) dissolved in water (10.0 mL) was kept in contact with wet IRA900 (1.0 g) for 24 h with occasional stirring. The remaining solution was filtered off and the resin was washed twice with water (5 mL) and dried under vacuum (5 × 10–4 atm) at room temperature for 5 h. The resulting solid was kept in contact with a solution of [Rh(cod)(OMe)]2 (0.0488 g, 0.100 mmol) in toluene (10.0 mL) at room temperature for 24 h with occasional stirring. The remaining solution was filtered off and the solid was washed twice with toluene (5 mL) and dried under vacuum (5 × 10–4 atm) at room temperature for 5 h. The catalyst was analyzed by infrared (IR) spectrometry in KBr pellets (4000-400 cm–1) in a Perking-Elmer GX apparatus. The rhodium content of the catalyst was measured by X-ray Kevex and inductively coupled plasma mass spectrometry (ICP-MS), and showed the value of 0.90 wt. %. The phosphorus content was determined by molecular absorption spectrometry resulting in 1.1 wt. %.

  Catalytic runs

  A mechanically stirred stainless steel Parr 4560 bomb coupled with a 4282 control module with a PID temperature controller and tachometer was employed as the reaction vessel. The bomb was loaded with the solid catalyst and three cycles of vacuum/argon were made. The solvent (15 mL) and the substrate (5 mmol) were introduced with a syringe through a valved port under argon. The vessel was pressurized with carbon monoxide followed by hydrogen up to the reported pressure. Stirring and heating were then started, and the desired temperature was attained in about 5 min. At appropriate time intervals, stirring was stopped and liquid samples were taken through a valved dip tube after quick catalyst settling. Recycling experiments were performed maintaining the catalyst in the vessel and washing it with the same solvent employed in the reaction before a new cycle to remove product residues.

  Product analysis

  The products were quantitatively analyzed by gas chromatography (GC) using a Shimadzu 17B instrument equipped with a split/splitless injection port and flame ionization detector, fitted with a Restek Rtx-wax capillary column (30m × 0.25 mm × 0.25 mm). Conversion and product distribution were determined by GC. Qualitative analysis was made by GC coupled with mass spectrometry in a Shimadzu GC2010/QP2010-plus instrument fitted with a Restek Rtx-5 MS capillary column (30 m × 0.25 mm × 0.25 µm), operating at 70 eV.

  Aldehydes 4a, 4b, 5a and 5b. These compounds were described in our previous work.11

  Acetal 4'a (R' = CH3).  MS (m/[image: Caracter 1] rel.int.): 240/3 (M+); 208/6 (M+-CH3OH); 177/18; 151/11; 150/100; 135/14; 75/21; 44/10.

  Acetal 5'a (R' = CH3).  MS (m/[image: Caracter 2] rel. int.): 240/8 (M+); 208/41 (M+-CH3OH); 177/14; 161/13; 137/80; 75/100; 44/55.

  Acetal 4'a (R' = CH2CH3).  EM (m/[image: Caracter 3] rel. int.): 
    268 /0.55 (M+); 223/1.4 (M+- CH3CH2OH); 177/23; 150/100 (M+-CH2CH(OCH2CH3)2).

  Acetal 5'a (R' = CH2CH3).  EM (m/[image: Caracter 4] rel. int.): 
    268 /4.3 (M+); 222/46.3 (M+-CH3CH2OH); 177/12; 137/100 (M+-CH3CH2CH(OCH2CH3)2).

  Acetal 4'b (R' = CH3).  MS (m/[image: Caracter 5] rel. int.): 224/1 (M+); 192/11 (M+-CH3OH); 161/24; 135/12; 134/100; 75/23.

  Acetal 5'b (R' = CH3).  MS (m/[image: Caracter 6] rel. int.): 224/2 (M+); 192/44 (M+-CH3OH); 161/26; 145/11; 121/91; 91/12; 77/11; 75/100; 47/13.

   

  Results and Discussion

  Catalyst preparation and characterization

  The aim of the present work was to provide a simple and inexpensive protocol to prepare an anchored rhodium(I)/arylphosphine catalyst and test the material in the hydroformylation and hydroformylation/acetalization of allyl benzenes. Thus, we have chosen [Rh(cod)(m-OMe)]2 as the catalyst precursor, which is prepared straightforwardly in two steps from rhodium trichloride in a high yield. This complex contains labile ligands that can be readily exchanged by a phosphorus(III) ligand. TPPMS is also readily prepared from triphenylphosphine by sulfonation with fuming sulfuric acid (20% SO3). The macroporous anion exchange resin IRA-900 is a commercial and inexpensive material.

  The IRA900/TPPMS/Rh catalyst was prepared according to Scheme 2. The commercial, strongly basic anion exchange resin IRA900 in its chloride form was let in contact with an aqueous solution of TPPMS. The resin containing TPPMS anchored by electrostatic interaction (IRA900/TPPMS) was let in contact with a toluene solution of [Rh(cod)(µ-OMe)]2 ([RhLn]2). The rhodium complex was absorbed by the resin, as it could be noticed by discoloring the pale-yellow solution.

  
    

    [image: Scheme 2. Catalyst synthesis.]

  

  The anchoring process was followed by infrared spectrometry. Although the support and the catalyst have been dried under vacuum (5 × 10–4 atm) at room temperature for 5 h, a significant amount of water remained, as shown by a strong and broad band with a maximum at 3450 cm–1. This fact stresses the strongly hygroscopic character of this support. The introduction of TPPMS in the IRA900 material causes the appearance of a strong absorption at 1196 cm–1, which is characteristic of the sulfonate group. No significant change in the IR spectrum was observed with the introduction of the rhodium complex.

  The results of the elemental analysis allowed us to calculate a molar ratio between the components in the final IRA900/TPPMS/Rh material. The phosphorus analysis gave the value of 1.1 wt. % for the phosphorus content. Comparing this value with the nominal ion-exchange capacity of the IRA900 resin (1.5 meq g–1), it is possible to estimate that only one chloride out of four has been exchanged with TPPMS. Therefore, the TPPMS/chloride molar ratio in the catalyst is about 1:3. The rhodium content of 0.90 wt. % indicates a rhodium/TPPMS molar ratio of 1:3. Thus, the molar ratio of Rh:TPPMS–:Cl– in the catalyst is 1:3:9.

  Catalytic runs

  In the present work, we propose the use of eugenol as a convenient model substrate for hydroformylation, as it is a cheap, non-toxic, naturally occurring olefin and is readily available from commercial sources in high purity. In addition, the hydroformylation of eugenol, as well as related allyl benzenes, is a potential route to produce the components of synthetic fragrances (Scheme 1).12 In many previously reported studies, 1-hexene was used as a model substrate for the catalytic hydroformylation of olefins.21 However, four double-bond isomers and three aldehydes can be formed from 1-hexene and these products are difficult to be separated by GC. Moreover, their GC peaks may overlap with those of commonly used solvents, such as toluene. On the other hand, the isomerization of eugenol produces only two isomers (2a, Scheme 1), which are difficult to be hydroformylated under mild conditions. The hydrogenated product, double-bond isomers and aldehydes derived from eugenol are easily separated under regular GC conditions and their GC peaks do not overlap with those of usual solvents. Therefore, the catalyst parameters such as conversion, reaction rate, chemoselectivity and regioselectivity can be easily and unequivocally determined by GC.

  We first tested the performance of the anchored IRA900/TPPMS/Rh catalyst at different temperatures using a substrate to rhodium molar ratio of ca. 550 (Table 1, runs 1 and 2). At 50 ºC and 60 atm of equimolar mixture of CO/H2, the reaction occurred slowly reaching 60% of conversion in 24 h and showed a combined selectivity for aldehydes of only 60% because of the extensive isomerization and hydrogenation of the substrate. Expectedly, at the same pressure, the reaction was significantly accelerated by the increase in temperature and was completed in 15 h at 70 ºC. The reaction rates were calculated as turnover frequencies (TOF) from the kinetic curves (conversion versus time) as shown in Figure 1. The TOF were 14 h–1 at 50 ºC and 63 h–1 at 70 ºC. These data expressed by means of the Arrhenius equation yielded for the activation energy a reasonable value of ca. 70 kJ mol–1.
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    [image: Figure 1. Kinetic curves for selected runs in the hydroformylation]

  

  The comparison of the product distribution in the reactions performed at different temperatures revealed a remarkable trend. At higher temperature, the reaction is much more selective for the aldehydes, as they correspond to 89% of the mass balance at 70 ºC but only 60% at 50 ºC. These results would suggest to test the catalyst at a higher temperature, but the stability of the support is limited to 77 ºC. Thus, we decided to keep 70 ºC as the standard temperature for the following experiments.

  In Table 1, runs 2-6, the effect of the total and partial pressures of CO and H2 is shown. The TOF is rather independent of the total pressure in the range of 40-80 atm (CO/H2 = 1, runs 2, 3 and 4) indicating that the reaction is not limited by the diffusion of the gases to the catalytic site and is either independent of both the CO and H2 concentration or a positive dependence is compensated by a negative one. For triarylphosphine-promoted rhodium catalysts in solution, the rate of hydroformylation is usually independent of the H2 concentration and presents a slightly negative order in CO pressure under "standard" conditions. However, it is important to stress out that the kinetics of the hydroformylation reactions is extremely sensitive to the experimental conditions.27

  The results obtained for the reactions performed with different proportions between CO and H2 are shown in runs 5 and 6. The total pressure of the equimolar gas mixture had no significant effect on the hydroformylation of eugenol, which could reflect a net result of the opposite kinetic effects of the gas reagents. Really, a positive order in hydrogen (run 6 vs. run 3) and negative order in carbon monoxide (run 5 vs. run 3) were found for this reaction. It should be mentioned that the variation of either the total pressure or the partial pressures of CO or H2 does not affect significantly the product distribution at high conversions indicating that essentially the same catalytically active species operate under those conditions. The regioselectivity for the linear aldehyde (4a) is quite low (62%), but for allyl benzenes the branched isomers are even more valuable than the linear ones.

  Runs 7 and 8 are the second and third uses of the catalyst first used in run 2. All three reactions were essentially completed in 15-17 h, without a significant decrease in the reaction rates on the stationary periods (TOF = 63 h–1, 50 h–1 and 55 h–1 in the first, second and third uses, respectively). Thus, the anchored IRA900/TPPMS/Rh catalyst can be separated from the reaction solutions and re-used without a significant loss in activity and selectivity at least for three times.

  Tandem hydroformylation/acetalization

  For some applications, it is desirable to transform aldehydes in acetals both for protection purposes and because some acetals, instead of the corresponding aldehydes, can be the desired products.28 Chaudhari et al. 21 demonstrated that a rhodium catalyst containing the tris(3-sulfonatophenyl)phosphine trisodium salt (TPPTS) supported on the ion-exchange resin IRA93 transformed the aldehydes primarily formed in the hydroformylation of 1-hexene into acetals when methanol or ethanol were used as solvents. IRA 93 is a neutral polymer containing amine groups that has to be treated with a strong acid such as HCl in order to be converted into an anion-exchanger and thus this catalyst has ammonium ions with an acidic proton, which account for the acid-catalyzed acetalization of the aldehydes. In the IRA900 resin, the exchanging groups are trimethylarylammonium groups without acidic hydrogens and, although the acetalyzation was not expected to be efficient, we tested the catalyst for the tandem sequence hydroformylation/acetalization of eugenol using alcohols as solvents (Scheme 3). The results are presented in Table 2.
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  The rate of eugenol conversion at the stationary period was nearly the same (ca. 60 h–1) in all solvents used, i.e., toluene, methanol, and ethanol, with the reactions being nearly completed in 24 h (Table 2, runs 2, 9 and 10). However, the reactions in alcohols gave corresponding acetals as main products, whereas in toluene the main products were the aldehydes. The total selectivity for the hydroformylation products (aldehydes and acetals) was nearly 95% in all solvents. The regioselectivity of the hydroformylation was also similar in all solvents, with the regioselectivity for the linear aldehydes and acetals (4 + 4') being nearly 62% in all runs. The relative amount of the acetals increased with the reaction time indicating that the acetalization of the aldehydes occurred at a lower rate than their formation. At the end of the 24-hour reaction, the acetals accounted for 77 and 91% of the mass balance in ethanol and methanol, respectively.

  To compare the performance of the anchored rhodium catalyst with the conventional homogeneous system, we tested the [Rh(cod)(µ-OMe)]2 complex dissolved in methanol in the presence of TPPMS as the catalyst precursor (Table 2, entry 11). The activity of the homogeneous catalyst was expectedly higher and the reaction was completed in 5 h. A possible explanation could be a faster formation of catalytically active species under the homogeneous conditions, although the diffusional restrictions during the substrate transfer in the polymer domain cannot be ruled out. The product distribution, including regioselectivity, was quite similar considering the aldehydes and corresponding acetals together. This indicates that active organometallic species in the catalytic cycle seems to be similar in both systems. However, in the homogeneous system, the rate of the acetalization step was remarkably lower, with corresponding acetals accounting only for 10% of the mass balance at the end of the 24-hour reaction. A possible explanation for this observation is that, differently from the chloride-free homogeneous system, in the anchored system HCl can be released during the formation of catalytically active species from the rhodium precursor and this acid will favor the acetalization step.

  After run 10 the catalyst was recovered and used two more times (Table 2, runs 12 and 13). In both recycles, eugenol was completely transformed into the hydroformylation products in 24 h (ca. 90% acetals) at nearly the same rate and with similar selectivity as in the original reaction.

  The catalyst is also useful to other naturally occurring allyl benzene, i.e., estragole 1b (Table 2, run 14). The reaction was also nearly completed in 24 h giving hydrofomylation products in 99% selectivity, albeit with slightly lower relative amounts of the corresponding acetals (71%).

  Isoeugenol (2a) was also tested under the hydroformylation conditions in methanol solutions (Table 2, run 15). The rate of the conversion of this internal olefin was very low: only 9% of the substrate was converted in 24 h. Moreover, most of the converted substrate was transformed into the terminal isomer, eugenol 1a. The latter yielded aldehydes 4a and 5a and corresponding acetals 4'a and 5'a. Aldehyde 6a (Scheme 1), one of the expected product of the direct hydroformylation of 2a, was not observed at all. This result shows that the catalyst can be used for the selective hydroformylation of allyl benzenes, even in the presence of a large quantity of propenyl benzenes.

   

  Conclusions

  A solid catalyst for the hydroformylation of allyl benzenes was prepared in a simple manner by anchoring rhodium(I) complexes to a cheap, commercially available anion-exchange resin through a readily prepared anionic phosphine, i.e., TPPMS. The catalyst can be easily recovered from the reaction mixture and re-used without a significant loss of the activity. The catalyst is also useful for the tandem sequence hydroformylation/acetalization of allyl benzenes in methanol or ethanol solutions, in which the primarily formed aldehydes could be essentially converted to the corresponding acetals in the absence of auxiliary acid co-catalysts.
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    A produção do 5-hidroximetilfurfural (HMF) a partir da desidratação de açúcares é uma alternativa para a obtenção de materiais de partida na produção de poliésteres, poliamidas e poliuretano a partir de fontes renováveis. Além disso, a oxidação do HMF leva ao ácido 2,5-furanodicarboxílico (FDCA) potencial substituto para o ácido tereftálico (TA), proveniente do petróleo, intensamente utilizado na produção de polímeros, tais como, o poli(tereftalato de etileno) (PET). A substituição do TA por materiais obtidos a partir de fontes renováveis é de grande interesse do ponto de vista de obtenção de produtos com elevado grau de sustentabilidade.

  

   

  
    The production of 5-hydroxymethylfurfural (HMF) from sugars dehydration is an alternative for obtaining starting materials for the production of polyesters, polyamides and polyurethanes, due to the development of the new materials not derived from petroleum. Moreover, by oxidizing the HMF, the 2,5-furandicarboxylic acid (FDCA) can be obtained, which can replace the terephthalic acid (TA) (from petroleum) in the polymers production as poly(ethylene terephthalate) (PET). The replacement of TA with materials derived from renewable sources is of great interest from an environmental and sustainable point of view.

    Keywords: 5-hydroxymethylfurfural, dehydration, fructose, glucose, HMF

  

   

   

  Introduction

  Since the end of the 20th century the interest in the use of raw materials from renewable resources for the production of a variety of petrochemical intermediates has been growing in order to develop the replacement of petroleum as a source of raw materials and energy. Such techniques enabling the achievement of alternative sources will gradually be available for industrial application, depending on economic interests, social and availability of appropriate technologies.1-3 Several product classes are promising natural substitutes of petroleum derivatives, the biomass being the first one obtained from renewable sources. Among all biomass, carbohydrates represent more than 75%, therefore the interest to convert them into fine chemicals is increasing and could represent a real alternative to non renewable sources.4-7

  Currently the sustainable industrial conversion of biomass still depends on the development of specific technologies involving processes for biomass conversion related to equipment for producing fuels, chemical products and energy.1,4,8,9 An example of this is the obtainment of 5-hydroxymethylfurfural (HMF), see structure in Figure 1, and furfural from cellulose or other carbohydrates as glucose, fructose and starch. A lot of renewable intermediates obtainable from biomass enable the production of green polymers or are precursors for the production of fuel, diesel or jet fuel.10-13

  
    

    [image: Figure 1. Structure of 5-hydroxymethylfurfural]

  

  The catalytic oxidation of HMF produces 2,5-furandicarboxylic acid (FDCA), a material that can substitute the terephthalic acid (TA) in PET production or isophthalic acids in the manufacture of polyamides, polyesters and polyurethanes. The replacement of TA by FDCA constitutes an important step for sustainable processes development, thus FDCA production could represent a huge market. Nowadays polyurethanes using FDCA are already manufactured industrially for several applications.1,14-16

  The synthesis of HMF, shown in Scheme 1, comprises many problems, especially those associated with the formation of byproducts through parallel reactions. The formation of secondary products as levulinic acid (LA) and formic acid (FA) influence the overall efficiency of the process, as well as formation of humins polymers which is the main cause of low HMF yields reported in most of studies available in this area.11,17,18
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  HMF produced with low yield and the high cost of industrial production are the factors that limit its availability. Some processes described in the literature produce HMF using acid catalysts for the conversion of fructose as substrate. However, the disadvantage in the use of these catalysts is that secondary reactions usually occur, burdening the process by the loss of material and the necessity of purifying the product. Moreover, HMF decomposes under acidic conditions in water.19

  When using glucose as substrate, the situation is more critical due to the low HMF yield and the production of larger amounts of byproducts. Using glucose implies the isomerization into fructose by selective methods, leading to an increase in yield of the desired final product.18

  Different catalysts are employed for the synthesis of HMF, such as, ion exchange resins,20-22 minerals and organic acids,23-25 zeolites6,26 and oxides.27 These catalytic systems, besides producing HMF with low yields and forming byproducts, high temperatures and longer reaction times are usually required.28

  Solid acid catalysts such as SO42–/ZrO2-Al2O3 present strong acidity and were used in the conversion of glucose and fructose to HMF yielding 47.6% and 68.2%, respectively in 4 h at 130 ºC. Nb2O5 catalyst (calcined at 400 ºC) was effective for the production of HMF due to its Lewis acid sites. This catalyst showed a total fructose conversion with 86.2% HMF yield (2 h reaction at 120 ºC).27,29

  Qi et al. 20 studied the catalytic dehydration of fructose into HMF using microwave heating and a solvent media composed by acetone-water, the catalyst being a strong acid cation exchange resin (Dowex 50wx8-100) that is insoluble in water. Yields of 73.4% for 5-HMF and a conversion of 94% at 150 ºC were obtained. The resin showed a good stability at high temperatures enabling its reuse 5 times without observing catalytic activity decrease.

  An efficient strategy for the direct production of HMF from glucose and cellulose (from ligninocellulose) was proposed using ionic liquids (ILs) based in imidazolium in the presence of CrCl3 by microwave radiations, yields behind 60-90% were obtained. This reaction was considered a significant advance in the use of ligninocellulose for the production of carbohydrates via a green process.30 The use ILs, besides leading to satisfactory results, provides an environmental alternative process where volatile organic solvents are substituted representing an attracted interest in different areas.31

  Hu et al. proposed a mechanism employing SnCl4 as catalyst for the glucose to HMF conversion in IL, 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI.BF4), where the Sn+4 center interacts with a acyclic and five or six member ring intermediates.32 Zhao et al. 19 studied an alternative system, for which dehydration takes place more easily as the metallic halides catalyst (CrCl2, CrCl3, FeCl2, FeCl3, CuCl, CuCl2, VCl3, MoCl3, PdCl2, PtCl2, PtCl4 or RuCl3) is dissolved in the IL. With this method HMF is obtained in high yields (63 to 83%) and secondary reactions are minimized (for example, levulinic acid formation is 0.08%). Among the catalysts tested the highest HMF yield was achieved using CrCl2 which reaches values ​​around 70%.18 Sidhpuria et al. used nanoparticles immobilized in ILs in the dehydration of fructose obtaining 63% HMF yield.32,33

  Another alternative is employing an IL as catalyst and solvent. For example, the use of 1-H-3-methylimidazolium chloride (HMI.Cl) in the dehydration of fructose produced HMF with a yield of 92% after 45 minutes of reaction time. When this catalytic system was used with sucrose, a rapid cleavage of sucrose into fructose and glucose was observed. The fructose was then transformed quickly into HMF with high yield and without the formation of byproducts and on the other hand at the same time, only 3% of the glucose was converted in HMF. The low transformation of glucose is due the necessity of its previous isomerization into fructose before the dehydration reaction to produce HMF.34,35

  Furans produced from carbohydrates have high potential for the synthesis of monomers and then polymeric materials based on renewable sources. They can be obtained by synthesis which provides high yields and low production costs, but still should be investigated in order to optimize the process. A prime example is the use of ILs based on imidazolium in dehydration processes sugar (fructose or glucose) with satisfactory results related to the selectivity that can be improved in the case of the glucose and showed in this paper.36,37

  This study reports results of HMF synthesis from dehydration of fructose or glucose using imidazolium based ILs as solvent and acid catalyst.

   

  Experimental

  Synthesis imidazolium based ionic liquids

  1-buthyl-3-methylimidazolium chloride (C4MI.Cl), 
    1-methyl-3-octhylimidazolium chloride (C8MI.Cl), 1-decyl-3-methylimidazolium chloride (C10MI.Cl), 1-dodecyl-3-methylimidazolium chloride (C12MI.Cl) and 1-hexadecyl-3-methylimidazolium chloride (C16MI.Cl) were prepared to methods previously described (Figure 2 (n = 4-16)).38,39

  
    

    [image: Figure 2. General structure of the salts studied]

  

  Synthesis of HMF

  All the dehydration reaction experiments were performed in a 50 mL flask equipped with magnetic stirrer. Were charged into the flask ionic liquid (4 g), fructose or glucose (0.4 g) and HCl acid (9%) (wt. %). The reaction system was placed in an oil bath adjusted to a range of 80 to 120 ºC (according IL melting point), during 8 or 12 minutes.40 After reaction time, the reaction mixture was analyzed by high performance liquid chromatography (HPLC) equipped with UV and refractive index detectors.

  The HPLC measurements are conducted using a Shimadzu LC-20AD with UV and refractive index detector. The column Aminex HPX-87H (300 mm × 7.8 mm) is employed to separate the reaction mixture. General HPLC conditions for analysis of sugars conversion and HMF yield: refractive index detector; column temperature: 65 ºC; eluent: 0.6 mL min–1 H2SO4 pH 2; injection amount: 40 µL.41 The amount of fructose, glucose and HMF was determined by using calibration curves. Analysis chromatogram of a standard solution containing glucose, fructose and HMF by HPLC are shown in Figure 3.
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  The sugar conversion, HMF yield and HMF selectivity were defined as follows:

  Sugar conversion (mol%)

  
    [image: Equation 1]

  

  HMF Selectivity (mol%)

  
    [image: Equation 2]

  

  HMF yield (mol%)

  
    [image: Equation 3]

  

   

  Results and Discussion

  Results of sugar conversion, HMF yield and selectivity using HCl acid and ILs (C4MI.Cl, C8MI.Cl, C10MI.Cl, C12MI.Cl or C16MI.Cl) are reported Table 1. These data show that it is easier to convert fructose into HMF (yields above 85%) than glucose (yields about 30%). The acid dissolved in the ILs is very selective in HMF formation (> 85%). The same performances are not observed when tests are performed with glucose as substrate. The poor conversion of glucose is linked to the need to isomerize glucose to fructose for subsequent dehydration, as described in literature.40,42

  
    

    [image: Table 1. Dehydration of fructose and glucose]

  

  Figure 4 and 5 repeat data of Table 1 evidencing the effect of the alkyl chain lengh of the ILs in dehydration of frutose and glucose respectively. The modification of ILs nature leads to considerable difference in selectivity and yield data for fructose reaction when the reaction time is 12 minutes, but not for 8 minutes reaction time (Figure 4). This results can indicate that with a higher reaction time decomposition of HMF occurs and ILs with a longer alkyl chain avoid the formation of byproducts (compare in Table 1, HMF selectivity in reaction 2 with reactions 6, 10 and 14). About the glucose reaction (Figure 5), conversion is observed only when C12MI.Cl and C16MI.Cl are employed and attains high value (ca. 80%), but the corresponding HMF selectivities and yields remain low (< 50%).
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  Relating to fructose as substrate, when using C4MI.Cl at 80 ºC, after 8 minutes, the yield is 91% (Table 1, reaction 1) and is reduced to 70% (Table 1, reaction 2) 
    after 12 minutes of reaction time. This result indicates that the reaction is completed rapidly and that HMF decomposition occurs subsequently generating byproducts and decreasing the yield. In this IL (C4MI.Cl), HMF is not formed by dehydration of glucose (Table 1, reactions 3 and 4). The same occurs when C8MI.Cl (Table 1, reactions 7 and 8) and C10MI.Cl (Table 1, reactions 11 and 12) are employed.

  When C12MI.Cl is used in the fructose dehydration, (Table 1, reactions 13 and 14) the yield increases from 89% to 96% corresponding to 8 and 12 minutes respectively, indicating that after 8 minutes the reaction was not finished. For glucose (Table 1, reactions 15 and 16), the increase of the time reaction also leads to increasing the yield, but this one remains low (34%). This low yield obtained for glucose is not improved by the use of C16MI.Cl (Table 1, reactions 19 and 20). These low yields related to glucose indicate that its isomerization in this environment does not occur, probably due to the stability of its ring structure.33

  Results of reactions 17 and 18 in Table 1, where fructose and C16MI.Cl are used, show that the change of the reaction time from 8 to 12 minutes does not affect the catalytic properties evidencing that no decomposition of HMF occurs as no byproducts are observed.

  The set of these results show that, independently of IL used in this study, high HMF yields are obtained from dehydration of fructose in a relatively short reaction time (8 minutes). These results corroborate those described in the literature.40,42

  Scheme 2 shows a proposal for mechanism dehydration of fructose catalyzed by acid such as the systems developed in this work. Antal43 and Newth44 suggest that the formation of HMF easily occurs from fructose by cyclic intermediate enol, 2,5-anhydro-D-mannose, formed in tautomerization step.42 In this mechanism dehydration of fructose is initiated by protonation of the most basic hydroxyl group of the molecule that directly attached to the ring in a position alpha to the oxygen. The protonated form leading to spontaneous dehydration generates the intermediate enol that rearranges and then loses another water molecule, followed by deprotonation regenerating the catalyst and eliminating HMF.

  
    

    [image: Scheme 2. Mechanism of fructose dehydration]

  

  It isn't surprising that the IL/HCl system catalyzed the dehydration of frutose due to the high acidity of the medium, as mechanism proposed, but also ensures the phase separation, in particular in the case of BMI.Cl IL, due to the lipophilic character coming from the chain length of the imidazolium ring. Balance of these different properties provides the best systems for avoiding decomposition of HMF from frutose and the conversion of glucose. In this case ILs C12MI.Cl and C16MI.Cl correspond to the best systems.

   

  Conclusions

  This work shows that the catalyst system used, CnMI.Cl (n = 4, 8, 10, 12 and 16) and HCl is efficient to produce HMF from fructose with yields higher than 90%. This did not occur when glucose is used as starting material, showing that this catalyst system has a low capacity to isomerize glucose to fructose, substance which would subsequently be dehydrated to obtain HMF. ILs C12MI.Cl and C16MI.Cl were the most effective for formation of HMF from glucose. Further studies of other catalytic systems are being conducted with the aim of improving the HMF yields when glucose is used as substrate.

   

  Supplementary Information

  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    A reação entre um novo derivado de imidazol, 3,5-bis((1H-imidazol-1-il)metil)anilina (BIm), e o triéster de fosfato dietil 2,4-dinitrofenil fosfato (DEDNPP), que procede por um mecanismo SN2(P), é substancialmente acelerada em presença do surfactante catiônico brometo de cetiltrimetrilamônio (CTAB) e do surfactante aniônico dodecil sulfato de sódio (SDS). Tal efeito micelar atípico ilustra o emprego de efeitos hidrofóbicos dos reagentes para otimizar o efeito catalítico de micelas aquosas. Tal observação é importante e útil no planejamento de modelos miméticos de reações biológicas, já que a melhoria da incorporação dos reagentes aumentará efetivamente a qualidade dos sistemas biomiméticos, sendo que ambos os surfactantes catiônico e aniônico poderão atuar como nanoreatores homogêneos, concentrando os reagentes neutros hidrofóbicos.

  

   

  
    The reaction of a new imidazole derivative, 3,5-bis((1H-imidazol-1-yl)methyl)aniline (BIm), and the model triester diethyl 2,4-dinitrophenyl phosphate (DEDNPP), which proceeds via a SN2(P) mechanism, is substantially enhanced in the presence of either cationic cetyltrimethylammonium bromide (CTAB) or anionic sodium dodecyl sulfate (SDS). This unusual micellar effect illustrates the use of the hydrophobic character of the reactants to enhance micellar catalysis. This is an important and useful guideline in planning mimics for biological reactions, because improving incorporation will increase the quality of the biomimetic systems, and both cationic or anionic surfactants will act as homogeneous nanoreactors concentrating the neutral, hydrophobic reactants.
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  Introduction

  Imidazole is a versatile group involved in highly efficient enzymatic reactions as a general acid, general base and/or nucleophile. The histidine imidazole plays a fundamental role in many phosphoryl transfer reactions such as the cleavage of RNA, catalyzed by RNAse A.1 Additionally, cellular signaling processes involve rapid and reversible phosphohistidine formation, via nucleophilic attack by neutral imidazole on phosphorus.2 Thus, considering the diverse pathways in which imidazole participates, different mechanisms have been proposed and biomimetic models have been developed to better elucidate these reactions.3,4 The literature is particularly rich in models of general acid-base catalysis promoted by imidazole, but mimics of nucleophilic reactions are less abundant, and we reported previously simple intramolecular models, with rate enhancements of about 106- to 109-fold and mechanisms including general acid-base and nucleophilic pathways.5-7

  Recently we reported the reactions of imidazole with activated phosphate di- and tri-esters, such as diethyl 2,4-dinitrophenyl phosphate (DEDNPP), Scheme 1.8 Imidazole promoted rate enhancements of several thousand fold in the dephosphorylation reactions, compared to spontaneous hydrolysis, and nuclear magnetic resonance (NMR) and electrospray ionization mass spectrometry (ESI-MS) experiments showed that the reactions proceeded via nucleophilic attack on the phosphorus atom, forming phosphorylimidazole species stable enough in some cases to be observed directly in aqueous medium.

  
    

    [image: Scheme 1. Imidazole-promoted dephosphorylation]

  

  Microheterogeneous environments have been developed for catalysis of dephosphorylation reactions, typically comprising hydrophobic negatively charged alpha-nucleophiles in cationic micellar media,9-14 which allow the exploration of properties such as counterion binding to improve experimental rate enhancements.15-17 Similarly, metallomicelles show significant rate increases and the results further comprehension of the role of metal ions in enzymes.18

  However, imidazole reactions are not particularly easy to catalyze by the addition of aggregates such as micelles, due to the high water solubility of imidazole, which disfavors its incorporation into the micellar phase. To study the effect of micellar media on these particular reactions, we synthesized a new imidazole derivative, 3,5-bis((1H-imidazol-1-yl)methyl)aniline (BIm), which readily incorporates to aqueous micelles, and are known to efficiently accelerate nucleophilic reactions of phosphate esters.19,20 We report the reaction of DEDNPP with BIm (Scheme 2) in micellar environments and examine in detail the effect of the ionic surfactants cetyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS).
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  Experimental

  Materials

  The phosphate ester DEDNPP was synthesized by standard methods as previously described.21 The surfactants SDS (Sigma) and CTAB (Sigma) were the best available reagent grade and purified as described elsewhere.22 All other inorganic and organic reagents were of the best available analytical grade from commercial sources (Merck, Aldrich, Fluka and Acros Organics) and used as received. Doubly deionized water, conductance < 5.6 × 10-8 Ω-1 cm-1 and pH 6.0-7.0, from a NANOpure analytical deionization system (type D-4744) was used to prepare the standard and reagent solutions. The synthetic route to obtain the novel imidazole derivative is described in the Supplementary Information along with the characterization data.

  Potentiometric titration

  The pKa values of BIm in water and CTAB aqueous micellar medium at 25 ºC were determined by potentiometric titration. The pH was measured with a Metrohm 713 pH meter and the glass electrode was calibrated against standard buffers, at 25.0 ± 0.1 ºC. Titrations were performed in a 150 mL thermostatted stirred cell under N2 at 25 ºC. The solutions were titrated with small increments of CO2-free KOH, and all precautions were taken to eliminate carbonate and CO2 during the procedure.

  Kinetics

  Reactions were followed spectrophotometrically by monitoring the appearance of the product 2,4-dinitrophenolate. Reactions were started by adding 20 µL of stock solution of 5.0 × 10-3 mol L-1 DEDNPP (in acetonitrile) to 3 mL of solution in quartz cuvettes to give the final substrate concentration of 3.33 × 10-5 mol L-1. In the reactions with BIm, the imidazole derivative was in excess to guarantee pseudo first-order kinetics with respect to the substrate. The temperature of reaction was maintained with a thermostatted water-jacketed cell holder, and the pH was maintained with 0.01 mol L-1 of the buffers citric acid (pH 3-3.5), acetic acid (pH 4-5.5), sodium dihydrogen phosphate (pH 6-7.5), 2-amino-2-hydroxymethyl-propane-1,3-diol (TRIS, pH 8-9) and potassium hydrogen carbonate (pH 9.5) in the reactions in aqueous medium, and 0.01 mol L-1 of biological buffers 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)-1,3-propanediol (BIS TRIS, pH 6-7) and TRIS (pH 7-9) in the reactions in micellar media. Absorbance vs. time data were stored directly on a microcomputer, and observed first-order rate constants, kobs, were calculated, using absorbance changes obtained for at least 90% of the reaction, using an iterative least-squares program; correlation coefficients were > 0.999 for all kinetic runs. For the deuterium solvent isotope effect, pD was corrected by the relation pD = pH + 0.4, at 25 ºC.

   

  Results and Discussion

  Titration studies

  BIm has three amino groups that form four species with potentially different reactivities and potentiometric titration of BIm in water, at 25 ºC, was used to determine the pKa values for the different species, Scheme 3.

  
    

    [image: Scheme 3. Acid dissociation constants]

  

  The pKa values given in Scheme 3 were obtained by fitting the titration curve given in Supplementary Information Figure S1 with the program BEST7. The aniline amino group was assigned to the highest acidity (pKa1 = 2.5), and the pKa values of the two imidazole groups (6.07 and 7.26) are close to 7. Based on these pKa values, the species distribution of BIm as function of pH can be conveniently calculated (see Figure S1) and allows us to understand its reactivity in the dephosphorylation reaction of DEDNPP.

  Reaction of BIm with DEDNPP in aqueous solution

  The results show that BIm promotes the DEDNPP dephosphorylation effectively. Figure 1 shows the pH-rate constant profile for the reaction, compared with that observed for the spontaneous hydrolysis of the triester, and shows that the monoprotonated and neutral species of BIm are reactive, and indicates that the dephosphorylation reaction involves the neutral forms of the imidazole groups. The similarities between the observed rate constants in the region of pH 3 to 4 with the uncatalyzed reaction at pH 7, indicates the absence of a significant contribution of the arylamino moiety, which is both sterically hindered and considerably less basic than the imidazole substituents. The observed kinetics are consistent with Scheme 4 and allows the derivation of equation 1.
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    [image: Figure 1. pH-rate constant profile of the reaction]

  

  
    

    [image: Scheme 4. Kinetic pathways for the dephosphorylation]

  

  Equation 1 is a description of the reaction of DEDNPP with water (k0), and χBImH+ and χBIm are the molar fractions of the monoprotonated and neutral species of BIm, respectively, which were calculated using the acid dissociation constants pKa2 and pKa3 described above (Scheme 3). The kinetic parameters obtained by fitting the pH-rate profile with equation 1 are given in Table 1, and show that the rate enhancements promoted by the reactions of monoprotonated and neutral BIm are of the order of 755- and 1700-fold, respectively. The calculated k2 value is consistent with that obtained by the linear plot of kobs vs. [BIm] at pH 8.5 (see Table S6). It is interesting to note that the second-order rate constant for reaction with the neutral BIm is about twice as large as that for monoprotonated BIm, as could be expected for a statistical effect due to the presence of two imidazole groups.

  
    

    [image: Table 1. Kinetic parameters for the reaction]

  

  The activation parameters calculated at pH 8.5 (data and equations shown in Figure S4 and equations S5-S7), are similar to those reported for the reaction of DEDNPP with imidazole, with values of ∆H‡ = +10.60 ± 0.46 kcal mol-1 and ∆S‡ = –131.14 ± 6.49 e.u. . The large and negative entropy of activation is typical of bimolecular associative or concerted mechanisms, and thus is consistent with both nucleophilic and general-base paths. Significantly, the observed solvent kinetic isotope effect (SKIE), calculated at pH(D) 8.5 in the plateau region shows a SKIE (kH2O/kD2O) = 0.996, a result which is strongly indicative of rate-limiting nucleophilic attack at the phosphorus center by the neutral BIm species. Thus, in excess of nucleophile, we propose the dephosphorylation of DEDNPP involves one of the BIm imidazole groups available.

  Reactions in micellar media

  Since reactions between relatively hydrophobic organic substrates can be favored by incorporation in micelles with different properties, we decided to examine the pH-rate constant profiles for the reaction of DEDNPP with BIm in the presence of cationic and anionic micelles, CTAB and SDS, respectively, and the experimental results are shown in Figure 2.

  
    

    [image: Figure 2. Plots of kobs as function of pH for the reactions]

  

  In SDS micellar medium, using equimolar amounts of BIm and SDS preclude the determination of rate constants in lower pH because the increase in concentration of the protonated forms of BIm leads to precipitation of the anionic surfactant. So we used lower concentrations of BIm and higher surfactant concentration to obtain the profile in SDS micellar medium, compared to that of CTAB. Interestingly, despite the differences in the experimental conditions, the results show that both micelles promote similar increases in kobs, which is also confirmed by the plots of kobs vs. [BIm] at constant CTAB and SDS concentrations (see Figure S5). In fact, the observed micellar effect can be rationalized in terms of the neutral character of both reactants (considering the most reactive neutral species of BIm), and the similar enhancements in both micellar media are indicative of quantitative incorporation of the reactants (DEDNPP and BIm) in both micellar phases.

  The pH-rate profiles of the BIm reactions in CTAB and SDS make clear that the neutral form is the most reactive species in both cases. BIm was titrated in the presence of CTAB at 25 ºC, and the apparent pKaHA values of the imidazole groups in CTAB micellar medium (6.05 and 7.10) are closely related to and slightly lower than those determined in aqueous solutions, because the binding constant of BIm, as discussed below, is not very high and, therefore, a significant fraction of the nucleophile is in the aqueous phase (titration curve, composition graph as function of pH and pKa values are given in the Supplementary Information). Furthermore, a decrease in the incorporation of BIm is expected at lower pH values, due to repulsive interactions with the cationic surfactant. The pH profile in SDS is slightly shifted to higher pH, compared to that of CTAB, suggesting that pKa values in SDS medium may be slightly higher, consistent with attractive interactions between cationic BIm and the anionic surfactant. In any event, the effects are very small and further examination is experimentally difficult because the observed changes are close to our limits of experimental error for titration in colloidal systems.

  Figure 3 presents the effect of surfactant concentration on kobs in the reactions studied, and the observed profiles are fully consistent with the experimental pH-rate constant profiles. In fact, the reaction of 0.01 mol L-1 of BIm with DEDNPP in the presence of both CTAB and SDS shows very similar rate constant-surfactant concentration profiles at pH 8.5 and 25 ºC.

  
    

    [image: Figure 3. Plots of kobs as function of the surfactant]

  

  In general for bimolecular reactions, catalysis by micelles is largely dependent on the incorporation of the reactants. Thus, to fully understand the data, we treated them quantitatively in terms of the pseudophase model for micellar systems.

  Quantitative treatment on the rate constant

  Micellar effects upon bimolecular organic reactions are largely explained in terms of incorporation of the reactants in the micellar phase, followed by differential reactivity in the aqueous and micellar phases,23,24 as shown in Scheme 5.

  
    

    [image: Scheme 5. Pseudophase model description]

  

  The partitioning equilibria of substrate (S) DEDNPP and nucleophile (N) BIm can be described in terms of binding constants KDEDNPP and KBIm, respectively, and the overall reaction rate constant (kobs) can be described as the sum of the rates in each pseudophase, equation 2.

  
    [image: Equation 2]

  

  The scripts M and W refer to the micellar and aqueous phases, respectively, and the terms k2M and k2W are second order rate constants, expressed in units of L mol-1 s-1, in the micellar and aqueous pseudophases, respectively. The term [BIm] represents the total concentration of the nucleophile and is corrected by the molar fraction in each pseudophase (χWBIm and χMBIm) and each term of the equation is multiplied by the molar fraction of the substrate in each phase (χWDEDNPP and χMDEDNPP). The term Cd is the concentration of micellized surfactant, and VM, the molar volume of the micelle in which the reaction takes place, which in general is considered either the micelle volume or that of the Stern layer.25 As usual, Cd is assumed to be CT-CMC, where CT is the stoichiometric surfactant concentration, and CMC, the critical micelle concentration. The fits of the rate-surfactant profiles for the nucleophilic reactions of BIm in CTAB and SDS were performed considering that the contributions of reactions with water and hydroxide ion are unimportant, except in very dilute surfactant. The kinetic fits to equation 2 are reasonable, and relate second-order rate constants to local molarities in the micellar pseudophase and k2M can be compared to second-order rate constant in the absence of surfactants (Table 2).
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  Values of CMC are lower under the reaction conditions than in water (CMCCTAB = 9 × 10-4 mol L-1 and CMCSDS = 8 × 10-3 mol L-1).27 This behavior is probably related to the effect of BIm in the aggregation properties of the surfactants.23 In fact, precipitation of SDS at lower pH values (using equimolar quantities) is strongly indicative of a system which spontaneously aggregates in aqueous solutions, and this allowed us to neglect CMC values in fitting data, since the stoichiometric surfactant is found almost exclusively in the form of micelles.

  The magnitudes of the binding constants (KDEDNPP and KBIm) are typical of moderately hydrophobic compounds, and the lower values of KBIm are indicative of greater incorporation of DEDNPP into both micelles compared to the nucleophile, which presents a slight preference for the anionic micelle. Note that at pH 8.5, DEDNPP seems to interact similarly with both micelles, while BIm apparently shows a slight preference for the anionic micelle.

  Values of k2M are in the range 4-13-fold lower than k2W for both micelles, and this relation (k2M < k2W) is commonly found in the literature. In fact, values of k2W and k2M depend upon the pseudophase model adopted, the equations derived and the parameters used in fitting data, and a great variety of values is reported.28,29 In our case, k2M is about the same magnitude of k2W and the catalytic effect will increase significantly with higher BIm incorporation. The similarity between k2M and k2W indicates that the nucleophilic reaction itself has similar reactivity in both micellar media and the observed micellar effect is a result of concentrating the reactants in the micellar pseudophase. The results show that either cationic or anionic micelles behave as homogeneous nanoreactors in the dephosphorylation reaction, irrespective of the charge of the head group. This observation is unusual, since reactions catalyzed by cationic aggregates are typically inhibited by anionic ones and vice versa.29 In fact, the micellar effects in the dephosphorylation of DEDNPP by neutral BIm seem to be governed essentially by the hydrophobic character of the reactants. Thus, as a guide for prospective studies, the results show that rates of dephosphorylation of triesters by nucleophilic imidazole groups may be significantly optimized through the addition of cationic and anionic surfactants, whose aggregates act as homogeneous nanoreactors which concentrate the neutral, hydrophobic reactants.

   

  Conclusions

  The hydrolysis of phosphate triesters with good leaving groups in the presence of imidazole can a priori be considered to occur via an associative mechanism.8 This conclusion should apply to the reaction of BIm with DEDNPP, where the results are consistent with an SN2(P) mechanism, with a zwitterionic delocalized transition state expected in the rate-limiting BIm attack. Interestingly, cationic and anionic micelles exert similar effects, which indicate that in the transition state a negative charge on the oxygen atoms and a positive charge on the nucleophilic imidazole group are developing. Thus, the rate enhancement may occur for this kind of reaction with both cationic and anionic head groups, in which both have a reasonable chance to interact with the transition state, and this interpretation is in agreement with 
    our results.

  In addition, notice that differences in reactant hydrophobicity may also promote micellar effects. Compare the reaction of the substrate with imidazole in CTAB (see Figure S6) to that obtained with BIm. In fact, the imidazole reaction is not catalyzed in CTAB medium, mainly because the nucleophile mostly remains in the aqueous phase. Thus, more hydrophobic BIm binds to the micelles more efficiently and supports the idea that hydrophobic effects also contribute to micellar effects. This is an important and useful guideline in planning mimics for biological reactions, because improving incorporation will effectively increase the quality of the biomimetic systems.

   

  Supplementary Information

  Supplementary information (procedures of BIm synthesis and its characterization data, and potentiometric titration and kinetic data) is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Supplementary information

    BIm synthesis and characterization data

    The novel imidazole derivative, 3,5-bis((1H-imidazol-1-yl)methyl)aniline (BIm), was obtained through the synthetic route of Scheme S1, using 5-nitroisophthalic acid (1) as starting material. The detailed procedures and conditions for obtaining compounds 2-5 of the route, as well as the characterization data, are presented sequentially.

    
      

      [image: Scheme S1. Route for BIm synthesis]

    

    All reagents and solvents were of the best available analytical grade from commercial sources and used as received. Tetrahydrofuran (THF) was dried by distillation from sodium/benzophenone and used fresh. Silica-gel Si 60-F254 (Merck) was used for thin layer chromatography. Purifications were carried out by recrystallization using commercial grade solvents and by column chromatography on silica-gel 60-200 mesh 60A (Acros). Melting points were determined with an Olympus BX50 microscope equipped with a Mettler Toledo FP-82 Hot Stage.1H and 13C nuclear magnetic resonance (NMR) spectra were recorded with a Varian Mercury Plus spectrometer operating at 400 and 100.6 MHz, respectively.

    3,5-Bis(hydroxymethyl)nitrobenzene (2): 5-nitroisophthalic acid (2 g, 9.47 mmol) was dissolved in 10 mL of thionyl chloride and refluxed for 24 h; the remaining SOCl2 was removed by distillation and the solid, isophthalic acid dichloride, was kept under reduced pressure for 2 h, and then dissolved in 15 mL of dry THF. To this solution, an ice-cooled slurry of sodium borohydride (1.07 g, 28.3 mmol) in 20 mL of dry THF was added dropwise under argon flow. The reaction mixture was warmed to room temperature and stirred for 20 h under argon. Afterwards, 15 mL of water were added slowly and carefully (due to gas release, which was stopped with addition of HCl 5% solution). The aqueous phase was extracted with sodium acetate solution; the organic phase was dried with sodium sulfate and THF was evaporated, yielding a white solid 2 in 70% (1.21 g, 6.61 mmol); m.p. 90.3-91.7 ºC (lit. 91-92 ºC);11H NMR (400 MHz, DMSO-d6) δ 4.61 (s, 4H, –CH2OH), 5.52 (broad, 2H, –OH), 7.70 (s, 1H, Ar), 8.04 (s, 2H, Ar); 13C NMR (100.6 MHz, DMSO-d6) δ 61.60, 119.03, 130.42, 144.89, 147.85.

    3,5-Bis(bromomethyl)nitrobenzene (3): a solution of PBr3 (1 mL, d = 2.88 g mL-1, 10.6 mmol) in 10 mL of dry THF was added dropwise under argon flow to a cooled solution of compound 2 (1.0 g, 5.46 mmol) in 10 mL of dry THF (acetone/ice/NaCl bath, temperature reached: –10 ºC). The reaction mixture was stirred for 6 h at –5 ºC and then for 16 h at room temperature. The reaction mixture was poured into ice water, and THF was removed under reduced pressure. The aqueous phase was extracted with ethyl ether, and the organic phase was washed with saturated sodium bicarbonate and then with water, dried with sodium sulfate, and evaporated. The solid product was purified by chromatography on a silica gel column and eluted with a mixture of ethyl acetate and hexane 1:9, yielding the yellowish solid 3 in 84% (1.41 g, 4.56 mmol); m.p. 104.5-105.7 ºC (lit. 103-104 ºC);21H NMR (400 MHz, acetone-d6) δ 4.77 (s, 4H, –CH2Br), 7.76 (s, 1H, Ar), 8.11 (s, 2H, Ar); 13C NMR (100.6 MHz, CDCl3) δ 30.62, 123.67, 135.25, 140.35, 148.49.

    3,5-Bis((1H-imidazol-1-yl)methyl)nitrobenzene (4): an ice-cooled solution of imidazole (0.88 g, 12.9 mmol) in 20 mL of dry THF was added dropwise to an ice-cooled slurry of sodium hydride (0.35 g, 14.6 mmol) in dry THF in a three-necked flask previously dried under inert atmosphere. Then reaction mixture was warmed to room temperature and stirred for 1 h. The mixture was cooled to 0 ºC, and compound 3 (1.0 g, 3.24 mmol) δissolved in 20 mL of dry THF was added dropwise. Reaction progress was followed by thin layer chromatography, and formation of a white precipitate indicated complete reaction. The reaction mixture was poured into a mixture of 100 mL of saturated NH4Cl and 50 mL of saturated NaCl, and the product was extracted with chloroform. The organic phase was dried with sodium sulfate and removed under reduced pressure yielding the pale yellow solid 4 in 73% (0.67 g, 2.36 mmol); m.p. 166.1-168.8 ºC; 1H NMR (400 MHz, acetone-d6) δ 5.46 (s, 4H, –CH2Im), 6.97 (s, 2H, Im), 7.17 (s, 2H, Im), 7.69 (s, 1H, Ar), 7.74 (s, 2H, Im), 8.06 (s, 2H, Ar); 13C NMR (100.6 MHz, acetone-d6) δ 49.87, 110.72, 120.12, 122.54, 130.51, 133.65, 138.47, 141.80.

    3,5-Bis((1H-imidazol-1-yl)methyl)aniline (BIm, 5): Pd/C 10% and a solution of 4 (1.69 g, 5.97 mmol) in 50 mL of methanol were added to a hydrogenator and the reaction was left under a hydrogen stream for 24 h. Afterwards, the reaction mixture was filtered on celite; methanol was evaporated and the solid obtained was recrystallized from 1,2-dichloroethane, yielding the white solid BIm in 95% (1.44 g, 5.68 mmol); m.p. 156.2-159.8 ºC; 1H NMR (400 MHz, DMSO-d6) δ 4.99 (s, 4H, –CH2Im), 5.22 (s, 2H, -NH2), 6.25 (s, 2H, Ar), 6.30 (s, 1H, Ar), 6.89 (s, 2H, Im), 7.09 (s, 2H, Im), 7.66 (s, 2H, Im); 13C NMR (100.6 MHz, DMSO-d6) δ 49.59, 111.73, 113.61, 119.62, 128.54, 137.42, 138.74, 149.40; ESI-MS (M+) m/[image: Caracter 1] (%) calcd. for C14H16N5 (monoprotonated BIm): 254.1; found: 254.3 (100).

    BIm titration studies

    Tables S1 and S2 present the data of BIm potentiometric titration in water and 0.01 mol L-1 CTAB micellar medium, respectively, both at 25 ºC. Plots of VolKOH vs. pH are given in Figures S1 and S2 for water and CTAB micellar medium, respectively; the fits of the profiles were performed using the program BEST7 and all the pKa values are presented in Table S3. In both aqueous and CTAB micellar medium, the aniline amino group is the first to be deprotonated with pH increase (pKa1), and pKa2 and pKa3 refer to the imidazole groups. Using equations S1-S3, diagrams of BIm composition as a function of pH were plotted (in Figures S1 and S2, along with the respective titration curves, and the nomenclature of the species is with respect to the structures and equilibria of Scheme S2).

    
      

      [image: Table S1. Data of pH as a function]
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      [image: Scheme S2. Dissociation equilibria of BIm]
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    Kinetic data

    
      [image: Table S4. Data for the pH-rate profile]
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      [image: Figure S3. Plot of kobs vs. BIm concentration in the reaction]
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      [image: Figure S4. Eyring plot for the reaction]
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    where kB is the Boltzmann constant, 1.38 × 10-23 J K-1, h, the Planck constant, 6.63 × 10-34 J s, and R, the molar gas constant, 8.31 J K-1 mol-1.

    
      [image: Table S8. Data for the pH-rate profiles of the reactions]
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    Nesse trabalho, a oxidação catalítica do contaminante sulfeto em meio aquoso foi estudada na presença de carvão ativado na forma de briquetes mecanicamente resistentes e versáteis produzidos a partir de resíduos da indústria do vinho, i.e., semente e cachos. Caracterizações por microscopia eletrônica de varredura combinada com espectroscopia de dispersão de raios X (SEM/EDS), área superficial Brunauer-Emmett-Teller (BET), Raman, termogravimetria (TG), difração de raio X (XRD) e titulação potenciométrica indicam materiais com alta área mesoporosa e grande quantidade de grupos superficiais oxigenados. Esses briquetes mostraram alta atividade para a oxidação de sulfetos em meio aquoso, mesmo comparados com um carvão ativado comercial de elevada área superficial. A eficiência na oxidação de sulfeto é discutida em termos de dois efeitos: a elevada concentração de grupos superficiais redox do tipo quinona/hidroquinona formados a partir da decomposição do mosto da uva e a alta macro/mesoporosidade dos materiais que facilita a difusão das diferentes espécies durante a reação.

  

   

  
    In this work, the catalytic oxidation of the hazardous and unpleasant aqueous sulfide contaminant was investigated by activated carbon in the form of mechanically resistant and versatile briquettes produced from two different wastes of the wine industry, i.e., lex and stalk. Characterization by scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDS), surface area Brunauer-Emmett-Teller (BET), Raman, thermogravimetry (TG), X-ray diffractometry (XRD) and potentiometric titration showed that the materials have high mesoporous area with a large number of surface oxygen functionalities. These briquettes showed high efficiency for the oxidation of sulfides in aqueous medium, which is discussed in terms of two effects: the relatively high concentrations of quinone/hydroquinone surface redox groups formed from the grape must binder and the macro/mesoporosity, which facilitates the diffusion of the different species during the reaction.

    Keywords: sulfide, catalytic oxidation, activated carbon

  

   

   

  Introduction

  Hydrogen sulfide, H2S, is a toxic and very unpleasant gas, which can cause corrosion problems in equipment and constructions.1,2 The contaminant H2S can be removed from aqueous media using different methods such as precipitation,3 adsorption4 and electrochemical processes.5 Microorganisms such as Wolinellasuccinogenes, Rhodobactercapsulatus, Pelodictyonluteolum and some Chlorobium6 can also oxidize sulfide into elemental sulfur and other species, e.g., polysulfides, thiosulfate, thionates and sulfate7 in aqueous medium. It is believed that the sulfide oxidation, by microorganisms, occurs by an enzymatic process (sulfide quinone reductase enzyme).8,9

  Recent works10,11 have shown that different forms of carbon, such as graphene, graphite and modified activated carbon, catalyze the oxidation sulfide into aqueous polysulfides and further to sulfur oxides. It has been suggested that these carbons can mimic the enzyme with their surface oxygen groups and the graphite based conductive structures.10,11 However, the high cost of these materials and the complex surface modification procedures to produce the active catalytic sites hinder their industrial application.

  In this work, sulfide oxidation was investigated using special activated carbons shaped as briquettes produced from winery wastes. Briquettes are industrially much more interesting than powder and granular carbons, due to their versatility, facile manipulation and application.12,13 Several works describing the preparation and application of carbon briquettes in adsorption processes can be found in the literature.14

  Winery constitutes an important part of the economy in several regions in the world and grape is one of the most important fruit crops.15 These activities generate important volumes of wastes, like grape stalks (ca. 30%), grape seed (ca. 30%) and ca. 40% of skin and pulp. Stalk is the skeleton of the grape bunch and consists of ligniﬁed tissues with a high content of ﬁbers such as lignin, cellulose, hemicellulose, with high carbon content.16,17 Grape seeds are a complex matrix containing approximately 40% fiber, 16% oil, 11% proteins and 7% complex phenols, including tannins, in addition to sugars and mineral salts. After oil extraction, the seeds form a lignocellulosic waste called lex.18,19 Both wastes, stalk and seed lex, are currently used to produce only energy by burning and the development of products with added value from these wastes is of considerable interest.

  Hereon, it is demonstrated the high catalytic activity of activated carbon (AC) briquettes for sulfide oxidation in aqueous medium, which is discussed in terms of the macro/mesoporosity with high concentration of oxygen surface groups active.

   

  Experimental

  Materials

  The grape stalks (ca. 12.5 wt. % ash, 20.2 wt. % moisture, 53.5 wt. % volatiles and 13.9 wt. % fixed carbon) and the lex (ca. 5.6 wt. % ash, 19.3 wt. % moisture, 44.4 wt. % volatiles and 30.7 wt. % fixed carbon) were obtained from Bodegas Callia and Olivi Hnos., respectively. Concentrated grape must with density of 1.35 kg L–1 and sugar (fructose and glucose) content of 860 g L–1, was used as binder to prepare the briquettes. A sample of commercial activated carbon (Aldrich) was used as reference in the reaction of sulfide.

  Carbonization and leaching

  Wastes, as received, were heated in an inert atmosphere at a rate of 1.4 ºC min–1, from room temperature up to 500 ºC and kept at that temperature for 2 h. This step was carried out in a stainless steel carbonization reactor electrically heated. Each carbonized material was weighted and separated in two fractions. One of them was submitted to a leaching treatment with hydrochloric acid (5% wt/wt), 
    at room temperature, in order to decrease mineral impurities, washed and dried at 25 ºC.

  Both fractions were ground to particle sizes bellow 0.18 mm.

  Briquetting

  Carbonized materials and those carbonized and leached were briquetted using grape must as binder. The briquettes were made by mixing measured amounts of char and binder in a ratio of 4:1. One gram of the resulting mixture was submitted to pressures of 140 MPa for 6 min, into a 10 mm i.d. cylindrical stainless steel mold held in a hydraulic press. The obtained briquettes had 10 mm diameter × 13 mm length.

  Activation

  Briquettes were activated under steam flow in a stainless steel tubular reactor (30 mm i.d. and 300 mm length), heated in an electric furnace with automatic temperature control. The heating step, from room to activation temperatures at 15 ºC min–1 was carried out in flowing nitrogen gas. In all assays, the reactor was loaded with 15 g of briquettes, which were submitted to a steam flow of 1.7 g (g h)–1 during 105 min. Steam was generated in a system composed by a heat exchanger and a Masterflex peristaltic pump. Once the activation step had taken place, the activated briquettes were measured, weighed, and stored.

  The briquettes production can be schematized as shown in Figure 1.

  
    

    [image: Figure 1. Schematic preparation procedure of the briquettes]

  

  The briquettes were characterized by thermogravimetry (TG)/derivative thermogravimetry (DTG) (Shimadzu, under air with a heating rate of 10 ºC min–1 up to 900 ºC), Raman spectroscopy (SENTERRA at λ = 514.5 nm), surface area Brunauer-Emmett-Teller (BET) (Quantachrome), X-ray diffraction (XRD) (Rigaku D/MAX Cu radiation), scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDS) (JEOL JSM - 6360LV microscope, operated at a voltage of 15 kV under high vacuum). The potentiometric titrations of the materials were performed in a sealed cell with N2 purge and an automatic titrator Metrohm 670. AC (75 mg) was dispersed in 30 mL of a solution containing HCl (0.005 mol L–1) and NaCl (0.045 mol L–1), the mixture was titrated with NaOH (0.050 mol L–1). The data on pH and volume of titrant used was then adjusted by a nonlinear regression program developed in MATLAB 6.5, based on the work of Gorgulho.20

  The oxidation reactions were investigated with 20 mg of activated briquettes suspended in 6 mL of aqueous solution of Na2S.9H2O (0.033 mol L–1, 8.0 g L–1) at 25 ºC. Kinetic studies were carried out monitoring the electronic absorption UV-Vis at the wavelength 290 nm at different times until 60 min. A Shimadzu UV 2550 spectrometer, interfaced with a microcomputer was used. After the reaction time (60 min), the activated briquettes were easily recovered from the reaction medium, washed twice with water and reused.

   

  Results and Discussion

  The briquette preparation was carried out by pyrolysis of the winery wastes to produce the carbon powder precursors. These carbon powders were then mixed with grape must, pressed in a mold, thermally treated and activated with steam (Figure 1).

  Four different briquette samples were obtained and named hereon as SHCl (stalk precursor with HCl leaching), L (lex precursor) and LHCl (lex with HCl leaching) all activated at 880 ºC. The HCl leaching was carried out in order to remove any soluble metal that could interfere in the sulfide reaction.

  The briquette prepared from stalk without leaching reached a burn off around 100% when activated at 880 ºC. Therefore activation at 700 ºC was performed to obtain briquettes with acceptable mechanical and textural properties (S700).

  SEM analyses (Figure 2) of the lex (L) sample clearly showed compact carbon particles with dimensions near 20-200 µm agglomerated to form the briquette structure. It is interesting to observe that the interstitial spaces between these carbon particles are filled with microstructured less organized carbon. This interstitial carbon is likely formed by the decomposition of the binder grape must. It can also be observed the presence of Si rich white particles ranging from few micrometers up to 200 µm likely related to silica sand contamination. SEM analyses of the stalk briquette (S700) showed a much less organized carbon structure, probably due to the structure of the stalk carbon precursor and to the grape must binder decomposition. The S700 sample also showed the presence of inorganic white particles in general smaller than 10 µm. EDS analyses of these white particles suggest the presence of significant amounts of K and Ca. After HCl leaching, no significant difference was observed in the texture and EDS composition for both carbons [see the Supplementary Information (SI) section].

  
    

    [image: Figure 2. SEM images and EDS obtained for the sample]

  

  The obtained surface areas and porosities for the different samples are shown in Table 1 (adsorption isotherms are shown in SI).

  
    

    [image: Table 1. Surface area and porosity for the briquette samples]

  

  The S700 sample showed a relatively low surface area of 285 m2 g–1 due to the low activation temperature, i.e., 700 ºC. On the other hand, upon leaching and activation at 880 ºC, the SHCl sample showed an increase of the surface area to 723 m2 g–1 with micropores (0.25 cm3 g–1) and an important contribution of mesopores (0.12 cm3 g–1). The briquette obtained from the lex precursor showed surface areas between 669-795 m2 g–1. The AC used as reference is mainly microporous with a higher surface area of 890 m2 g–1.

  Raman analyses were used to characterize the nature of the carbon present in the briquettes (Figure 3). The obtained spectra showed the presence of the band near 1580 cm–1 (G band) typical of more organized graphitic materials and a band at 1320 cm–1 (D band), which suggests the presence of more defective amorphous carbon structures.21 The relative intensity of G and D bands can be related to the organization degree of the carbon material.22 The 
    IG/ID ratio observed for lex samples (both L and LHCl) 
    (IG/ID ca. 1.0) is slightly larger than the observed for SHCl sample (IG/ID = 0.8), suggesting that the carbon present in the lex sample is more organized compared to the carbon formed in the stalk after activation at 880 ºC.

  
    

    [image: Figure 3. Raman spectra]

  

  XRD analyses for the two carbon briquettes agree with Raman, indicating the presence of graphitic crystallites by the presence of a large peak near 27º (SI section).

  TG/DTG analysis (Figure 4) in air atmosphere of the L briquette sample, after the leaching process, (LHCl) and of the sample before the leaching, L (SI section) showed similar weight losses of ca. 90% near 500 ºC. These weight losses are related to carbon oxidation. The ashes (approximately 10%) are related to inorganic impurities, such as metal oxides and silica, originally present in the lex and steam wastes. This result suggests that the leaching process does not have any significant effect on the inorganic contaminants present in the sample. It is interesting to observe that the sample SHCl showed oxidation temperatures near 400 ºC, significantly lower than the L carbon (ca. 500 ºC), suggesting the presence of a more defective and reactive carbon. This result agrees with the Raman analyses, which indicated that the lex sample is formed by a more organized graphitic carbon.

  
    

    [image: Figure 4. TG/DTG analyses]

  

  The nature and concentration of the oxygen surface groups present in the carbon samples were determined by potentiometric titration. Figure 5 shows the concentration of oxygen surface groups according to their pKa, for the different samples studied. The presence of sites with pKa < 5 suggests the formation of carboxylic groups. Lactones and carboxylic anhydride groups may also be present, and could be ascribed to pKa ranging between 5 and 7. Sites with pKa > 9 are indicative of the presence of phenols and quinones groups.20

  
    

    [image: Figure 5. Number of oxygen sites]

  

  The obtained results for the L and LHCl samples showed similar number of oxygen surface groups of ca. 1.96 and 1.86 mmol g–1, respectively. The point of zero charge (PZC) determination for these samples showed values of 11.4 and 12.1. On the other hand, the SHCl sample showed a slightly lower total oxygen surface groups of ca. 1.70 mmol g–1 with a PZC of 10. It is interesting to observe that the carbons, L, LHCl and SHCl showed relatively high concentration of surface groups with pKa higher than 9, suggesting the presence of phenolic and quinone like groups. The commercial AC, used as reference, showed much lower total oxygen surface groups of ca. 0.14 mmol g–1.

  Sulfide oxidation

  Previous works10,11 showed that different forms of carbon, such as graphite and graphene and modified carbons promote the oxidation of aqueous sulfide initially to polysulfides, e.g., S22–, S32– and S42–. These sulfide intermediates form a yellow solution and they can be identified by absorptions in the UV-Vis spectrum at 267, 290 and 375 nm, respectively. These polysulfides are further oxidized to form complex mixtures of oxygenated sulfur species, which can be easily identified by infrared (IR).11

  The carbon briquettes obtained in this work were used as catalyst for sulfide oxidation. An evolution of the UV-Vis spectra during the reaction with aqueous sulfide and LHCl carbon is shown in Figure 6.

  
    

    [image: Figure 6. UV-Vis spectral evolution during]

  

  After 15 min of reaction, three new bands (267, 290 and 375 nm) can be observed, characteristic of the formation of polysulfides. The UV-Vis spectra for the reaction in the presence of other carbons are shown in the SI section. Kinetic measurements using the absorption at 290 nm for the reaction in the presence of the different briquette carbons are exhibited in Figure 7.

  
    

    [image: Figure 7. Polysulfide formation]

  

  It can be observed that the sample L showed the highest activity for the oxidation of sulfide followed by LHCl and SHCl. On the other hand, commercial AC showed very low activity.

  The higher reactivity of the sample L is partly related to the higher surface area (795 m2 g–1) compared to LHCl and SHCl (669 and 723 m2 g–1, respectively). Much lower activities were observed for the samples S700, which is likely related to the much lower surface area (285 m2 g–1). Also, larger pores, i.e., meso and macropores, seem to play an important role during the reaction, according to some of our recent work.10,11 Although the nature of the effect of pore size on the reaction is not clear, it is likely related to the diffusion limitation of sulfur species into/out the micropores. The briquette carbons obtained in this work showed important meso (see Table 1) and macroporosity (see SEM images) formed in the spaces between the carbon base grains. Figure 8 shows schematically how these pores are formed during the production of the briquettes.

  
    

    [image: Figure 8. Formation of macro, meso and microporosity]

  

  Although the reaction mechanism is not clear, previous works10,11 suggest that surface oxygen group combined with the electric conductivity of the carbon are fundamental for the reaction. During the briquette formation, grape must, rich in different sugars, is used as binder and decomposes on the surface of the base carbon particles previously formed. The decomposition of these sugars should produce a carbon with relatively high oxygen content. Potentiometric titrations showed that the oxygen surface groups are much higher compared to a commercial activated carbon and that most of these groups have pKa higher than 9, suggesting the presence of quinone and hydroquinone functionalities. It can be inferred that this surface carbon formed by grape must decomposition plays an important role during the reaction as suggested in Figure 9.19

  
    

    [image: Figure 9. Proposed view of the briquette carbon]

  

  In fact, it has been suggested10,11 that carbons can behave like the quinone-reductase enzymes, where the combination of quinone redox group with an efficient electron transport system is considered the key-features for an efficient catalyst. A similar mechanism can be proposed for the reaction in the presence of the activated carbon briquettes (Figure 9). The sulfide can be oxidized by surface quinone groups and one electron is transferred to the carbon. Initially, this electron is located at the oxygen in the form of a hydroquinone group. This electron is then transferred to another region of the bulk carbon by conductive areas formed by graphitic material. Raman and TG analyses suggested that especially the L carbons are composed of a more organized and therefore more conductive type of carbon.

  It is interesting to observe that although microporous commercial AC has the highest surface are (890 m2 g–1) and similar concentration and type of oxygen surface groups, it showed the lowest sulfide oxidation activity compared to all the other briquette samples. This is likely related to two main factors: the presence of micropores (diameter < 20Å) that limit the diffusion of the reactant and products (S22–, S32– and S42–) with molecular sizes ranging from 2-6 Å23 and some aspects of the electrical conductivity in the carbon structure.

  In order to investigate the deactivation of the carbon catalyst, the briquette sample L was reused three times by simple separation and addition of a fresh Na2S solution. The results are shown in Figure 10. It can be observed a constant deactivation after each use. A similar deactivation was observed for the sample L after a thermal treatment at 900 ºC under vacuum for 1 h. This deactivation is likely related to the removal of surface oxygen groups by the thermal treatment.

  
    

    [image: Figure 10. Consecutive reuse]

  

   

  Conclusions

  Activated carbon briquettes obtained from wastes of wine industry showed a relatively high catalytic activity for aqueous sulfide oxidation even compared with a high surface area commercial powder activated carbon. This oxidation efficiency can be discussed in terms of redox oxygen surface and surface area/porosity. The reaction is favored by the presence of quinone/hydroquinone groups, likely formed from the grape must binder decomposition on the briquette surface combined with an electron conductive structure, formed by more organized graphitic carbon. Moreover, the briquettes show a macro/mesoporosity, which facilitates the diffusion of the different species during the reaction.
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  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Superfícies nanoestruturadas podem ser definidas como substratos tendo como principal característica dimensões na faixa de 1-100 nm. O recente interesse nestes sistemas é baseado no fato de que novas e interessantes propriedade (catalíticas, magnéticas, ferroelétricas, mecânicas, óticas e eletrônicas) são desenvolvidas como resultado da redução da dimensão destes substratos. Neste trabalho descreve-se a decomposição catalítica do metano em hidrogênio e nanofilamentos de carbono em catalisadores não suportados de Ni preparados por metodologias distintas. Catalisador de Ni suportado em zircônia foi usado para comparação dos resultados. Para os catalisadores não suportados, observou-se forte dependência da atividade do catalisador com o tamanho da partícula do óxido precursor e sua morfologia. Apesar de todos terem apresentado dimensões na faixa de nanopartículas, somente os preparados usando etileno glicol, NiEG, e rota hidrotérmica, NiHT, exibiram a mesma performance que o catalisador suportado (atividade e estabilidade), 25NiZ. O catalisador sintetizado em presença de dimetilglioxima, NiDMG, foi o menos ativo e desativou com o tempo em operação.

  

   

  
    Nanostructured surfaces can be defined as substrates in which the typical features have dimensions in the range of 1-100 nm. The recent focus of interest in these systems is based on the fact that interesting novel properties (catalytic, magnetic, ferroelectric, mechanical, optical and electronic) are developed as a result of the dimension reductions of these substrates. This paper describes the catalytic methane decomposition into hydrogen and carbon nanofilaments on unsupported Ni catalysts prepared from different methodologies, with controlled particle size and morphologies. Ni catalyst supported on zirconia was also used for performance comparison. For the unsupported catalysts, it was observed strong dependency of catalyst activities with particle size of nickel oxide precursors and their morphologies. Although all of them presented crystallite sizes with nanometric dimensions, only those prepared with ethylene glycol, NiEG, and by hydrothermal condition, NiHT, exhibited the same performance as the supported catalyst (activity and stability), 25NiZ. Catalyst synthesized in the presence of dimethylglyoxime, NiDMG, was less active and deactivated with time on stream.

    Keywords: NiO, nanoparticles, H2 production, carbon nanofilaments

  

   

   

  Introduction

  There are many new challenges ahead in the field of heterogeneous catalysis in terms of the chemical process and reactions to be promoted by the use of nano catalysts. As an example, the conversion of methane, which is usually performed by different direct or indirectly routes, require specific catalysts. Non oxidative methane process is relevant for investigating the different possibilities of methane activation and posterior interaction between the molecules or intermediates and the surface of the catalyst and thus, for understanding the reaction mechanisms governing the formation of C–C bonding, the reaction condition influencing the formation of these ligands, as well as, the product distribution, which are of fundamental interest, not only for the non-oxidative coupling but also on processes related to the methane transformation.

  Martins et al. 1 reported the role of different supports (silica, alumina and zirconia) on the non-oxidative conversion of methane on Pt loaded catalysts, with or without the presence of MoO3. Moya et al. 2 studied the non-oxidative methane coupling on nanostructured supported palladium catalysts and Antje Ota et al.3 studied the particle size effect in methane activation over supported palladium nanoparticles. Moya et al.4 studied the monodispersed and nanostructrured Ni/SiO2 catalyst for the non-oxidative methane activation.

  Also, direct cracking of methane on supported Ni catalyst were reported in the literature.5-7

  
    [image: Equation 1]

  

  This process is moderately endothermic, with little gain in energy needed per mol of H2 production and the reaction is thermodynamically favored at higher temperatures. The H2/CH4 is low during methane cracking with carbon structure formation. Direct cracking forms nanofilament carbons with graphite planes as precursor. On supported nickel catalysts, hydrocarbons are decomposed at the interface gas-metal followed by dissolution and carbon diffusion through the metal particles. These carbons then precipitate at the interface, dragging out the metallic particle of the support with the formation of carbon filaments, as observed by Aiello et al.8 for the Ni/SiO2 and Alberton et al.9 for the Ni/Al2O3 catalysts. Methane cracking for hydrogen production was studied over Ni/Ni alloy catalysts supported on pure or WO3/MoO3– modified zirconias by Martins et al. .10 On unsupported Ni nanoparticles there are formation of carbon nanotubes.

  Metallic catalysts, in the catalysis concept, are usually prepared by the deposition of small nanometer-sized particles (< 20 nm) of an active phase, a metal, finely dispersed on a cheaper high-surface-area support, commonly a porous oxide. The dispersion is used mainly to improve the surface-to-volume ratio of the active phase. Additionally, this practice also leads to a better distribution of reaction heat, better poison resistance, and improve catalyst life by preventing metal sintering. Supported catalysts are prepared by impregnation of the porous solid with a precursor metal salt followed by oxidation and reduction pretreatments. However, that practice leads to the formation of nanoparticles with a wide range of sizes and shapes displaying a distribution of surface sites capable of promoting many different reactions. No molecular control on the nature of the active sites is expected, and only limited control on the selectivity of reactions can be achieved. Controlling the size of the nanoparticles used for catalysis can lead to huge changes in catalytic behavior. The importance of nanoparticles and nanostructure to the performance of catalysts has stimulated wide efforts to develop methods for their synthesis and characterization, making this area of study an integral part of nanoscience.11 Fortunately, metal nanoparticles can now be made with quite narrow size distributions by using, beside others, colloidal12 or dendrimer13 based chemistry. The morphology of these materials depends on the syntheses conditions, and has been described by different authors as nanotowers, nanocone, nanobottle, nanoflowers, nanoarrows, nanorod, nanowires and so on. The challenge is to disperse the colloidal nanoparticles on high-surface area supports and to activate them without losing the original size and shape distribution. As a matter of fact, the control of the morphology of the nanoparticles, perhaps, seems to be more important than monitoring the performance of catalysts by controlling the size of the nanoparticles of the active phase. It has been known that some catalytic processes are structure sensitive, meaning that their activity or selectivity changes significantly with the method used for the catalyst preparation.

  In this work, we present methane activation on Ni nanoparticles with different morphologies synthesized by different methods for the methane activation and characterized before and after activation of methane.

   

  Experimental

  Preparation of catalysts

  Ni catalysts with 25 wt. % of NiO were prepared by incipient wetness impregnation of Ni(NO3)2.6H2O, using as ZrO2 precursor the Zr(OH)4 (MEL Chemical). Usually zirconia, obtained by calcination of Zr(OH)4 at 923 K, involves two phases: stable monoclinic zirconia (M) and metastable tetragonal zirconia (T). The zirconia obtained by calcination of pure Zr(OH)4 at 923 K for 3 h is mostly monoclinic, while Ni modified zirconias (where Ni content is equal or greater than 20 wt. %) are predominantly tetragonal in structure.10 After drying at 373 K for 24 h, the catalyst was calcined in the presence of synthetic air at 923 K for 3 h, at a ramping rate of 1 K min–1.

  The NiO with controlled crystallite sizes were prepared by three different methods.

  (i) Precipitation of nickel hydroxide with sodium carbonate precursor salts dissolved in ethylene glycol (EG) (NiEG) according to Li et al. :14 Ni(NO3)2.6H2O was dissolved in ethylene glycol (0.05 mol in 150 mL of EG), heated gradually at 393 K under stirring and kept at this temperature for 30 min, followed by drop wise addition of a solution of 500 mL of 0.2 mol L–1 of Na2CO3, aged for 1 h at 393 K, filtered, washed with distilled-deionized water and then dried at 373 K for 16 h. The resulting sample was calcined at 673 K for 4 h flowing synthetic air at 50 mL min–1.

  (ii) Precipitation of nickel dimethylglyoxyme as precursor (NiDMG) according to Ni et al. :15 3 g of Ni(NO3)2.6H2O was dissolved in 650 mL of distilled-deionized water. A solution of 334 mL of ethanol containing 1% of dimethylglyoxyme was added dropwise to the solution with the formation of a red precursor of Ni(DMG)2. After centrifugation and washing with distilled-deionized water, the precipitated solid was dried at 373 K for 16 h and calcined at 673 K for 4 h under atmospheric air and heating rate of 3 K min–1.

  (iii) NiO was obtained after hydrotreatment and calcination of β-Ni(OH)2 precursor (NiHT) according to Zhu et al. :16 about 1 mmol of Ni(CH3COO)2.4H2O was dissolved in 5 mL distilled-deionized water followed by addition of 15 mL ethanol and 5 mL of CO(NH2)2, under strong stirring. Then, adding 2 mL of NH4OH (35% v/v) drop by drop, resulting a strong blue solution with the formation of a complex [Ni (NH3)62+]. This solution was transferred to an autoclave, coated by Teflon and heated in a furnace at 120 ºC for 12 h. After cooling, the resulted precipitate was centrifuged and washed several times with distilled-deionized water, dried at 50 ºC for 8 h, forming the (β-Ni(OH)2) precipitate. NiO was formed after calcination at 673 K for 4 h and a heating rate of 3 K min–1.

  Characterizations

  The X-ray powder diffraction measurements were performed in a Rigaku Miniflex diffractometer operated at 30 kV and 40 mA, using the graphite monochromated Cu Kα radiation. The diffractograms were recorded over 2θ values ranging from 10 to 90º, with a scanning rate of 2 s step–1 and 0.02 step sizes.

  Sample images were recorded in a field emission gun scanning electron microscope (FEG-SEM) (FEI Company) model QUANTA 400, equipped with an energy dispersive X-ray spectroscopy (EDS) system without treatment. The samples were first dispersed in isopropyl alcohol, using ultrasonic bath for 10 min, then a small amount of this solution was dropped on a copper grid and dried before analysis.

  Catalytic tests

  Temperature programmed surface reaction (TPSR) experiments were carried out, by using pure methane at 50 cm3 min–1, varying the temperature from 298 to 773 K, at a heating rate of 10 K min–1. The masses of catalyst used were 25 mg for the unsupported and 100 mg for the supported catalysts, respectively. TPSR experiments were performed in a Micromeritics TPD/TPR 2900 equipment coupled to a Balzers quadrupole mass spectrometer as detector. The gases used were CH4 (99.95% purity), He (99.995 purity).

  Activity tests were conducted at atmospheric pressure in a Pyrex micro reactor of fixed bed using 100 mg of the supported and 25 mg of the unsupported Ni catalysts, respectively. Output gases were analyzed in a gas chromatograph coupled online brand Varian, model CP-3800 GC, equipped with column CP Poraplot Q, operating in isothermal condition. He was used as carrier gas. The products were analyzed by flame ionization detector (FID) and thermal conductivity detector (TCD). Before reaction, the catalysts were pretreated with pure CH4, at 30 cm3 min–1, 773 K, and heating rate of 10 K min–1.

   

  Results

  Temperature programmed surface reaction (TPSR) and XRD analyses before and after reaction

  The adsorption and decomposition mechanism of methane on metallic surfaces is an exothermic activation process of dissociative and homolytic in nature. The kinetics of CH4 adsorption on metallic surfaces has been studied in the literature by TPSR on different supported metals, films and crystallites. However, there is little about the methane decomposition on unsupported nanosized metallic crystals. Therefore, we prepared the nanosized crystallites by different methods, which were tested and characterized before and after the reaction decomposition and after exposure of the catalyst to methane for 5 h.

  The supported 25NiZ and unsupported NiEG catalysts

  Temperature programmed surface reaction results for the supported 25NiZ catalyst are presented in Figure 1a, showing the methane (m/[image: Caracter 1] 15), hydrogen (m/[image: Caracter 2] 2) and water (m/[image: Caracter 3] 18) profiles with increasing temperature up to 773 K and at a heating rate of 10 K min–1. Figure 1b shows the profiles of the unsupported NiEG sample.

  
    

    [image: Figure 1. Temperature programmed surface reaction]

  

  The behavior of these samples is quite different. For the supported 25NiZ sample, the water profile (m/[image: Caracter 4] 18) increases initially with time on stream but after reaching a maximum peak it decreases, indicating firstly methane decomposition and simultaneously H2 (m/[image: Caracter 5] 2) consumption, which can be attributed to the reduction of NiO to metallic sites and water formation. In fact, methane is highly decomposed initially, decreasing then with time at lower conversion, indicating thus the partial deactivation of the catalyst, due to the carbon deposition. On the other hand, the unsupported NiEG sample showed constant profiles with time on stream after initial activation, including for water (m/[image: Caracter 6] 18), suggesting a slower process of NiO reduction during the reaction. No longer had deactivation occurred, but only decomposition of methane at higher conversions.

  In fact, the diffractograms of the supported 25NiZ catalyst before and after reaction, which are presented in Figure 2A, evidence firstly the presence of a tetragonal phase of zirconia and before reaction only the nickel oxide. However, after reaction, it presents only metallic Ni0 cubic phase, as shown in the diffraction peaks at 44.5º (111), 51.8º (200) and 76.4º (220). Besides, there are diffraction peaks at 26º (002) and 42º (101), which are assigned to the carbon phase as graphite structure.

  
    

    [image: Figure 2. XRD of 25NiZ catalyst (A) before (a)]

  

  Figure 2B displays the diffractograms of the unsupported NiEG sample before and after reaction. Before the reaction, exhibits diffraction peaks at 37.26º (111), 43.28º (200), 62.88º (220), 75.38º (311) and 79.75º (222), which are assigned to NiO cubic phase. After reaction, exhibits diffraction peaks at 44.5º, 51.8º and 76.4º, which are attributed to the metallic Ni0, besides the peaks at 26º (002) and 42º (101), corresponding to a graphite structure.

  The unsupported NiDMG sample

  Figure 3A displays the mass spectra profiles of H2O, CH4 and H2 of the NiDMG sample. Different from the previous NiEG sample, the NiDMG catalyst lost activity, since the H2 evolution and methane consumption decreased with time on stream, after initial decomposition of methane and activation of NiO into metallic Ni0.

  
    

    [image: Figure 3. Temperature programmed surface reaction profiles]

  

  Indeed, Figure 3B shows the diffractograms of the unsupported NiDMG catalyst before and after reaction at 773 K for 5 h. Before the reaction, there are diffraction lines attributed to NiO cubic phase, beside the diffraction lines assigned to the Ni0 metallic crystalline phase. However, after the reaction, it shows only diffraction lines corresponding to the Ni0 metallic phase and of the graphite structure. However, when compared to the previous NiEG, these graphite diffraction lines are less intense.

  The hydrotermal precursor (NiHT)

  The unsupported NiHT was obtained after hydrotreatment and calcination of β-Ni(OH)2 precursor.16 Figure 4A displays the profiles of methane decomposition on the NiHT with increasing temperature. Like the NiEG sample, the profiles are very similar during the reaction. After an initial activation of Ni species by methane, which was done during time on stream, as evidenced by the profile of water formation, methane is decomposed, with the formation H2 at a constant level.

  
    

    [image: Figure 4. Profiles during CH4 decomposition with increasing]

  

  Figure 4B displays the diffratograms of the NiHT before and after exposition to methane at 773 K by 5 h. Before reaction, the diffraction pattern shows the lines corresponding to the NiO cubic phase. After treatment, only refraction lines corresponding to metallic Ni0 phase and graphite were observed.

  Scanning electronic microscopy (SEM-FEG)

  Figure 5 displays the scanning electronic microscopic analyses. Figure 5a shows a nanoflower like type morphology in tridimensional form of NiO on the NiEG sample before the reaction. This morphology was originally observed on the hydroxide before calcination and seems to be very stable after thermal pretreatment; thus, removing water did not damage the structure of the precursor. The structure did not collapse or fracture, which can be attributed to the excellent contact between nanoparticles with high orientation degree.14

  
    

    [image: Figure 5. SEM images of the NiEG sample (a) in oxide]

  

  Figure 5b shows SEM images of NiO after calcination of the NiDMG precursor, indicating the presence of bidimensional rods, which suggests made up of small particles that gather forming rods. By removing the organic molecule (DMG) during heating, the arrangement of the structure of the precursor NiDMG was not affected, and according to Gui et al.,17 heating probably supplies energy to maintain the NiO nanoparticles highly oriented in the structure.

  SEM images of the NiHT sample are displayed in Figure 6. The images are similar to the images of the NiEG sample, exhibiting nanosheets arranged with bends and hollow structure forming nanoflowers. However, comparing the images, it seems that the NiHT sample presents structures, which are less compacted. Zhu et al.16 claims that urea and ammonia influence the formation of tridimensional structure during the preparation of the hydroxide precursor. The absence of urea results in a flaked structure and the absence of ammonia results in a structure in the form of combs.

  
    

    [image: Figure 6. SEM images of the NiHT sample]

  

  Figure 7 displays the SEM images with the EDS analysis of C, Zr and Ni of 25NiZ catalyst after 5 h of methane exposition at 773 K. As observed by Aiello,8 on supported nickel catalysts, methane is decomposed at the interface gas-metal followed by dissolution and carbon diffusion through the metal particles. These carbons then precipitate at the interface dragging out the metallic particle of the support with the formation of carbon nanofilaments with metal particles at the tip. The EDS images show clearly the grain of zirconia free from carbon particles with Ni particles well dispersed on it as well as on carbon nanofilaments.

  
    

    [image: Figure 7. SEM image of 25NiZ with EDS analysis]

  

  Figure 8 displays the SEM images of NiEG after 5 h of methane exposition at 773 K. On unsupported Ni nanoparticles (NiEG, NiDMG and NiHT), there is formation of carbon nanofilaments, which acted as living supports taking the catalyst particles away and preventing them from sintering with adjacent particles. By this way, the metal particles are located at the tip of nanotubes.

  
    

    [image: Figure 8. SEM image of NiEG after 5 h of methane exposition]

  

  Activity tests

  Activity tests were conducted at atmospheric pressure in a Pyrex micro reactor of fixed bed using 100 mg of the supported and 25 mg of the unsupported Ni catalysts at 773 K. Catalysts were pretreated with pure CH4 at 30 cm3 min–1 and 773 K, and heating rate of 10 K min–1.

  Figure 9 displays the results of the conversion of methane at 773 K for all catalysts. The unsupported NiEG, NiHT and the supported Ni catalysts (25NiZ) presented similar behavior and conversions around 9% with time on stream. However, the NiDMG catalyst presented much lower conversion, although the crystal sizes in nano size dimensions as the previous samples.

  
    

    [image: Figure 9. Conversion of methane on supported]

  

   

  Discussion

  In et al. 18 studied comparatively chemisorption and methane conversion on metallic crystallite surfaces calculating the dissociation energy of C–H bonds of methane and showed that the main dissociated species is CH3, because it has the highest energetic barrier to split the bonding, as observed for the reaction CH3 → CH2 + H* over all surfaces. The higher the adsorption strength, the higher is the energy necessary to move surface species that migrate over the surface to meet other fragments for reacting. They concluded that ethylene should be formed through dehydrogenation of ethane and not by coupling of methane. Ciobica et al. 19 calculated that on Ru (1120), the most stable species is CH2* and that the intermediates CHx (1 < x < 3) are more stable when adsorbed on bridged sites, while C species are preferentially adsorbed on top sites.

  As described in our previous paper,9 the first step of the homologation reaction is the adsorption of methane, followed by the hydrogenation step. During the adsorption of methane, there are different surface carbon adspecies, which can be hydrogenated. The H2 evolution resulted from the association of hydrogen atoms provided from dissociative chemisorption of methane, as indicated by equations 2 and 3:
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  However, methane conversion increased besides water consumption during the reaction. These results suggest decomposition of methane (equation 2) besides methane reforming (equation 5).
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  However, CO was not detected, which suggests that shift reaction may occur (equation 6), due to the presence of water, during the activation process, beside the CO decomposition, according to Bourduard (equation 7) and the dry reforming (equation 8).
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  X-ray results

  The commonly accepted model of methane decomposition and carbon growth on nickel catalysts consists of three stages:20,21 (i) methane molecules adsorb dissociatively on active surface Ni (100) and Ni (110) planes of the catalysts, which may exist as small aggregated nickel crystals, (ii) carbon diffuses into the bulk of the nickel crystallite and filaments would rapidly grow on the Ni (111) face of the crystallite due to the coincidental symmetry between the Ni (111) and the graphite (002) plane, (iii) nickel crystallites will be dragged out on the tip of the growing carbon filament. This will also prevent small crystallites contacting with neighboring particles or sintering into bigger ones.

  To maintain the continuous growth of carbon nanofilaments or nanotubes, the balance between the methane decomposition rate, carbon diffusion rate and the precipitation rate can be achieved by using appropriate catalyst particle sizes. The disequilibrium occurs when the dissociation rate is much faster than the carbon diffusion rate and subsequently carbon layers will be formed on the active surfaces of the catalysts, resulting in the so-called deactivation process.22 The initial carbon nanofilaments act as transporting agent and support to take individual particles away, and prevent sintering with adjacent particles of the catalyst, as displayed in Figures 7 and 8 for 25NiZ and NiEG catalysts. Other factors influencing the feasibility of carbon filament formation include the particle size and the surface area. Smaller particle sizes and larger surface areas (more porous structure) increase the probability for methane molecules to reach the active surface and to draw the nickel crystallites away and be supported on the tip of carbon nanofibers, thus preventing them from sintering into bigger crystals. It was interesting to note that the active Ni particles during the reaction were usually on the tip of one carbon nanofiber only. However, Wang et al.,23 upon closer inspection of deactivated unsupported Ni catalyst, found that two Ni particles collided and coalesced together with two carbon nanofibers connecting them. In fact, the micrographs of the totally deactivated Ni catalysts suggest that the collisions between two Ni catalyst particles or between Ni particles and carbon nanofibers might also be a reason contributing to catalyst deactivation.

  The crystallite sizes of the nano structured catalyst before the reaction were calculated according to Sherrer's equation and the results are presented in Table 1. As seen, the crystallite sizes changed from 6 nm to 27 nm, and depend on the preparation method. The supported 25NiZ catalyst presented bigger crystallites (27 nm), while the unsupported NiEG the lowest value (6 nm). These values are in the range of nanosized crystallites.

  
    

    [image: Tabel 1. Crystallite sizes of NiO of different precursors]

  

  In our previous paper,17 we prepared nickel nanoparticles for the non-oxidative methane activation. A nickel acetate solution was impregnated on silica support and then reduced with NaBH4 (NiB/SiO2) exhibiting only metallic Ni0 particles of the order of 15 nm. Part of this solid was then oxidized under mild conditions, where Ni ions were re-structured and redistributed as a Ni-Ox/SiO2 oxide solid that, after reduction with hydrogen, favored the formation of smaller Ni0 particles of the order of 3.5 nm. Comparing the results, one can conclude that crystallite sizes of the unsupported NiEG, which was prepared by precipitation of nickel hydroxide with sodium carbonate precursor salts dissolved in ethylene glycol14 (NiEG), are comparable to the method prepared by impregnation of a nickel acetate17 in contrast to the 25NiZ supported sample, which presented crystallite sizes 4 times bigger than the unsupported NiEG.

  Activity

  The reaction rates are presented in Table 1 for different catalysts. The rates of the NiO on the NiEG and NiHT precursors are similar and approximately equal to the reaction rate of the supported 25NiZ sample [8.04 × 10–5 mols (gNiO. s)–1], used as reference, but three times more active than the NiDMG sample [2.68 × 10–5 mols (gNiO. s)–1]. In fact, the activity seems to depend on the morphology. In particular, it suggests that the nanoflower like type NiEG exposes nanosized NiO crystallites for the methane decomposition or dissociation, which increases the activity. On the other hand, the nanorod shape crystallites, like NiDMG precursor, are less active and probably less stable.

  The results indicate that these catalysts are active for the dissociation or decomposition of methane and for the formation of carbon nanospecies species of high reactivity at the surface. Quantitatively, there are significant differences between the different samples, the supported 25NiZ and the unsupported NiEG, NiHT and NiDMG samples, where the first three exhibited three times more adsorption capacity than the last one. Indeed, the metal oxide crystal sizes of the NiEG and NiHT are approximately 2 times lower than of NiDMG precursor, with exception of the supported 25NiZ catalyst (Table 1). In fact, Table 1 presents the carbon formation of the different samples and shows that the amount of carbon formation is related to the activity of the different NiO morphologies. In our previous study,4 we observed that although the particle sizes of NiB/SiO2 and Ni-Ox/SiO2 differ by a factor of 5, the activity at 773 K or adsorption capacity of the Ni-Ox/SiO2 catalyst was three times more active than NiB/SiO2. The adsorption capacity is attributed to the metallic nanostructured particles. Therefore, the results suggest that the structure of the metal oxide and the morphology in particular, affect the methane dissociation.

  Koerts24 observed and classified the surface carbon species as Cα, Cβ and Cγ. The most reactive is the carbide Cα type, followed by the less active Cβ carbon, which is amorphous. The Cγ or graphitic carbon is the less active. According to authors, the Cα carbon species are formed on low surface coverages. Winslow et al. 25 and Duncan26 indicated that methane is initially dissociated in Cα carbon adsorbed species, which can be transformed immediately to Cβ, both phases in dynamic equilibrium. However, the Cβ carbon species can be slowly transformed by aging into irreversible Cγ species, at rates depending on the temperature and structure of the catalyst.

  The dissociative adsorption of methane on Ni catalysts has been studied by different authors, showing that the estimated value of the energetic barrier of methane dissociation on Ni (100) crystal surface faces were 0.28 eV27 and 0.54 eV28 and for Ni (111) crystal surface 0.77eV.29 Theoretical calculations indicated energetic barriers in the range of 0.69 ± 0.04 eV for methane dissociation on Ni (100) surfaces.30 In fact, calculations31 by density functional theory (DFT) estimated energy value of 0.60 eV on Ni (100) surface; however, the presence of oxygen inhibits the methane dissociation, which is attributed to the decreasing interaction between CH3 and H atoms with the substrate. Therefore, to increase the exposition at the surface of the Ni (100) face, it is necessary to change their morphology. In fact, it suggests that nanostructures of nanoflowers like type may address the specific topology.

   

  Conclusions

  The NiO catalysts prepared using different methods for controlling the particle sizes with different organic precursors and Ni(NO3)2.6H2O as source of Ni, were active for methane activation with H2 and carbon nanotubes production. The initial carbon nanotubes acted as transporting agents and supports to take individual catalyst particles away and prevent them from sintering with adjacent particles. The results of this work indicate that there is a strong dependence of crystallite sizes and, in particular of the morphology, with the activation of methane and their stability. Crystallites of the order of magnitude of nanostructure favor the dissociation of methane and inhibit aggregation and formation of bigger particles that conducts to deactivation. The NiO of the NiEG and NiHT precursor presented crystallite sizes of the order of 6 and 8 nm, respectively, while the NiO of NiDMG precursor presented crystallite sizes of the order of 15 nm.

  The activities of the NiO on the NiEG and NiHT precursors are similar and approximately equal to the activity of the 25NiZ supported sample and three times more active than the NiDMG precursor. As a matter of fact, it seems that the morphology and crystallite sizes of NiDMG catalyst leads methane dissociation rate much faster than the carbon diffusion rate and subsequently carbon layers of graphite will be formed on the active surfaces of the catalysts, resulting in the so-called deactivation process. Carbon nanofibers can only be produced when the balance between methane dissociation rate and carbon diffusion rate is maintained. In fact, the activity and the nano structured crystallites sizes depend on the morphology, which suggests that the nanoflower like type beside achieves the proper carbon diffusion rate and the precipitation rate, increases the exposing Ni (100) crystal surface for the methane decomposition or dissociation. Also, its structure stability can be attributed to the excellent contact between nanoparticles with high orientation degree.
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    O biodiesel é um biocombustível biodegradável e não tóxico produzido a partir de recursos renováveis. Sua produção industrial ocorre pela transesterificação catalítica de óleos vegetais refinados com metanol ou etanol. Os custos de produção do biodiesel podem ser reduzidos pelo uso de matérias-primas não refinadas, cujos preços são inferiores aos dos óleos vegetais refinados. Neste trabalho estudou-se o uso de sulfato de estanho(II) (SnSO4), como catalisador para a transesterificação e esterificação simultânea de matérias-primas modelo com altos teores de ácidos graxos livres. Analisou-se a influência de parâmetros experimentais, a lixiviação do catalisador bem como a sua capacidade de reutilização. Obteve-se rendimento elevado (92%) para uma matéria-prima modelo contendo 70% (m/m) de ácidos graxos livres (ácido oleico), a 100 ºC, sob pressão autógena, 5% (m/m) de SnSO4 em excesso de etanol, após 3 h de reação. O catalisador foi reutilizado por dez vezes sem decréscimo significativo no rendimento de biodiesel.

  

   

  
    Biodiesel is an alternative biodegradable and non-toxic biofuel produced from renewable resources. Industrially, it is produced by catalytic transesterification of refined vegetable oil with methanol or ethanol. Biodiesel production costs can be reduced by using non-refined feedstocks whose market prices are lower than those of refined vegetable oils. This work studied the use of tin(II) sulfate (SnSO4), as catalyst for the simultaneous transesterification and esterification of model acid oil containing high levels of free fatty acids. The influence of experimental parameters, catalyst leaching as well as its reusability was investigated. For a model feedstock containing 70 wt. % of free fatty acids (oleic acid), the highest biodiesel yield (92%) was obtained at 100 ºC, under autogenous pressure, using 5 wt. % of SnSO4 in excess of ethanol after 3 h of reaction. The catalyst was reused ten times without significant decrease in biodiesel yield.

    Keywords: biodiesel, esterification, model acid oil, SnSO4, tin catalysts

  

   

   

  Introduction

  The growing concern on the environmental problems, such as greenhouse gas emissions, has driven the development of researches aiming at sustainable solutions. In this context, the production of biofuels from renewable resources and environmentally non-aggressive processes appears as an interesting alternative to reduce the problems related not only to the environmental pollution but also to the long-term supply of fossil fuels.

  Biodiesel is a non-polluting alternative fuel produced from renewable resources, such as vegetable oils or animal fats, whose chemical and physical properties closely resemble those of the petroleum diesel fuel. It consists of a mixture of fatty acid alkyl esters (FAAE), which is mainly produced by the catalytic transesterification of refined vegetable oils with short carbon-chain alcohols (methanol or ethanol) (Figure 1). Homogeneous strong base catalysts, such as sodium or potassium hydroxides, carbonates or alkoxides, are the most industrially used due to their low cost and high performance under milder conditions, although they require the use of refined feedstock. The reaction also occurs in the presence of acid catalysts but under stronger reaction conditions and having as disadvantage the risks of corrosion of the equipment.

  
    

    [image: Figure 1. Fatty acid alkyl ester production by catalytic transesterification]

  

  The costs of biodiesel production by transesterification are generally higher than those of petrodiesel production. According to Atabani et al. 1 the refined feedstock represents 75% of the overall biodiesel production cost. The alternative to reduce these costs is the use of non-refined feedstock whose price is low in the market. However, in order to use this type of feedstock, it is necessary to develop catalysts that are able to catalyze the transesterification of vegetable oils and the esterification of free fatty acids. Esterification is the reversible reaction of a fatty acid with an alcohol producing ester and water (Figure 2).

  
    

    [image: Figure 2. Esterification reaction]

  

  The most used acid catalysts for transesterification/esterification reactions are strong acids or metal oxides or salts, which may be heterogeneous or homogeneous. The use of the basic catalysts traditionally employed for transesterification reactions must be avoided because they promote saponification in the presence of acid feedstocks, which reduces FAAE yield and make the phase separation steps difficult. Esterification may even occur in the absence of catalyst; however, due to the weak acidity of carboxylic acids, the reaction is extremely slow and requires several days to reach equilibrium under typical reaction conditions.2

  Commonly, H2SO4 is the catalyst used for esterification, however, substantial reactor corrosion and great generation of wastes, including salts formed due to neutralization of the mineral acid, are negative aspects of its use. The development of alternative catalysts for the esterification of free fatty acids (FFAs), based on Lewis acids, which are less corrosive and operate under mild conditions could allow the production of biodiesel in more competitive costs, in processes of environmental impact.3 Tin compounds either in the oxide form or as its salts are extensively tested as catalysts for esterification and transesterification reactions.3-9 Tin(II) cations are strong Lewis acids and when compared with other transition cations, the following order of acidity is observed: Sn2+ >> Zn2+ > Pb2+ ~ Hg2+.10 Mello et al. 11 studied the use of SnO as heterogeneous catalyst for FFA esterification with methanol. In this study, the reaction reached equilibrium with yields ranging from 80 and 90% after 3 h. Furthermore, they observed that tin(II) oxide (SnO) maintained its catalytic activity around 70% (time: 1 h), even after ten reuses in esterification reaction. One study that used SnCl2.2H2O in homogeneous phase proved that esterification of FFA achieves high yields under mild reactions, suggesting tin chloride as a promising acid-catalyst for the production of biodiesel.3

  The use of sulfated metal oxides in biodiesel production has also received attention. The use of sulfated tin oxide (SO4/SnO2) has shown strong surface acidity.12 Lam et al. 6 investigated the use of SO4/SnO2 for biodiesel production from cooking oil, in the range between 1 to 8 wt. %, at 150 ºC, for 3 h and using methanol/oil ratio equal to 10. The yield of fatty acid methyl ester (FAME) increased with increasing catalyst concentration until a value in which higher increments no longer increased the yield of FAME, reaching a maximum around 70%.

  However, the use of these compounds is not yet fully clarified and other precursors can be tested, especially when used in reactions with high content of fatty acids, as well as in ethanol, since world biodiesel production is typically carried out employing methanol.13 The use of methanol has been based on low cost compared to ethanol.14 Methanolysis is also faster than ethanolysis due to higher reactivity of the methoxide ion and easier in terms of phase separation (glycerol and esters). Meanwhile, the most environmentally friendly process is ethanolysis, since ethanol can be produced from biomass and high yield biodiesel can also be obtained. On the other hand, methanol is highly toxic and hazardous, its use requires special precautions while ethanol is simple to manipulate.

  In the present work, the use of tin(II)-based compounds, particularly tin(II) sulfate, as catalysts for the simultaneous transesterification and esterification of soybean oil with high free fatty acid contents with ethanol was studied.

   

  Experimental

  Materials

  Model acid feedstocks are used to simulate wastes of vegetable oil refining processes and are prepared by mixing a vegetable oil with different amounts of fatty acid. In this work, feedstocks were made by mixing stearic or oleic acid (85 wt. %, Vetec Química Fina, Brazil) and soybean oil (< 0.3 wt. % of acidity) in different proportions, and these mixtures were named "model acid oils".

  The catalyst tested was tin(II) sulfate (SnSO4, 96 wt. %), but tin(II) chloride (SnCl2.2H2O, 98-103 wt. %) was also evaluated. All solids were supplied by Vetec Química Fina (Brazil) and were used without any previous treatment. Sulfuric acid (H2SO4, 95-97%, Merck) was used as reference.

  Catalytic tests

  The catalytic tests were carried out under autogenous pressure, in a 50 mL stainless steel batch reactor, equipped with temperature, pressure and agitation control. The influence of temperature (80-130 ºC) and catalyst concentration (0.5-7 wt. %, based on the amount of oil + FFA) was investigated. The reaction time was kept constant and equal to 3 h and the amount of ethanol used was 3.5 times the stoichiometric amount for FFA esterification and soybean oil transesterification.

  Acid content and free fatty acid (FFA) conversion

  The acid content in the feedstock and the acid conversion were determined by titration with sodium hydroxide. In a typical procedure, 0.5 g of the sample (feedstock or reaction product after catalyst removal) was diluted in 25 mL of anhydrous ethanol containing 3 drops of phenolphthalein and then titrated with 0.1 mol L-1 NaOH solution.

  Simultaneous monitoring of the esterification and transesterification processes (gas chromatography)

  At the end of each catalytic test, the system was rapidly cooled down to room temperature and the catalyst was separated by centrifugation. The liquid phase was transferred to a separation funnel and the phase with lower density, which contains the ethyl ester mixture, was separated and then heated in rotary vacuum evaporator for elimination of water and ethanol. Afterwards, 20 µL of this phase were diluted in 480 µL of methyl heptadecanoate solution (internal standard, 9.6 g L-1 solution in n-hexane); the masses of the aliquots were taken for the calculations. A VARIAN CP 3380 chromatograph equipped with a CPWAX 52 CB capillary column (30 m × 0.25 mm × 0.25 µm) and a flame ionization detector was used. Injector and detector temperatures were 280 and 300 ºC, respectively. The oven was initially kept at 200 ºC for 4.5 min, then it was heated up to 250 ºC at a heating rate of 20 ºC min-1, and kept at this temperature for 5 min. Hydrogen was used as the carrier gas at a 2 mL min–1 flow rate; column pressure was set at 20 psi and the split injection ratio at 1:20.

  For the catalytic tests using the model acid oil with oleic acid, fatty acid ethyl ester (FAEE) yield expressed in terms of weight percentage corresponds to the contribution of both transesterification and esterification reactions. In order to evaluate the relative contribution of each reaction, the total mass of esters formed was calculated by equation 1 and the mass of esters formed from esterification (ethyl oleate) was calculated from the oleic acid conversion obtained by titration. In according with the stoichiometry of the esterification reaction (Figure 2), equation 2 was applied. The molar masses used in this calculation were 282.46 g mol-1 for oleic acid and 310.46 g mol-1 for methyl oleate. Thus, the mass of esters derived from the transesterification reaction (equation 3) was expressed by the difference between the total mass of esters obtained by gas chromatography (equation 1) and the mass of esters from esterification (equation 2). Finally, the conversions for esterification of oleic acid and transesterification of soybean oil were estimated in reference to its initial masses of oleic acid and soybean oil, respectively equations 4 and 5.
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  where mA is the initial mass of oleic acid (g); mE.E is the mass of esters from esterification (g); ME.E is the molar mass of esters from esterification (g mol-1); mE.T is the mass of esters from transesterification (g); mT is the total mass of esters (g); mO is the initial mass of soybean oil (g); mS is the mass of sample (g); nA is the initial number of moles of oleic acid; X is the conversion of oleic acid (%); XT is the esterification conversion of oleic acid (%); XE is the transesterification conversion of soybean oil (%); and Y is the FAEE yield (%).

  Sulfur in biodiesel

  The determination of sulfur content in the reaction product was performed on a LECO SC632 elemental analyzer. The sample is heated to 1350 ºC in an induction furnace while passing a stream of oxygen through the sample. SO2 released from the sample is measured by an infrared detection system and the total sulfur result is provided. The biodiesel samples were read on an alumina bed to avoid loss of material by volatilization.

  Catalyst leaching

  SnSO4 leaching in ethanol or in water was investigated since it could acidify the reaction medium and promote homogeneous catalysis. This investigation was performed through experiments conducted at similar reaction conditions in the absence of the model oil acid. The test with ethanol was performed at 60 ºC, whereas that with water was carried out at 100 ºC. In the latter, the volume of water employed was equivalent to that generated by a complete conversion of the oleic acid present in the model acid oil. At the end of the tests, SnSO4 was decanted and the liquid phase was titrated.

   

  Results and Discussion

  Esterification of the model acid oil

  The influence of several experimental parameters, such as catalyst concentration, reaction temperature, and tin precursor, as well as the reuse of the catalysts, were investigated in the esterification of a model acid oil (70 wt. % of stearic acid + 30 wt. % of soybean oil) with ethanol catalyzed by SnSO4. The results were discussed based on the FFA conversion.

  Effect of SnSO4 concentration

  The influence of catalyst concentration on the conversion of the model acid oil was investigated in the range between 0.5 to 7 wt. %, at 100 ºC, and using an amount of ethanol equal to 3.5 times the stoichiometric value. As shown in Figure 3, the conversion of the fatty acid increased with the increase in catalyst concentration reaching a maximum at 3 wt. %. Further increase in the amount of catalyst did not influence the FFA conversion. Although 3 wt. % of catalysts is sufficient to guarantee the highest conversion, the amount of 5 wt. % was selected to conduct further experiments. It was particularly important for the experiments aiming to evaluate the reuse of the catalyst, in order to compensate any loss of catalytic material.

  
    

    [image: Figure 3. Effect of SnSO4 concentration on the esterification]

  

  Effect of reaction temperature

  Esterification and transesterification reactions can be considerably influenced by temperature, especially when using solid catalysts, since the high temperature helps overcome mass transfer limitations. However, the use of high reaction temperatures, especially above 200 ºC, can generate undesirable products such as polar compounds and polymers.15

  The effect of temperature on the esterification of the model acid oil (stearic acid/soybean oil 70/30 m/m) using SnSO4 catalyst was investigated at 80, 100 and 130 ºC. As shown in Figure 4, in this range the temperature influence was not important and good catalytic activity was achieved even at 80 ºC. Taking into account our previous studies in which esterification of industrial waste organic acids were carried out at 100 ºC, this temperature was selected for further tests in order to facilitate the comparison with our previous results.

  
    

    [image: Figure 4. Influence of temperature on the esterification]

  

  Influence of tin precursor

  In order to evaluate the influence of the tin precursor on the esterification of the model acid oil, tin(II) chloride was also evaluated as catalyst. Figure 5 compares the results of the model acid oil esterification catalyzed by SnCl2.2H2O and SnSO4. The results obtained with sulfuric acid were also included, since it is a traditional catalyst in the esterification processes for biodiesel production. It can be observed that the activity of tin(II) sulfate (5 wt. %) was similar to that of sulfuric acid (1 wt. %) for the esterification of stearic acid. On the other hand, SnCl2.2H2O (5 wt. %) was less active for the esterification reaction.

  
    

    [image: Figure 5. Esterification of the model acid]

  

  The catalytic activity of these tin(II) compounds may be related to their solubility in the reaction medium. Casas et al. 4 tested different tin-based catalysts (tin(II) acetate, tin(II) chloride, tin(II) 2-ethylhexanoate and tin(II) stearate) in transesterification and esterification reactions using acid vegetable oils. They observed that the solubility changes with the tin precursor. For example, tin(II) chloride was completely insoluble in sunflower oil but soluble in methanol, making it difficult to reach the triglyceride. Tin(II) acetate presents negligible solubility in triglycerides and methanol. Both showed good results in transesterification and esterification at 150 ºC, reaching conversions above 90% but the use of tin(II) acetate required less time. According to the authors, the mechanism of both transesterification and esterification catalyzed by Lewis acids, as is the case of tin(II) catalysts, involves interactions between free tin(II) orbitals and the carbonyl group oxygen, decreasing the electronic density of the carbonyl carbon atom and making it more susceptible to nucleophilic attack. Thus, the carbonyl group must be easily accessible for the catalyst to start the reaction.

  In the present work, it was observed that tin(II) chloride was highly soluble in ethanol, as previously observed for methanol, which prevents the contact between catalyst and the carbonyl group of (triglycerides and/or) stearic acid. This behavior can explain the lower activity when compared with tin(II) sulfate, which is insoluble in soybean oil, in fatty acids and slightly soluble in ethanol. In this case, the interactions between free tin(II) orbitals and the carbonyl oxygen are somewhat facilitated. Thus, the reaction proceeded also over the solid surface, easily accessible for ethanol and carbonyl compounds (triglycerides or stearic acid).

  Another important aspect is the formation of water in the esterification reaction. SnCl2.2H2O is also completely soluble in water (at 90 ºC, under stirring, for 3 h), while SnSO4 is partially soluble in the same conditions. This means that a possible leaching of both tin precursors can be occurring either by alcohol or by water.

  In order to explain this fact, the catalyst leaching and its influence on catalytic activity will be further discussed in a particular topic of this paper.

  Reuse of SnSO4

  Taking into account the good results obtained with tin(II) sulfate for the esterification of the model acid oil, its reusability was investigated not only for the model acid oil (70 wt. % of stearic acid + 30 wt. % of soybean oil) but also for a model feedstock containing 70 wt. % of oleic acid and 30 wt. % of soybean oil. As shown in Figure 6, SnSO4 presented good reusability, presenting high conversion of fatty acids even after ten successive reaction cycles for both acidic mixtures.

  
    

    [image: Figure 6. Reuse of SnSO4 in the esterification]

  

  The results presented in Figure 6 are quite similar and the fluctuations observed in the conversion of free fatty acid are probably due to experimental uncertainties associated not only with the conversion calculus but also with the reuse procedure. For the latter, before each reuse, the entire liquid phase of the previous use was removed and new reagents were added without any catalyst treatment. Since different amounts of the reaction mixture could be retained in the used catalyst, this could promote fluctuations in the conversion of each stage. As previously mentioned, the amount of catalyst used (5 wt. %) was sufficient to compensate the losses due to catalyst leaching.

  Catalyst leaching

  Although at the end of the catalytic tests the presence of the solid SnSO4 could be apparently observed in the same initial amount, a possible leaching in water or ethanol cannot be disregarded. Thus, tests were conducted in order to investigate this phenomenon, showing that this catalyst can follow a pseudo-homogeneous pathway.16

  When working with anhydrous reagents, water was absent from the reaction medium. However, esterification reaction generates water as a byproduct. Its impact on the kinetics of esterification reactions has been attributed to the hydrolysis reaction, in which ester reacts with water restoring the fatty acid.

  The issue of water in the system under study has been identified as an additional problem. SnSO4 was used as a heterogeneous catalyst since it is insoluble in oil. However, its solubility in water and ethanol cannot be neglected. According to Edwards et al. 17 and Ararat-Ibarguen et al. 18 tin(II) sulfate is spontaneously hydrolyzed in aqueous medium, leading to the formation of H+ and SO42–, which may catalyze the esterification reaction, and a precipitate identified as basic tin(II) sulfate (Sn3O(OH)2SO4), according to the following reaction:

  
    [image: Equation 6]

  

  So, the presence of water may contribute to the dissolution of part of SnSO4 and modify the physicochemical properties of the reaction medium. Apart from water, there is also the possible contribution of ethanol. Suwannakarn et al. 19 investigated the stability of sulfated zirconia and the nature of catalytically active species in the transesterification of triglycerides. This is one of the few papers that were dedicated to the issue of deactivation of the catalyst by dissolving it in alcoholic medium, at temperatures from 100 ºC. The authors concluded that the sulfate ion species were leached out and the degree of dissolution depended on the alcohol size and contacting time. They found that, in the reaction conditions, almost all catalytic activity was due to homogeneous rather than heterogeneous catalysts, as a result of catalyst leaching. The leaching pathway includes the removal of sulfate ions from the catalyst surface, which subsequently reacts with alcohol to form monoalkyl hydrogen sulfate and dialkyl sulfate in solution, as the authors indicated by 1H nuclear magnetic resonance (NMR) studies.

  In the present work, the extension of SnSO4 leaching in ethanol and water was evaluated by monitoring the acidity of the medium after the leaching test. The amount of protons in the reaction medium was equal to 0.14 and 2.8 mmol H+ g-1 for ethanol and water, respectively, confirming the partial leaching of tin(II) sulfate along with acid generation.

  For tin(II) chloride, also tested as catalyst in this work, the phenomenon was more visible than in the case of sulfate, since dissolution was apparent during the reaction and a significant increase of acidity in the reaction medium was observed, probably due to salt hydrolysis.

  Silva et al.7 investigated the effect of water in the residual cooking oil ethanolysis using tin(II) chloride as a catalyst. The hydrolysis of SnCl2, which may be involved in steps of FFA protonation, can occur with the formation of an insoluble salt according to the following reaction:

  
    [image: Equation 7]

  

  A suggestion to explain the higher activity of SnSO4 in comparison with SnCl2.2H2O (Figure 5) may be the largest formation of H+ in the reaction medium with generation of water during FFA esterification.

  In order to confirm the partial dissolution of SnSO4, the esters formed in the catalytic tests were also analyzed to determine the presence of sulfur. These results are shown in Table 1. For the biodiesel synthesized with the SnSO4 catalyst, the sulfur content in the upper organic phase, which corresponds to the ester phase, was compared to the sulfur content in the lower phase, which corresponds to a mixture of unreacted ethanol, glycerol and water (formed from the esterification reaction). It can be seen that approximately 91% of the sulfur dissolved in the reaction medium remained in the lower phase, confirming the solubility of the catalyst in the ethanol/water phase.

  
    

    [image: Table 1. Sulfur content in the reaction product]

  

  The upper phase (ester phase) was washed with water and the sulfur content reanalyzed. The results showed that after a simple washing, the sulfur content reduced by approximately 12%.

  Thus, beyond the question of tin(II) precursor solubility in ethanol that minimizes the necessary contact between free tin(II) orbitals and the carbonyl group oxygen, there is the effect of the hydrolysis of these salts in water which can effectively promote the reaction in homogeneous phase.

  Effect of FFA content in acid feedstock

  In the first part of this work, the study was focused on the esterification of a model acid oil (70 wt. % of stearic acid + 30 wt. % of soybean oil) with ethanol whose results were analyzed considering the FFA conversion. The results pointed SnSO4 as a promising catalyst for the synthesis of biodiesel from acid feedstocks.

  In order to confirm the catalytic efficiency of SnSO4, the second part of the work deals with the study of the simultaneous esterification and transesterification of soybean oil with different FFA content (oleic acid content in the mixture varying between 0 and 100 wt. %) with ethanol. The catalytic performance was analyzed taking into account the contribution of both reactions, esterification of FFA and transesterification of soybean oil, to fatty acid ethyl ester formation.

  Figure 7 shows the influence of free fatty acid content in the feedstock on the conversion of soybean oil (by transesterification) and of oleic acid (by esterification) into fatty acid ethyl esters (FAEE). The conversion of pure soybean oil (ca. 50%) and of pure oleic acid (ca. 92%) was taken as reference.
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  The addition of 5 wt. % of FFA in soybean oil promoted the transesterification reaction catalyzed by SnSO4. This improvement was maintained at the same level (conversion around 60-70%) even with the significant increase in FFA content (up to 40%). An increase to 70% of FFA caused a significant drop in conversion via the transesterification reaction. The reduction in soybean oil conversion for the feedstock containing the highest FFA content can be associated with the important increase in water content formed by the esterification reaction with the increase in FFA content, favoring the hydrolysis of FAEE. Canakci and Van Gerpen20 studied the effect of water in acid-catalyzed transesterification reactions in homogeneous media. The test duration was 96 h with 3% acid catalyst, 60 ºC, and 6:1 molar ratio. They reported that the ester production was affected even at low water concentrations (0.1 wt. %) and was almost totally inhibited when the water content reached 5 wt. %. Kusdiana and Saka21 also investigated the effect of water in the acid-catalyzed (3 wt. % H2SO4) transesterification reaction of rapeseed oil with methanol, at 65 ºC for 48 h. Their results showed that the presence of 0.1 wt. % of water slightly reduced the ester yield, which stayed near 90%. On the other hand, when 5 wt. % of water was added the conversion was reduced to 6%.

  Considering the 90 wt. % conversion of oleic acid observed for the feedstock containing 70 wt. % of the acid, the amount of water in the reaction medium can be estimated as 4 wt. %, an amount that could affect the transesterification reaction as reported in the literature.20,21

  Figure 7 shows that the conversion of FFA into FAEE increases when the oleic acid content increases in the feedstock, reaching 92% for the feedstock containing 70 wt. % of FFA. This value is similar to that observed for the pure oleic acid. This tendency can be explained considering the role played by homogeneous acid catalysis. With the increase in FFA content, the contribution of the esterification reaction also increases, as well as the presence of water in the reaction medium. Consequently, the hydrolysis of tin(II) sulfate is favored increasing the amount of H+ ions in solution, which catalyze the esterification reaction.

   

  Conclusion

  SnSO4 proved to be an interesting catalyst for the biodiesel production from feedstock with high free fatty acid content. It showed good catalytic activity in the esterification reaction with conversion levels that reached 92% using ethanol and the model acid oil (70 wt. % fatty acid and 30 wt. % soybean oil) with an amount of ethanol equal to 3.5 times the stoichiometric value and using 3 wt. % SnSO4 at 100 ºC for 3 h. It had already achieved a good catalyst performance at 80 ºC, with conversion similar to that observed at 100 ºC. Esterification increased when more catalyst was added, up to the limit of 3 wt. %, from which the conversion was maintained approximately constant. The fatty acid conversions using 5 or 3 wt. % SnSO4 and 1 wt. % H2SO4 were almost similar. A pseudo-homogeneous reaction has been observed for ester-forming reactions using SnSO4 catalyst due to hydrolysis reactions that acidify the reaction medium. Thus, SnSO4 catalytic activity was also attributed to its solubility in the reaction medium. The performance of esterification with SnSO4 was greater than with SnCl2.2H2O, probably due to more H+ ions being released in the medium. Transesterification was inhibited when 70 wt. % acid content was used, probably due to water formation from the esterification reaction, which increased in this condition. Thus, SnSO4 catalyst showed good reusability, since it is a non-supported catalyst and can keep its solubility for more time, minimizing deactivation. However, the use of SnSO4 catalyst on a broader scale depends on a careful evaluation of the removal of the residual sulfate present in the formed esters.
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    A degradação de soluções aquosas de índigo carmim (IC), azul de metileno (MB) e laranja de metilo (MO) assistida pela luz visível foi conseguida sobre a superfície de nanotubos (NTs) de TiO2 impregnados com riboflavina (RF). Soluções aquosas diluídas de RF na presença de RF-NTs TiO2 irradiados com luz UV produziram O2, CO e CO2 como principais produtos gasosos. As mesmas soluções quando irradiadas com luz visível mostraram que o O2 foi o produto principal obtido. Esta geração de O2 in situ com luz visível permite a degradação dos corantes, sem a necessidade de borbulhar ar ou oxigênio no sistema de reação. A degradação fotocatalítica de MO, MB e IC pode ser descrita por um modelo de cinética de pseudo-primeira ordem obtendo ca. 100% de degradação de MB, MO e IC em menos de 3 h de iluminação de luz visível. Os resultados aqui apresentados são altamente promissores em vista da potencial aplicação dos catalisadores RF-TiO2 NTs preparados com dois compostos ambientalmente corretos na degradação de poluentes utilizando radiação solar.

  

   

  
    Visible light-assisted degradation of indigo carmine (IC), methylene blue (MB) and methyl orange (MO) aqueous solutions has been achieved on the surface of TiO2 nanotube (NT) arrays impregnated with riboflavin (RF). Diluted RF water solutions in the presence of RF-TiO2 NTs irradiated with UV light produced O2, CO and CO2 as main gas products. On the contrary, the same solutions irradiated with visible light evolved O2 as a main product. This in situ O2 generation under visible light absorption allows the degradation of the dyes without the necessity to bubble air or oxygen in the reaction system The photocatalytic degradation of MO, MB and IC can be described by a pseudo-first-order kinetic model obtaining ca. 100% degradation of MB, MO and IC in less than 3 h of visible light illumination. The results provided here are highly promising in view of various photocatalytic applications of the prepared RF-TiO2 NTs catalysts by two environmentally friendly compounds in the degradation of pollutants using solar radiation.

    Keywords: sensitiser, titanium dioxide, riboflavin, nanotubes, visible light

  

   

   

  Introduction

  Organic pollutants are a particular type of mankind compound whose concentrations continue to increase each year. As a consequence, their degradation has become a central issue of research efforts in today's scientific community. The bio-degradation of pollutants emitted from various sources is often very slow and conventional treatment is mostly ineffective and not environmentally compatible. In this sense, the application of photocatalysis using semiconductor nanostructured systems appears to be more efficient than conventional chemical oxidation methods for the transformation of toxic compounds to a non-hazardous product which reaches the complete mineralisation of the pollutant.1-3

  Titanium dioxide nanoparticles (TiO2 NPs), particularly in their usual commercial form known as P25, have been extensively used to oxidise organic pollutants of water using ultraviolet (UV) light.2,4-8 Despite TiO2 presenting high photocatalytic activity in its anatase form, the charge separation of this semiconductor is only possible by absorption of UV solar photons which represent less than 5% of the solar energy that reaches the Earth's surface. In this sense, sensitisation processes resulting from photoexcitation of dye molecules (sensitisers) bound to semiconductor NPs are of great importance for photochemical solar energy conversion.9 Sensitisation requires that the distance between the sensitiser and the semiconductor's surface be as small as possible. This can be achieved by adsorption of the sensitiser to the semiconductor's surface by an electrostatic, hydrophobic, hydrophilic, or chemical interaction. Thus, after absorption of the photon and electronic excitation, the injection of an electron into the conduction band of the semiconductor is possible, leading to the formation of radical species with high oxidant power. The sensitisation of semiconductors has been widely studied in the past in the development of photoelectrochemical solar cells,10,11 electronic devices,12,13 heterogeneous photocatalysis,3,14-16 and recently many efforts have been made in the production of a visible light photocatalyst to produce hydrogen through water splitting using sensitiser dyes.17-22 The efficiency of those processes depends on the properties of the sensitisers, semiconductor and their interaction under photoexcitation.

  Colloidal TiO2 can be sensitised with different dyes and organic molecules, such as arylimidazole derivatives,23 hypocrellin B,24 cyanine dyes,25 chlorophyll,26 riboflavin27 and also by the use of metal NPs.16,28 In particular riboflavin (RF) photochemistry, the precursor of all the biologically important flavins and recognised as a constituent of the vitamin B complex, has been extensively investigated.27,29-35 It was even hypothesised that water can be split photochemically with RF.34 The photochemistry of RF involves two major reactions: (i) normal photolysis (intramolecular photoreduction) and (ii) photoaddition (intramolecular photoaddition).36 Both reactions may occur separately or concomitantly; the extent of each reaction depends on the conditions employed, such as the anion concentration, pH and radiation source. Very low concentrations of sensitisers are usually present in water courses, lakes and seas.37,38 Among them, the RF pigment is relevant in the sensitised photooxidation of contaminants and the kinetic mechanisms, which were recently the object of studies on O2(1∆g) generation under concentrations similar to those frequently found in nature.29,39

  Among the various methods available for the preparation of TiO2 nanomaterials,40 the syntheses of TiO2 nanotubes (NTs) through the anodisation of metallic Ti surfaces has several advantages.41 The main benefits are a simple synthetic procedure, enhanced charge transport properties, and a cost-effective scale-up process.42 In addition, self-organised TiO2 NT arrays grown with anodisation processes present enhanced photocatalytic activity when compared with randomly-oriented NPs or NTs prepared with other methods, such as the sol-gel (hydrothermal) process.42,43 In the drive to obtain a suitable photocatalyst for harvesting solar energy and converting it to chemical energy, such as hydrogen or hydrocarbons, nanotubes are one of the main choices for the research groups.44-46 This tendency is not generally found in the field of degradation of pollutants, where more traditional synthetic methods or commercial P25 TiO2 are employed to prepare the photocatalyst. The adsorption of RF on the surface of TiO2 colloidal particles has already been studied by Kathiravan et al.27 The electron transfer process from its singlet excited state to the conduction band of TiO2 was examined with absorption and fluorescence quenching measurements. The authors suggested a mechanism where there is an electron injection from its singlet excited state into the conduction band of TiO2.

  The main aim of the present work was to examine the experimental conditions that show the existence of an efficient sensitisation process of highly ordered TiO2 NTs arrays impregnated with a natural pigment, RF, using visible light irradiation. The study was carried out under dye-sensitised photooxidation conditions similar to those frequently found in nature, i.e., in the presence of the natural dye sensitiser RF. We describe the photodegradation by visible light irradiation of three organic dyes (methylene blue, methylene orange, and indigo carmine) using a photocatalyst prepared with two environmentally friendly compounds, RF and TiO2. The results show the potential of the prepared photocatalyst for cleaning waste water using solar light.

   

  Experimental

  Materials and methods

  All chemicals were purchased from commercial sources: NH4F (98%), ethylene glycol (99%) (ETG) and Ti foil (99.6%) from Synth. Solvents and reagents were used as received. RF (98%) and methylene blue (MB) (100%) were obtained from Vetec, Brazil. Methyl orange (MO) (100%) and indigo carmine (IC) (100%) were obtained from Merck, Brazil.

  TiO2 NTs were prepared by anodisation of a Ti foil with a constant applied voltage at room temperature, using an electrolyte containing ethylene glycol + 0.25 wt. % NH4F + 10 wt. % H2O with an ultrasonic bath following a methodology already described.47-49 After anodisation, the TiO2 NTs were annealed at 400 ºC for 3 h in air atmosphere in order to crystallise the oxide nanotubes layer. The nanotube structures were characterised by scanning electron microscopy (SEM) obtained with EVO50-Carl Zeiss equipment. Diffuse reflectance UV-Vis spectra were recorded on a CARY 5000 spectrophotometer with an integrated sphere. UV-Vis absorption spectra were measured with a Varian 50 UV-Visible spectrophotometer. The gaseous products of the photocatalytic reaction were quantified by gas chromatography at room temperature on an Agilent 6820 GC chromatograph. Gases H2, O2 and CO, CO2, CH4 were analysed simultaneously with a thermal conductivity detector (TCD) and a flame ionisation detector (FID), respectively.50

  Sensitisation of TiO2 NTs has been done by impregnation method. The NTs were immersed in an RF solution of about 40 ppm and left in contact in dark ambient conditions for 24 h under continuous stirring. Then the catalysts with adsorbed RF were washed thoroughly with water and finally dried in an oven at 350 K for 2 h.

  Photocatalytic activity measurements

  Photocatalysis experiments under UV and visible light irradiation were carried out in two different systems. Gas phase product measurements were carried out in a calibrated, gas-closed photochemical reactor made of polytetrafluoroethylene (PTFE) under continuous magnetic stirring.49,51 A quartz window allowed irradiation of the aqueous mixture under a wide incident spectral range, including UV and visible light. A 150 W mercury-xenon lamp (Sciencetech Inc.) operating at about 90% power was used as an excitation source. The light beam was focused to homogeneously cover the whole photocatalyst surface (1.23 cm2). TiO2 NTs were placed in a special PTFE support to avoid photocatalytic activity in regions other than the NTs. The reactor was deaerated with argon by using custom-made PTFE valves prior to irradiation. A maximum volume of 500 µL of the gas contained in the closed reactor was collected with a gas-tight syringe, and the amount of gases produced was measured at hourly intervals. When visible light was used, wavelengths higher or equal to 400 nm were allowed to enter the reactor by using a proper cut-off filter (Newport 10LWF-400-B).

  An aqueous solution of the dyes was used to investigate the adsorption performance and photocatalytic activities of the prepared materials. A quartz photochemical reactor was used for the degradation experiments. The same TiO2 NTs used in the Teflon close reactor were placed in a special PTFE support set in the centre of the reactor and illuminated with the same UV-Vis excitation source. The change in concentration of the dyes was monitored regularly by measuring the absorbance at the correspondent wavelengths: 465 nm (MO), 660 nm (MB), and 610 nm (IC). Most of the time, a 35 mL solution of a dye was irradiated during several hours with a typical concentration of dyes of 4 ppm (MB), 12 ppm (MO) and 75 ppm (IC), depending on the solubility of the dye. Desorption of RF was observed during the experiments and for this reason the photodegradation of the dyes was carried out with RF dissolved in the water solution at a concentration between 5 and 15 ppm. No decomposition of RF was observed under dark conditions. This was confirmed by UV-Vis spectroscopy analysis.

   

  Results and Discussion

  SEM images of the TiO2 NTs with a roughly 100 nm diameter can be seen in Figure 1-top. TiO2 NTs were annealed at 400 ºC for 3 h in air atmosphere to obtain the anatase phase.47,49,51 Finally, TiO2 NTs were impregnated with RF. The inset of Figure 1-top shows that after RF impregnation, the SEM image of the NTs is blurred and the visualisation of the NTs structure is not clear. This may indicate the presence of RF on the NTs' surface. The impregnation of the TiO2 NTs with RF was checked after several cycles of washing in ultrasound with diffuse reflectance UV-Vis spectroscopy. The optical properties of the synthesised TiO2 NTs and RF-TiO2 NTs were investigated using the Kubelka-Munk model52 and, assuming that the sample scattering coefficient was constant for the UV-Vis wavelength range, the absorption behaviour of the samples was determined with the following expression:

  
    [image: Equation 1]

  

  where α and s are the absorption and scattering coefficients and R is the diffuse reflectance of the samples.

  Figure 1-bottom shows the corresponding spectra of crystallised pure and RF-impregnated TiO2 NTs after 3 h of annealing. From the figure, an intense absorption band can be observed between ca. 275 nm (3.5 eV) and 400 nm (3.1 eV), which is indicative of crystalline semiconducting TiO2 with a typical band gap of the anatase phase.53 The NTs impregnated with RF show an absorption component between 380 and 540 nm (see Figure 1-bottom), which indicates the presence of RF adsorbed on the TiO2 NT arrays. Previous studies on absorption and fluorescence spectroscopy showed that RF adsorbs on the surface of colloidal TiO2 through its phenolic group.27
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  The general properties of flavins in a free solution have been extensively studied in the past36 and their photochemistry has also been the subject of intense research.30,32,54,55 However, a few studies have addressed the photocatalytic properties of RF27,56,57 despite there being reports in the past proposing a reaction scheme that postulates the splitting of water.34 Therefore, the prepared RF-TiO2 NT arrays were first tested to know the photocatalytic activity when their water solutions were irradiated with UV-Vis or with only visible light. A common practice in the study of hydrogen generation by water splitting is the addition of sacrificial species, such as methanol, as an electron donor in deaerated solutions.51 Other alcohols, such as benzyl alcohol, were also used to study the photooxidation reactions under natural weather conditions during the sensitisation of anatase titanium dioxide (Degussa P25) with the impregnation of several dyes (RF, safranine O, methyl red, eosin B and MB).32 Figure 2 shows the evolution of the amounts of gas products for RF impregnated with TiO2 NTs under UV-Vis or visible (λ > 400 nm) light irradiation. Under dark or illumination conditions without the presence of the TiO2 NTs, no formation of gases was detected.
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  Furthermore, Figure 2 also shows that the main gaseous products detected, O2, CO and CO2, have a strong dependence on the excitation wavelength. Under our experimental illumination conditions, hydrogen was a minority product, with its amount more than 1000 times lower than the main gaseous products detected. When the photocatalysis was carried out with visible light irradiation (λ > 400 nm), the main product obtained was oxygen. CO and CO2 were detected as minor contributions of the reaction (Figure 2-top). Additionally, the oxygen concentration increased as the illumination time increased, showing it to be an actual sensitised photocatalytic reaction. Under these visible irradiation conditions, TiO2 NTs are not able to absorb photons (see Figure 1-bottom) and therefore oxygen has to be produced due to an efficient sensitisation process. Electron injection from the RF singlet excited state into the conduction band of TiO2 was already suggested by fluorescence quenching experiments on colloidal TiO2.27 The authors calculated the free energy (∆Get) of the electron transfer process as –3.1 eV. This high negative ∆Get value indicates that the electron transfer process is thermodynamically favourable.

  When UV-Vis irradiation is allowed to reach the system, the amounts of CO2 detected is comparable with O2 and in less extension CO (see Figure 2-bottom). This result shows that the TiO2 NTs are now participating directly in the photodegradation process of RF. In previous studies of photo-induced reforming of alcohols on TiO2 NTs49,51 the mineralisation of the alcohols was not observed, probably due to their high concentration in the water solution. In the present study, CO and CO2 may certainly be mineralisation products of the RF photocatalysis.

  Figure 2 also shows that after RF visible light excitation, an efficient electron transfer from the singlet state of the RF to the conduction band of the TiO2 NTs takes place. Additionally, those results indicate a very interesting property of the RF-TiO2 NTs system under visible light illumination: the generation of oxygen in situ. This is very relevant, since the degradation of organic pollutants [advanced oxidation processes (AOP)] takes place under aerated conditions with the participation of photogenerated holes. These holes act either directly or indirectly in the degradation process via the generation of hydroxide radicals (OH•), superoxide (O2•–) or hydroperoxide (HO2•) radicals produced on the surface of TiO2 by the reduction of atmospheric oxygen.53 These powerful oxidising agents attack on pollutant molecules, ultimately leading to the production of mineralisation products. RF-TiO2 NTs under visible light illumination produce oxygen in situ without the necessity to bubble air or oxygen in the reaction system, which is the standard procedure in photodegradation studies of aqueous contaminants, and therefore it seems to be a very suitable photocatalyst for pollutant degradation.

  Anaerobic and aerobic photobleaching of RF solutions was studied in the past, showing very interesting properties in its photochemical degradation mechanism.30,35 It was observed that the concentration of RF decreased with the increase of irradiation time, producing a series of products that were carefully identified.30,31,54,55 In particular, when anaerobic conditions were used and air was admitted to the partially bleached solution, reoxidation of the isoalloxazine ring occurred as was indicated by the important recovery of the original absorption at 445 nm and the return of the yellow colour. It was shown that when samples were removed after 17 and 24 h of irradiation, the colour was restored upon admission of air in 89% and 84%, respectively.35 The same mechanism may work in our experimental conditions to keep a high level of RF concentration in the solution. Simultaneously, a small decrease in the pH of the irradiated solutions with the increase in the irradiation time was observed. This could suggest that the oxidation of the water can lead to oxygen evolution, but the study of the actual mechanism is part of further work.

  Visible light illumination (λ > 400 nm) of the MO solutions in the presence of RF-TiO2 NTs shows that the decolourisation of MO is proportional to the increase in the irradiation time (Figure 3). As can be seen in Figure 3, the absorption spectra of the MO and RF overlap; nevertheless the main features of the MO, with its characteristic absorption maxima located at 445 and 372.5 nm, remained for up to approximately 2 h of irradiation. After this period of visible light irradiation, the degradation of the remaining RF solution is observed and typical products of RF degradation,54,55 such as lumiflavin (LF), lumichrome (LC) and probably minor products formylmethylflavin (FMF) and cyclodehydroriboflavin (CDRF), still remained in the UV spectra (Figure 3). The photolysis of RF in an aqueous solution occurs through 7,8-dimethyl-10-(formylmethyl) isoalloxazine (formylmethylflavin) as an intermediate, which is hydrolysed to LC and LF as the major photoproducts.55 A general scheme of the chemical reactions that occur in RF photolysis is the following:30
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  Depending on the reaction conditions, the photodegradation reactions of RF can lead to the formation of CDRF by photoaddition and FMF by photoreduction, subsequently leading to LC and LF by hydrolysis.54,55 CDRF and LC are the two major final products obtained and FMF is an intermediate in the photoreduction reaction. Comparison of the final UV spectra shown in Figure 3, after 5 h of visible irradiation, with typical UV spectra obtained after photodegradation of RF in water solution30,54,55 may indicate that LF [main molar absorption coefficients (εmax at 445 and 356 nm)] and LC (εmax at 356 nm) may remain as the main RF photocatalytic products. CDRF may also be present in lower concentrations (εmax at 410 nm). It is important to point out that an aqueous solution of MO in the presence of pure TiO2 NTs irradiated with a cut of filter of λ > 400 nm did not produce any decolouration of the solution after 6 h of irradiation.

  To avoid overlapping of the UV-Vis absorption of the dye with the RF, a different dye was photodegraded under the same illumination conditions used for MO. The inset of Figure 4 shows the UV-Vis spectrum of IC, where it is possible to see a large shift to longer wavelengths in the absorption maximum of the IC compared to the RF (Figure 3). In this case, there is not interference in the absorption spectra of both dyes. When an IC aqueous solution of 75 ppm is illuminated with visible light in the presence of pure TiO2 NTs (without RF impregnation), no change in the IC UV-Vis spectrum is observed (see inset of Figure 4). It means that the presence of IC did not sensitise the TiO2 NTs and there was not any electron transfer process after photon excitation of the IC dye to the semiconductor. The lack of a photocatalytic reaction of IC in the presence of pure TiO2 NTs contrasted when the NTs were impregnated with RF and irradiated with λ > 400 nm (see Figure 4). Figure 4 shows a fast photocatalytic reaction that totally degradates the dye (IC) in less than 3 h of irradiation with visible light. The results presented in Figure 4 show the potential of the impregnated photocatalyst prepared where a complete decolouration of the solution can be obtained only with visible light by using a RF-TiO2 NTs photocatalyst.

  
    

    [image: Figure 4. Photodegradation of an indigo carmine]

  

  The rate of the heterogeneous photocatalytic degradation of a dye has been described with the Langmuir-Hinshelwood mechanism,58 which can be expressed with the following mathematical equation:

  
    [image: Equation 4]

  

  where r represents the initial rate of photooxidation, C is the variable concentration at any time t, k is the reaction rate constant, and Kad is the adsorption coefficient of dye on photocatalyst. If the concentration of the dye is low enough, pseudo-first-order reaction conditions apply and the product Kad × C is very small compared with 1 in the denominator of equation 4. Integrating equation 4, after the above simplification, the following is obtained:

  
    [image: Equation 5]

  

  where kapp = kKad is the apparent pseudo-first-order reaction rate constant and C0 is the initial concentration of the dye.

  In order to evaluate qualitatively the rate of photodegradation of different dyes under visible light illumination using a RF-TiO2 NT photocatalyst, the linear relationship of the natural logarithm of the ratio between the initial concentration of the dye and the concentration after photocatalytic degradation [ln(C0/C)] versus the corresponding irradiation time is plotted in Figure 5. The results indicate that the photocatalytic degradation of MO, MB (without UV-Vis absorption overlapping with the RF spectrum) and IC can be described by the first-order kinetic model. The value of kapp obtained from the slopes of the linear curves shown in Figure 5 gives a qualitative indication for the activity of the photocatalyst because the concentrations of the dyes used were different and the amount of dyes adsorbed in each case may also be different. Nevertheless, the apparent pseudo-first-order reaction rates obtained from Figure 5 show that the ratio of the degradation rates for the dyes follow the order 3.6, 1.4, and 1 for IC, MO, and MB, respectively. Additionally, as in the case of MO, the irradiation of IC and MB under visible light in the presence of TiO2 NTs without impregnation of RF, did not produce any decolouration of the dyes (see Figure S1 in the Supporting Information section).

  
    

    [image: Figure 5. Apparent first-order linear plot]

  

  On the surface of unmodified crystal TiO2, oxygen atoms with a high electron density (negative centres) are mainly present. Thus, the TiO2 NTs may have a negative charge and adsorption and higher values of the photocatalytic degradation rate constant for cationic dyes should be expected.59 Although the literature survey has revealed many examples of degradation studies, there is no example of any correlation which might exist between degradation percent and structure or class of dyes.59-61 Our own studies on three different classes of dyes, where MB is a cationic dye and IC and MO are anionic types, have established a relative rank order of ease of dye degradation as follows: IC > MO > MB. Various operational parameters affect the activities of TiO2-based photocatalysts. Some dyes are degraded at lower pH, while others at higher pH; hence in photocatalytic degradation of dyes in wastewaters, the reaction depends on the proper pH. Oxidising agents, calcination temperature, type of TiO2 catalyst and catalyst loadings are found to exert their individual influence on the photocatalytic degradation of any dye. In the present work, a decrease in pH was observed during irradiation with visible light (oxygen was potentially generated by water splitting). Therefore, for the effective study of the photocatalytic degradation of different dyes, all the aforementioned parameters must be given full consideration. This kind of detailed investigation is out of the scope of the present work focused on the photosensitised degradation of organic dyes by visible light using a RF-TiO2 NTs photocatalyst.

   

  Conclusions

  An efficient photocatalyst for oxidation of water-dissolved dyes by visible light irradiation was prepared with RF anchored on the surface of TiO2 NTs. RF water solutions irradiated in the presence of RF-TiO2 NTs with UV or visible light led to different gaseous products. RF degradation was observed by UV irradiation producing O2, CO and CO2 as the main gaseous products. On the other hand, visible light irradiation mainly evolved O2 with CO and CO2 as minor products. The fact that oxygen gas was generated in situ during irradiation with no mineralisation of RF allows the use of the prepared photocatalyst for the degradation of dyes with visible light as excitation source. The results obtained in the present study on photocatalytic degradation of three prototype dyes using a RF-TiO2 NT photocatalyst demonstrated that in the presence of visible light, surface adsorbed RF can efficiently sensitise a TiO2 NT semiconductor. Water solutions of IC, MB and MO were irradiated with λ > 400 nm and their degradation kinetics were measured. The apparent pseudo-first-order reaction rate constants have been determined from absorption changes, showing that the photocatalytic degradation of MO, MB and IC can be described by a pseudo-first-order kinetic model. The results provided here are highly promising in view of various photocatalytic applications of the prepared RF-TiO2 NT catalysts in the degradation of water dissolved pollutants using solar radiation, taking into account that RF is frequently found dissolved in water in nature.
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    Complexos do tipo [RuCl2(PPh3)2(amina)x], com NH2Ph (1; x = 2), NH2Bz (2; x = 2) and NHBuPh (3; x = 1) na presença de etildiazoacetato (EDA), foram aplicados em reações de polimerização via metátese por abertura de anel (ROMP) de norborneno (NBE), norbornadieno (NBD) e diciclopentadieno (DCPD). Rendimentos quantitativos de poliNBE foram obtidos a 50 ºC por 30 min usando 1 e por 5 min usando 2. Isso ocorreu a 25 ºC por 5 min quando foi usado 3. Os valores do índice de polidispersidade (PDI) variaram de 3,5 a 1,6 (Mw = 104-105 g mol-1). O complexo 3 foi ativo para ROMP de NBD e DCPD, bem como para copolimerização de NBE com NBD ou com DCPD. O maior caráter σ-doador de NH2Bz em 2, em relação a NH2Ph em 1, favoreceu a reatividade do complexo 2 que é hexacoordenado como 1. O ângulo de cone de NHBuPh definiu a pentacoordenação em 3 e a sua melhor reatividade para ROMP, apesar do baixo caráter σ-doador como o de NH2Ph.

  

   

  
    [RuCl2(PPh3)2(amine)x]-type complexes, with NH2Ph (1; x = 2), NH2Bz (2; x = 2) and NHBuPh (3; x = 1) in the presence of ethyldiazoacetate (EDA), were investigated for ring opening metathesis polymerization (ROMP) of norbornene (NBE), norbornadiene (NBD) and dicyclopentadiene (DCPD). Quantitative yields of polyNBE were obtained at 50 ºC for 30 min with 1 and for 5 min with 2, whereas this occurred at 25 ºC for 5 min with 3. Polydispersity index (PDI) values ranged from 3.5 to 1.6 (Mw = 104-105 g mol-1). Complex 3 was active for ROMP of NBD and DCPD, as well as for copolymerizations of NBE with either NBD or DCPD. The high σ-donor character of NH2Bz favored the reactivity of the six-coordinated complex 2, contrary to complex 1. The large cone angle of NHBuPh defined the five-coordination in 3 and the best reactivity for ROMP, in spite of the low σ-donor character as in NH2Ph.

    Keywords: ancillary ligands, amines, ruthenium, olefin metathesis, ROMP

  

   

   

  Introduction

  Cycloalkenes undergo ring-opening metathesis polymerization (ROMP) catalyzed by a transition metal-carbene complex to result in a polymer with the carbon-carbon double bond retained.1-5 ROMP is also a practical method to produce copolymers and can be combined either with different olefin metathesis (OM) procedures or other polymerization methods.6-9

  A diversity of catalysts have been tested from complexes of Ru, W, Mo, Ti, Ta, Nb, V, Re, Ni, etc.1,10-15 Besides the electronic nature of the metal center to select an olefin instead of an oxo-compound in the medium,16 the success of ROMP is strongly influenced by ancillary ligands.17,18 These ligands directly influence the reaction mechanism via an intramolecular interaction between a coordinated olefin and a metal-carbene moiety to produce a metallocyclobutane intermediate.1,2 The correct geometric arrangement to permit the orbital overlap and the electronic activation are determinant for OM success.19 Thus, the advance in ROMP is associated with the design of new catalysts, considering the behavior of the ancillary ligands in the metal coordination sphere to improve stability, reactivity, selectivity, solubility or latency toward the addressed polymers.17,20-24

  Usually, the ancillary ligands in OM with Ru-based complex are bulky and good σ-donors.20 The steric hindrance comes from the cone angle (θ), as defined by Tolman.25 The σ-donor ability is rationalized in terms of pKa value of the molecule.26

  We have worked in the development of the [RuCl2(phosphine)x(amine)y]-type complex for ROMP and copolymerization (ROMCP) with the idea of combining phosphine and amine to obtain helpful electronic and steric effects for the occurrence of reactions. A long list of amines has been attained for this proposal,27-31 with significant changes in the polymer characteristic, such as molecular weight, polydispersity index (PDI), thermal properties, morphological shape, etc.27-31

  In the present study, we focus on the development of Ru-based catalysts combining the phosphine PPh3 with amines of the type NHR1R2 to act as ancillary ligands, where the amine substituents R1 and R2 permute their characteristics considering the electronic nature and steric hindrance. The amines phenylamine (NH2Ph; aniline) and benzylamine (NH2Bz) present R1 = H and different R2 groups (Ph or Bz), where the CH2 unit between the N and the Ph ring in NH2Bz promotes an increase in the σ-donor nature as evaluated from the pKa values (Figure 1), without significantly changing the cone angles (θ). On the other hand, changing R1 = H for the nBu chain in NH2Ph results in the amine N-nbutylphenylamine (NHBuPh; N-nButylaniline), which presents similar σ-donor nature to R1 = H (Figure 1), but a larger cone angle in NHBuPh is expected. The main purpose of this study is to analyze the more appropriate characteristics (σ-donor and θ) of the amines to combine with PPh3 in Ru-based-type complex for ROMP and ROMCP of norbornene (NBE), norbornadiene (NBD) and dicyclopentadiene (DCPD). The use of PPh3 is appropriate to avoid easy oxidation of the Ru(II) metal center (a low spin d6 configuration) and be helpful with the steric hindrance. In addition, PPh3 is air-stable in the solid state and cheap. The current amines are non-π-receptor molecules and they act only as σ-donor ligands to promote olefin activation via metathesis.
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  Experimental

  General remarks

  All manipulations were performed under argon atmosphere. High-performance liquid chromatography (HPLC)-grade CHCl3 was used as received. Other solvents were of analytical grade and were distilled from the appropriate drying agents prior to use. Other commercially available reagents were used without further purification. RuCl3. xH2O, norbornene (NBE), norbornadiene (NBD), dicyclopentadiene (DCPD), ethyl diazoacetate (EDA; contains > 13 wt. % CH2Cl2), phenylamine (NH2Ph), benzylamine (NH2Bz) and N-nbutylphenylamine (NHBuPh) were used as acquired from Aldrich. The [RuCl2(PPh3)3] complex was prepared following the literature and its purity was verified by satisfactory elemental analysis and spectroscopic examination (31P{1H} and 1H nuclear magnetic resonance (NMR); Fourier transform infrared (FTIR)).32 Room temperature (RT) was 24 ± 1 ºC.

  Synthesis of [RuCl2(PPh3)2(NH2Ph)2](1)

  This complex was obtained following the literature with few changes.28 [RuCl2(PPh3)3] (0.52 mmol; 0.50 g) was added to a solution of NH2Ph (10.4 mmol; 0.97 g) in acetone (30 mL). The solution became green for 5 min and changed to purple for 12 h under stirring at RT. The volume was reduced to ca. 5 mL under flow of argon at RT. Cold n-hexane was added and a purple compound precipitated, which was filtered, washed with ethyl ether and dried in vacuum. Yield: 60%; calcd. anal. data for RuCl2P2C48H44N2: 65.2 C, 5.1 H, 3.2% N; found: 64.6 C, 5.2 H, 3.2% N; IR (CsI) νmax/cm-1 3286 (s, N–H), 1090 (s, P–C), and 287 (s, Ru–Cl); 31P NMR (162 MHz, CDCl3) δ 2.0 (s, 2P, trans-positioned); electron spin resonance (ESR): no signal was observed.

  Synthesis of [RuCl2(PPh3)2(NH2Bz)2] (2)

  [RuCl2(PPh3)3] (0.47 mmol; 0.40 g) was added to a solution of NH2Bz (1.37 mmol; 0.15 g) in acetone (40 mL). The mixture was stirred for 3 h at RT and the volume was reduced to ca. 5 mL under flow of argon. A green precipitate was filtered, washed with ethyl ether and dried in vacuum. Yield: 44%; calcd. anal. data for RuCl2P2C50H48N2: 65.9 C, 5.3 H, 3.1% N; found: 63.1 C, 5.2 H, 3.1% N; IR (CsI) 
    νmax/cm-1 3313 and 3247 (w, N–H), 2952 and 2957 (w, -CH2-), 1091 (s, P–C), 316 and 274 (w, Ru–Cl); 31P NMR (162 MHz, CDCl3) δ 26.1 (dd, 1P, 2JPP 7.5 Hz, cis-positioned), 40.6 ppm (dd, 1P, 2JPP 7.5 Hz, cis-positioned); ESR: no signal was observed.

  Synthesis of [RuCl2(PPh3)2(NHBuPh)] (3)

  [RuCl2(PPh3)3] (0.52 mmol; 0.50 g) was added to a solution of NHBuPh (5.2 mmol; 0.78 g) in acetone:CHCl3 (25 mL). The mixture was stirred for 24 h at RT and the volume was reduced to ca. 5 mL under flow of argon. A dark green compound precipitated with addition of cold petroleum ether, which was filtered, washed with ethyl ether and dried in vacuum. Yield: 40%; calcd. anal. data for RuCl2P2C48H44N2: 65.3 C, 5.4 H, 1.7% N; found: 65.7 C, 5.4 H, 1.8% N; IR (CsI) νmax/cm-1 2956 and 2929 (w, -CH2–), 2869 (w, –CH3), 1092 (s, P–C), 301 (w, Ru–Cl); 31P NMR (162 MHz, CDCl3) δ 27.8 (s, 2P, trans-positioned); ESR: no signal was observed.

  Equipment

  Elemental analyses were performed in a Perkin-Elmer CHN 2400 at the Institute of Chemistry, USP. ESR measurements of the solid sample were carried out at 77 K, using a Bruker ESR 300C (X-band) equipped with a TE102 cavity and HP 52152A frequency counter. FTIR measurements were performed in CsI pellets on a Bomem FTIR MB 102. The NMR (1H; 13C{1H}; 31P{1H}) spectra were obtained in CDCl3 at 25.0 ± 0.1 ºC using a Bruker DRX 400 spectrometer. The obtained chemical shifts were reported in ppm relative to the high frequency of tetramethylsilane (TMS) or PF6– ion. Size-exclusion chromatography (SEC) analyses were carried out in a Shimadzu Prominence LC system equipped with an LC-20AD pump, a DGU-20A5 degasser, a CBM-20A communication module, a CTO-20A oven at 27 ºC, and an RID-10A detector connected to three PL gel columns (5 mm MIXED-C: 30 cm, Ø = 7.5 mm). Retention time was calibrated with standard monodispersed polystyrene using HPLC-grade CHCl3 as eluent. PDI is Mw / Mn.

  Polymerization reactions

  In a typical ROMP experiment, 1.1 mmol of catalyst (1, 2 or 3) was dissolved in 2 mL of CHCl3 and a certain amount of monomer (NBE, NBD or/and DCPD) and 5 µL of EDA were added. The solution was stirred for different periods of time at 25 or 50 ± 1 ºC in a silicon oil bath. At RT, ca. 5 mL of methanol were added and the polymer was filtered, washed with methanol and dried in a vacuum oven at 27 ºC until a constant weight was achieved. The reported yields are average values from catalytic runs performed at least three times, with maximum 10% deviation. The isolated polyNBEs were dissolved in 2 mL of CHCl3 for SEC measurements.

   

  Results and Discussion

  ROMP with 1 and 2

  Complex 1 was active for NBE in the presence of EDA used as carbene source (Table 1). Yields in the range of 20-40% for 5 min at 25 ºC were obtained, with the best result at 50 ºC with 5 µL of EDA solution (61%). A tendency of larger amounts of EDA in reducing the reaction progress was observed, as in earlier studies.27 The active metal species was poisoned with excess of EDA, decreasing the propagation rate, or the monomer concentration decreased by cyclopropanation occurrence, as possible reasons to explain that event.33 The volume of 5 µL was used throughout this work.
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  Reactions for 5 min with 1 as a function of [NBE]/[Ru] 
    molar ratio in the range from 1000 to 5000 showed polyNBE yield increased either at 25 or 50 ºC (Figure 2). However, the maximum value was ca. 60% at 50 ºC. Semi-quantitative yields were obtained at 50 ºC when the reaction time was 30 min. Higher yields at 50ºC were probably obtained because of a faster displacement of a ligand from the six-coordinated species in the induction period, as could be expected. This is necessary to form the metal-carbene species with a coordinated olefin, followed by metallocyclobutane formation.1 Thus, the temperature probably facilitated the induction towards initiation, but long periods of reaction time were necessary to obtain better results with 1. On the other hand, semi-quantitative yields (ca. 90%) were already obtained for 5 min at 50 ºC with complex 2 for different starting [NBE]/[Ru] molar ratios (Table 2).
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  Decreased results for [NBE]/[1] = 10000 at 25 ºC for 5 min can be associated with the gelation of the medium (Figure 2), which hinders the diffusion of the monomer to the catalyst connected to the polymer chain. However, this was not important at 50 ºC, either for 5 or 30 min, with 67 and 97% of yield, respectively. The Mw values changed from 40 to 88 × 104 g mol-1 as the PDI values decreased from 1.92 to 1.73 (Table S1). In the case of 2, good yields were also obtained for molar ratio of [NBE]/[Ru] = 10000, with PDI below 1.9 (Table 2). Considering the catalyst activity in terms of turnover number (TON), it can be observed that the polymer production increases linearly with the monomer load (Table 2). This relationship can also be observed in the case of 1 at 50 ºC (Table S1). This is an important result, since simple and stable complexes were able to afford ROMP of a large amount of 
    monomer.

  Mw values with a magnitude order of 104-105 g mol-1 were obtained either with 1 or 2. PDI values were higher than two for low [NBE] loads, but decreased to values lower than two for higher [NBE] loads (Figure 2; Tables 2 and S1). This can be associated with the induction and initiation reactions, where higher temperatures accelerated these steps affording broad dispersion in the molecular weights, but larger monomer loads resulted in the insertion of more units of monomers in the growing chains, with further time consumption.

  The initiator 1 was inactive for NBD at 25 ºC for periods from 5 up to 240 min and 2 produced only 3-6% of polyNBD under similar conditions. At 50 ºC, 13% with 1 and 29% with 2 were obtained up to 240 min, with no dependence on time (Table S2). An explanation for the low yields is the possible double coordination of the monomer to the metal complex, which works as a chelating 
    ligand.34

  ROMP with 3

  High yields (79 to 99%) were obtained at 25 ºC for 5 min with [NBE]/[Ru] molar ratios in the range of 1000-10000 (Figure 3). This differs from the results with 1 and 2, where semi-quantitative yields were only obtained at 50 ºC for 30 and 5 min, respectively.
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  Mw values with an order of magnitude of 104 g mol-1 and narrower distributions resulted in high NBE loads (Figure 3). Mw increased by one order of magnitude for a run with [NBE]/[Ru] molar ratio of 10000 in 4 mL of solvent (from 104 to 105 g mol-1). In this case, the yield decreased ca. 10%, but the PDI improved from 1.96 to 1.60. The increase in the Mw value probably occurred because of the better dissolution of the growing polymer in larger volume, providing the accessibility of the monomer to the metal center. Rapid gelation of the solution occurred with 2 mL of solvent preventing short chains from increasing.

  Syntheses of polyNBD were sensitive to temperature and period of reaction time, with 90% yield at 50 ºC for 30 min (Table 3; entries 2-4). The yield was also high for 5 min at 50 ºC (78%), but it differed from the quantitative results for polyNBE at 25 ºC for 5 min (Table 3; entry 1). This was probably because the coordination of the two cyclic olefins in the NBD molecule, which could also explain the low yields with DCPD (Table 3; entries 5-6). Higher temperatures prevented the stabilization of the catalyst through double coordination of NBD,31 with loss of yield in the case of DCPD (26-21% yield at 50 ºC for 60-120 min, Table 3; entries 5-6).
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  PolyDCPD was not produced at 25 ºC for 60 min. PolyNBD and polyDCPD were insoluble in CHCl3 owing to crosslinking occurrence.

  Catalytic runs with NBE and NDB with different feed ratios of [NBE]/[NBD] and [NBD]/[NBE] were carried out, where a fixed [monomer]/[Ru] molar ratio was blended with increasing [comonomer]/[Ru] (Table 4). In the case of fixed NBE load, a linear decrease of semi-quantitative yield to 49% was observed when the NBD load increased up to feed ratio of [NBE]/[NBD] = 1 (Figure 4). On the other hand, increasing the NBE load in solutions with fixed amount of NBD greatly reduced the yield compared with that of the homopolymerization for any feed ratio of [NBD]/[NBE] (Table 4). In the latter case, an ascendant linear trend line can be observed with the rising NBE load (Figure 4).
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  The results are consistent with the production of copolymers, considering that blended polymers will be isolated with yields in correlation with the production of the homopolymers where the reactivities of 3 with NBE and NBD are very high.

  Therefore, the profiles can be associated with the reactivity ratios of the monomers to produce the copolymer, defining how much NBE and NBD was inserted in polyNBE (r1), and how much NBD and NBE was inserted in polyNBD (r2), considering the feed ratios [NBE]/[NBD] and [NBD]/[NBE].35,36 The following equation represents the reactivity ratios (r) described in terms of the rate constants (k) for the propagation steps,35 where kNBE/NBE is polyNBE inserting NBE, kNBE/NBD is polyNBE inserting NBD, kNBD/NBD is polyNBD inserting NBD, and kNBD/NBE is polyNBD inserting NBE:

  
    [image: Equation 1]

  

  Unfortunately, the chemical compositions of the isolated materials were not determined due to their very low solubility in CHCl3 to take NMR measurements. However, a few suggestions with respect to reactivity ratios can be evaluated from the yield results.

  First, given that the presence of comonomers decreased the yields relative to that of the homopolymerizations, it is possible to expect values higher than 1 for both r1 and r2. This occurs because the yields for homopolymerizations were much better than those for copolymerization, indicating that kNBE/NBE > kNBE/NBD and kNBD/NBD > kNBD/NBE, 
    where insertion of NBE in polyNBE would be more effective than insertion of NBD (r1 > 1), and insertion of NBD in polyNBD would be more effective than insertion of NBE (r2 > 1). Furthermore, kNBE/NBE >> kNBD/NBD is expected, considering that quantitative polyNBE yield was obtained at 25 ºC for 5 min, whereas semi-quantitative yield for polyNBD was only obtained at 50 ºC for 30 min (Table 3; entries 1 and 4). Finally, kNBE/NBD << kNBD/NBE is also expected, taking into account that the abrupt drop in the yield for copolymerization of NBD varying NBE is not observed in copolymerization of NBE varying NBD (Table 4). Thus, from these remarks, r1 is expected to be higher than r2, with occurrence of a greater reactivity with NBE in both cases. It is clearly observed that increasing NBE load in the mixtures, when increasing [NBE]/[NBD] 
    or decreasing [NBD]/[NBE], increases the yields (Figure 4). Under this circumstance, it is important to note the match in the yield results for equimolar loads of monomers 
    ([NBE]/[NBD] = [NBD]/[NBE] = 1).

  Yields from copolymerizations NBE-DCPD and NBD-DCPD were ca. 35-31% with equimolar monomer loads at 50 ºC for 60 min (Table 3; entries 7 and 8). Double coordination of DCPD to the metal center, as already discussed, could explain the low yields.34

  Comparison of the reactivity with complexes 1, 2 and 3

  Yields for polyNBE and polyNBD were dependent on the reaction time, [monomer]/[Ru] molar ratio and temperature with different yield patterns.

  At 25 ºC for 5 min, complexes 1 and 2 produced less than 30% of polyNBE, whereas complex 3 produced quantitative yield. At 50 ºC for 5 min, complex 1 showed moderate yields (ca. 60%), while complex 2 showed quantitative yields. Complex 1 only showed quantitative yields at 50 ºC for 30 min.

  Yields for polyNBD were lower for complexes 1 and 2 regardless of the reaction time and temperature. Complex 3 produced quantitative yield for 30 min and semi-quantitative for 5 min, at 50 ºC.

  Considering the studied conditions, the complexes presented good reactivity for ROMP with variation in the yields, which can be associated with both the structure of the complexes and the characteristics of the amine ligands combined with PPh3.

  Complexes 1 and 2 were six-coordinated with two amines while complex 3 was five-coordinated with only one amine molecule, considering the analytical data. The ESR spectra were silent, suggesting that the ruthenium centers presented 2+ oxidation states with low spin d6 electronic configurations. Elementary analyses indicated complexes with two phosphines and two chloride ions. Typical vibration bands in the FTIR spectra confirmed the presence of chlorides, amines and phosphines in the complexes. The 31P NMR spectrum of 1 in CDCl3 at 25 ºC showed only one singlet at 2.0 ppm, suggestive of trans-positioned PPh3 molecules (Figure S1). Thus, a ttt-[RuCl2(PPh3)2(NH2Ph)2] conformation could be proposed (Figure 5), considering that only one sharp vibration peak in the region of ν(Ru–Cl) stretching mode was observed.29,30 The 31P NMR spectrum did not change for 12 h. The 31P NMR spectrum of complex 2 showed a double doublet typical of a six-coordinated complex containing unequivalent cis-positioned P-atoms (26.1 and 40.6 ppm; 2JPP 7.5 Hz; Figure S2). In this case, a ccc-[RuCl2(PPh3)2(NH2Bz)2] conformation could be considered (Figure 5), in agreement with two ν(Ru–Cl) bands.29,30 In addition, observed signals at 40.4 ppm can be associated with five-coordinated complexes upon dissociation of amine or phosphine ligands, which can undergo dimerization (50.6 ppm; 2JPP 28.5 Hz).
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  The 31P NMR spectrum of 3 showed a singlet at 27.8 ppm (Figure S3), suggesting that the two PPh3 ligands were equivalently located in the complex. Correlating this result with the FTIR spectrum, where only one ν(Ru–Cl) band was observed that suggested that the two chloride ions were trans-positioned,29,30 a square pyramidal geometry can be defined for the complex with NHBuPh at the apical position (Figure 5). The spectrum did not show the appearance of other signals as a function of time. It is important to observe the absence of signals associated with binuclear species in the solution, as promptly occurred when dissolving the five-coordinated [RuCl2(PPh3)3] complex in CHCl3.29 In the latter case, the displacement of one PPh3 molecule occurred owing to the large steric hindrance around the coordination sphere. On the other hand, the presence of the amine NHBuPh in 3 tuned the steric hindrance around the metal center without occurrence of departure of ligands. The NMR spectrum of 3 remained the same for 12 h at RT.

  From the supposed geometric structures, it can also be concluded that complex 1 did not either undergo dimerization process or geometric rearrangement when in solution, as a function of time. Both complexes 1 and 3 showed stability at RT for 12 h, contrary to complex 2, where the 31P NMR spectrum showed evidence of other species in solution. In the case of 1 and 3, restriction of PPh3 departure occurs by absence of steric hindrance on the metal coordination sphere where the phosphines are trans-positioned to each other. Complex 1 is six-coordinated, but the amines present low cone angle. In the case of 3, the amine presents a higher cone angle and the complex is five-coordinated. In both cases, the low σ-donor character of the amines is inefficient to disturb the stability of the complexes. Furthermore, the nonexistence of a geometrical rearrangement in the five-coordinated complex 3 could also be attributed to an adjusted steric hindrance in the coordination metal sphere, provided by the butyl group in the amine, in spite of the low σ-donor character as in NH2Ph. In the case of 2, the six-coordinated complex lost PPh3 because the ccc geometric arrangement provoked a steric hindrance in the coordination sphere, in addition to the high σ-donor character of the NH2Bz raising the electronic density in the {Cl2Ru(II)} moiety.

  Therefore, if the complexes 1 and 2 are six-coordinated (Figure 5), where the amines NH2Ph (θ = 111º) and NH2Bz (θ = 106º) present almost the same cone angles without providing a significant steric hindrance, an increase in temperature is necessary for better reactivity. However, an increase in the reaction time is not necessary in the case of 2, as in the case of 1, since NH2Bz is more basic than NH2Ph, besides the fact that the NH2Bz molecules can be cis-positioned. In addition, in the case of 1, a slow propagation rate can be expected where the reaction time was cooperative with the temperature to achieve better results. This can be concluded taking into account a weak σ-donor effect from NH2Ph to forward monomer activation via a synergism amine → Ru → monomer and a low steric hindrance around the metal center to accelerate the replacement of ligands. Difference in the inertness between 1 and 2 can be correlated with the NMR spectra, where the spectrum of 1 did not show changes for hours and the spectrum of 2 changed over time. As semi-quantitative yields with 1 were only achieved for 30 min at 50 ºC, the difference in reactivity can be associated with the better synergism amine → Ru → monomer in 2, owing to the higher σ-donor character of NH2Bz (pKa = 9.4), as the cone angles are similar (Figure 1).

  The temperature increase favors the formation of the metal-carbene moiety and the coordination of the olefin from the discoordination of ligands. In the case of complex 3, NHBuPh presents a σ-donor character similar to that of NH2Ph, but a higher cone angle (expected θ > qNHEtPh = 126º), which enabled a five-coordinated complex (Figure 5). The higher steric hindrance in 3 provided better results in ROMP with no increase in the reaction time or temperature. Therefore, the nature of the amines and geometric arrangements seems to explain the obtained ROMP results.

  Data for 13C NMR spectra of polyNBE

  Analyses of the 13C NMR spectra from polyNBE synthesized with complexes 1, 2 and 3 showed that the fractions of the cis structures (σc) were between 0.4 and 0.5, considering the C1,4 peak areas (Figure S4; Table S3).

   

  Conclusions

  Three Ru(II) complexes of the type [RuCl2(PPh3)2(amine)x], 
    with amine = NH2Ph (1) or NH2Bz (2), for x = 2, and amine = NHBuPh (3) for x = 1, have been synthesized. The complexes were tested in the ROMP of NBE, NBD, DCPD and copolymerizations of NBE-NBD, NBE-DCPD and NBD-DCPD, in the presence of EDA. In the series, complex 3 is the most active, probably because there is more steric hindrance due to the number and the bulkiness of the ligands, even with a lower σ-donor character.

  Concluding, simple, inexpensive and easy-to-handle amines combined with PPh3 produced active complexes to prepare polymers and copolymers via ROMP, where the steric hindrance in the initiator is very important for its reactivity. Nowadays, Grubbs-type complexes are very important for the continuous advancement in olefin metathesis. However, the presented complexes can be alternative non-Grubbs-type initiators for ROMP, as other suggestions from the literature.37-39
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    A pirólise rápida do ácido oleico foi estudada sobre catalisadores com 10% Ni suportados em sílica e alumina. Os catalisadores foram impregnados com 10% m/m de ácido oleico. Os precursores secos e os catalisadores contendo ácido oleico foram caracterizados por análise termogravimétrica. Os catalisadores calcinados foram analisados por difração de raios X (XRD) e redução à temperatura programada (TPR). As amostras com ácido oleico adsorvido foram submetidos à pirólise rápida a 650 ºC. A pirólise de ácido oleico puro levou a 10% de conversão, enquanto a pirólise catalítica resultou em praticamente completa conversão. O catalisador 
      NiO/alumina produziu mais hidrocarbonetos do que o NiO/sílica. Os principais produtos obtidos com NiO/sílica foram 1-alcenos, enquanto que os principais produtos obtidos com NiO/alumina foram isômeros de alcenos e aromáticos, e pequenas quantidades de compostos oxigenados, principalmente álcoois. A pirólise rápida de ácido oleico adsorvido em catalisadoras representa um método útil para distinguir as propriedades dos catalisadores e suas diferentes atividades.

  

   

  
    Flash pyrolysis of oleic acid was studied over 10 wt. % nickel catalysts supported on silica and alumina. The catalysts were impregnated with 10 wt. % oleic acid. The dried precursors and the catalysts containing oleic acid were characterized by thermogravimetric analysis. The calcined catalysts were analyzed by X-ray diffraction (XRD) and temperature programmed reduction (TPR). Samples containing adsorbed oleic acid were submitted to flash pyrolysis up to 650 ºC. Whereas pyrolysis of oleic acid without catalyst converted only about 10%, the pyrolysis of oleic acid adsorbed on catalysts allowed practically a complete conversion. NiO/alumina yielded a higher amount of liquid hydrocarbons than NiO/silica. The main products obtained with NiO/silica were 1-alkenes, whereas the main products obtained with NiO/alumina were alkene isomers and aromatics. Small amounts of oxygenated compounds were also observed, principally alcohols. The flash pyrolysis of oleic acid adsorbed on different catalyst surfaces appears as a useful way to distinguish activity trends of different catalyst samples.

    Keywords: flash pyrolysis, biofuel, oleic acid, nickel catalysts

  

   

   

  Introduction

  Upgrading of vegetable oils and related compounds to obtain liquid fuels has been extensively studied since the end of the 70's. Two important chemical routes have been used: transesterification and thermochemical processes, these latter either through cracking or hydrocracking.1-6

  Transesterification is the process usually employed at the industrial level. In this case, vegetable oils react with a short chain alcohol to form esters of fatty acids. These esters are usually named biodiesel. Industrially, methyl esters of fatty acids can be added to petroleum diesel up to 7-8 wt. %. These mixtures, unlike pure petroleum diesel, show a slightly lower energetic power due to their oxygen content and they have limited chemical stability.7 Therefore, stabilizers must be added to biodiesel to render it useful.8,9 The thermochemical routes can lead to highly deoxygenated compounds fully miscible with liquid fuels of fossil origin.5 Companies, such as UOP LLC, Neste Oil, Petrobras and Eni S. p. A., have studied hydrocracking of triglycerides with catalysts similar to the ones used in the hydrotreatment processes. For example, Eni S. p. A. and UOP LLC are using the Ecofining™ technology to obtain green diesel, a qualitative biofuel.10 When carried out in the presence of hydrotreating-type catalysts, at hydrogen pressures higher than 3 MPa and at temperatures between 300-400 ºC, hydrocracking of triglycerides leads to important amounts of saturated linear hydrocarbons, with a high selectivity towards C16-C18 molecules.5,11 During hydrocracking two main routes have been observed: decarboxylation and decarbonylation (DCO). In both of these reactions the triglycerides are initially transformed into fatty acids that can lose CO2 and CO + H2O, producing hydrocarbons which have a carbon chain with one less C atom than the fatty acid from the initial feed.5 A third reaction is also observed in the presence of hydrogen and is considered as hydrodeoxygenation (HDO). In this case, oxygen is eliminated from the intermediate fatty acid as H2O and the main hydrocarbon molecules formed have the same carbon number as the starting fatty acid chain.5 Because the HDO reaction consumes important amounts of hydrogen, studies aiming at favoring DCO over HDO are important. Kubicka and Kaluza12 showed that hydrotreating-type catalysts containing only Mo species favor HDO during rapeseed oil hydrocracking, whereas the addition of Ni favors DCO. Kubicka et al.13 also showed that Ni-Mo catalysts with the same composition and the same method of preparation have HDO activity varying with the nature of the support. Therefore, modification of the composition of catalysts appears as an effective way to direct hydrocracking of triglycerides towards DCO.

  In order to limit hydrogen consumption, cracking of triglycerides and/or model compounds in the absence of added hydrogen has been considered. Cracking without a catalyst leads to a large family of deoxygenated liquid organic compounds, such as alkenes and alkanes, together with oxygenated compounds, such as carboxylic acids, ketones, aldehydes and alcohols.14-17 When using catalysts, the degree of deoxygenation is generally enhanced.18 In such cases, the C number in the products is not always lower than the C number of the original feed.19-21 When the catalysts have strong acid sites, the amount of liquid alkenes and alkanes is decreased whereas important amounts of aromatic compounds are formed.22

  Numerous studies have considered the use of model compounds to help understand some mechanistic aspects of the decomposition of triglyceride molecules due to their high complexity. Together with the cracking of saturated fatty acids, like stearic and palmitic acids formed during the hydrocracking of triglycerides, the use of oleic acid as a model molecule has been used to simulate what can occur in the absence of added hydrogen.21-29 A recent study on the pyrolysis of oleic acid in an autogeneous atmosphere, between 350 and 450 ºC, confirmed that both decarboxylation and decarbonylation took place in the reactor, but also revealed internal cracking at the allylic C position, leading to a predominance of C6-C10 hydrocarbons in the liquid products and the formation of C9 and C10 fatty acids.30 The amount of fatty acids decreased when the temperature of pyrolysis was increased, whereas the amount of mono- and poly-aromatic compounds increased. A recent study from our group described the flash pyrolysis of micro amounts of fatty compounds adsorbed on different solid catalysts, NaZSM-5, HZSM-5, g-alumina, SAPO-5 and NiMo/SAPO-5, as a rapid way to screen some catalyst properties and confirm the presence of even minute amounts of products, especially primary reaction intermediates.31

  The present work studies the flash pyrolysis of oleic acid, as it is the main fatty acid in most triglycerides taken from vegetable oils. Supported nickel catalysts were used to increase the deoxygenation process. We pre-adsorbed a very small amount of oleic acid on the surface of the catalysts in order to limit the influence of pyrolysis without catalyst. Thus, we could study the role of the catalyst in the initial steps of the decomposition of oleic acid.

   

  Experimental

  Preparation of the catalysts

  Supported nickel catalysts with 10 wt. % Ni (as NiO) were prepared by impregnation with an excess of aqueous solution of nickel(II) nitrate hexahydrate (Merck PA). The supports used were a transition alumina (Pural Sasol), and a commercial silica (Kali Chemie AF125), both in powder form. The solids obtained after evaporation in a rotating device were dried at 110 ºC in static air, manually ground for homogenization and calcined under air at 650 ºC (heating rate of 10 ºC min-1) to generate the calcined catalysts precursors. Supports impregnated with pure water were treated in the same way as the supported catalysts in order to have a true reference carrier when necessary.

  Addition of oleic acid onto the catalysts

  NiO/silica and NiO/alumina after a new drying at 150 ºC were mixed with small amounts of pure oleic acid (OA) (Sigma Aldrich > 93%), in a mass proportion of 1 g of catalyst for 0.1 g of OA, under permanent manual agitation to allow complete spreading of the OA. At the end of this "pseudo" impregnation, the catalysts maintained their powder form. They are referred to as OA/NiO/support in the following sections. The use of a high catalyst:reactant ratio was to provide high availability of catalytic sites and minimize the influence of thermal pyrolysis.

  Characterization of the catalysts

  Pure nickel nitrate and nickel nitrate deposited on both supports at the end of the drying treatment, as well as OA/NiO/silica and OA/NiO/alumina, were characterized by thermogravimetric/differential thermal analysis 
    (TG/DTA) using a Perkin Elmer STA 6000 instrument. The experiments were conducted under a synthetic airflow rate of 20 mL min-1 between 30 and 600 ºC at a heating rate of 10 ºC min-1. The reduction of supported NiO was done using a homemade temperature programmed reduction (TPR) equipment, at a heating rate of 10 ºC min-1 up to 800 ºC, using a mixture of H2/argon (1.5 vol. % of hydrogen) with a gas flow rate of 70 mL min-1. The supports, the calcined NiO supported samples and the reduced catalysts at the end of TPR were characterized by X-ray diffraction (XRD) (Shimadzu diffractometer, model 6000) using the CuKα radiation, between 10 and 80º at a scanning rate of 2º min-1. The accelerating voltage and the current employed were 40 kV and 30 mA, respectively. The acidity of the catalysts was determined by using pyridine as probe molecule in the same TG Perkin Elmer equipment. An amount of 3 mg of catalyst was pre-treated from 35 to 110 ºC for 30 min to remove humidity and then heated to 550 ºC at 20 ºC min-1 to remove chemisorbed water. After cooling the sample an amount of 1 µL of pyridine per mg of catalyst was carefully added to the catalyst at 120 ºC. The desorption of pyridine excess was carried out at the same temperature until reaching equilibrium, after about 60 min. The chemisorbed pyridine was desorbed by heating up to 550 ºC at 10 ºC min-1 and the loss of mass was recorded with temperature. Specific surface area of the catalysts was determined by the Brunauer-Emmett-Teller (BET) method in a Quantachrome NOVA-2000 equipment at 77 K (–196 ºC) with nitrogen adsorption. Samples were pre-treated at 250 ºC for 2 h under vacuum before measurement.

  Flash pyrolysis experiments

  The flash pyrolysis of pure OA and OA adsorbed on both NiO/supported samples were performed in a Pyroprobe CDS-5200 micropyrolysis set up, linked to a gas chromatography/mass spectrometry (GC/MS) analysis system (Shimadzu GC-MS QP 2010 Plus). The powdered sample of the OA/catalyst was placed in a 2 mm × 25 mm quartz tube between quartz wool plugs, in an amount of around 1.0 mg of catalyst with 0.1 mg of impregnated oleic acid. The quartz tube was placed inside a resistive platinum coil heater. The flash pyrolysis was conducted at 650 ºC for 0.25 min, at a heating rate estimated as 1000 ºC min-1 with a helium flow rate through the sample of 150 mL min-1. After pyrolysis, the vapors and gases flowed to the GC injector through a transfer line heated at 170 ºC, as shown in Figure 1. The chromatographic analysis was performed in a DB-5MS analytical column (30 m × 0.25 mm × 0.25 µm), with a helium flow rate through the column of 1 mL min-1. The column program was 5 min at 45 ºC, heating to 280 ºC at a heating rate of 4 ºC min-1, with a 10 min stay at 280 ºC. The ion source was maintained at 280 ºC and the interface at 290 ºC. The m/[image: Caracter 1] data were measured between 40 and 400. The chromatographic peaks of the pyrolysis products were identified using the National Institute of Standards and Technology (NIST) library standards as well as comparing with data from the literature. The probability of products identification was better than 90% for the great majority of the peaks. The standard deviations of the main peaks in some replicated experiments were smaller than 25%.
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  Results and Discussion

  Characterization of the catalysts

  Figure 2 presents TG and derivative thermogravimetry (DTG) curves obtained during the decomposition of nickel nitrate hexahydrate either pure or impregnated on both alumina and silica. The decomposition of pure nickel nitrate shows four main mass losses, with maxima at around 100, 180, 240 and 320 ºC. The three low temperature mass losses are attributed to water loss, whereas the high temperature event is due to NOx release.32,33 Above 650 ºC, no further mass loss was observed suggesting a complete decomposition of pure nickel nitrate to nickel oxide. In the presence of both supports, a first mass loss ending between 150 and 170 ºC is attributed to water release from the support. Further mass losses vary with the nature of the support, a clear mass loss process appearing only with nickel nitrate deposited onto silica, with a maximum rate at around 270 ºC. The other steps are not well resolved. Table 1 shows the mass loss percentage from the decomposition of pure or supported nickel nitrate on silica and alumina, obtained from the TG curves. Figure 2 and Table 1 show that the decomposition temperature of the nickel nitrate for the release of NOx follows the order: 
    NiO/alumina > NiO/silica. This suggests that the interaction of the nickel with alumina is higher than with silica.
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  The DTA curves presented in Figure 3 show some similarities to the DTG curves, all thermal processes being endothermic. For pure nickel nitrate, there are five main peaks, the first one with a maximum at 50 ºC, due to both a fusion process of the hydrated salt and the loss of a first molecule of water. The second, third and fourth events at around 100, 200 and 250 ºC are essentially due to water release, whereas the fifth one, with a maximum at around 320 ºC is due to NOx elimination. For the supported materials, the low temperature endotherm is due to water elimination from the supports, the process ending at 180 ºC. The endothermic peaks observed at around 270 ºC for both nickel/silica and nickel/alumina precursors are attributed to NOx elimination. In this latter case a stronger interaction of the nickel precursor with alumina decreases the decomposition rate of the precursor. TG curves in Figure 2a show that the decomposition of nickel nitrate on silica is faster than on alumina. In both Figures 2 and 4, no further mass loss and/or clear thermal event occurs above 500 ºC, suggesting that the precursor salt of nickel is fully decomposed at this temperature. The difference in decomposition behavior between both supported materials suggest that the interaction of the impregnated nickel salt is different on both supports, a situation that may lead to different interactions with the support of the NiO particles formed at the end of heat treatment, in agreement with data from the literature.34
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  Table 2 gives some properties of the supported catalysts either in oxidized or reduced form such as temperature reduction interval, crystallite mean size, specific surface area and acidity. This table shows that the reduction of 
    NiO/silica is completed at 460 ºC, whereas the reduction of NiO/alumina is completed at 750 ºC. The rather low reducibility of the present supported NiO is essentially due to the experimental conditions used, where the partial pressure of hydrogen is low. As the reduction rate of unsupported nickel oxide presents a positive reaction order regarding the hydrogen pressure, the low pressure used in the present TPR experiments does not favor the metal reduction, but it may allow possible NiO-support interactions during the heating ramp, increasing the temperature of the reduction process. Such situation may affect the final state of the reduced nickel.35 The reduction temperature of nickel oxide on alumina is higher than on silica suggesting that the interaction of NiO with alumina is higher than with silica. A limited formation of nickel aluminate, at the interface between alumina and supported NiO particles, can also be advocated to explain the lower reducibility of alumina supported nickel oxide. This situation will be further discussed during the analysis of XRD data (Figure 4). Table 2 also shows that the specific surface area of NiO/silica is twice as much the area of NiO/alumina. The acidity of NiO/alumina (0.15 mmol of pyridine g-1) is almost three time higher than the acidity of NiO/silica.
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  Figure 4 presents the XRD diffractograms for silica, NiO/silica, reduced Ni/silica after TPR, alumina, 
    NiO/alumina and reduced Ni/alumina. The XRD results of the silica supported catalyst present a wide peak at 2θ = 22º, due to the quasi amorphous structure of the silica and diffraction lines at 2θ = 37, 43, 63º typical of NiO.36 Diffraction lines attributed to metallic nickel Ni0 (2θ = 45, 52 and 76º) are observed after TPR, the amorphous line of silica support being unaltered. Therefore, on silica, supported NiO is obtained at the end of the calcination at 650 ºC of the supported nickel nitrate, and metallic nickel at the end of TPR.

  In Figure 4, the XRD diagram of alumina is very typical of transition alumina. The lines at 2θ = 19, 32, 37, 39, 45, 60 and 67º are close to those described in the case of γ-alumina.37 In this case, peaks due to alumina and NiO are partially merged. Only the diffraction lines of NiO at 43 and 63º are clearly observed. This observation confirms that with alumina, NiO is also obtained at the end of the calcination at 650 ºC. However, Figure 3 shows that the presence of nickel aluminate NiAl2O4 cannot be ruled out since its XRD lines overlap with the lines characteristic of transition alumina.38 After TPR, Ni0 diffraction lines are clearly present at 2θ = 52 and 76º. Therefore, although the reduction process of the catalyst supported on alumina requires higher temperature under TPR conditions than the reduction of the catalyst supported on silica, the reduction mainly transforms NiO to metallic nickel in both cases. We were able to estimate a crystallite size of 15 nm for Ni0/silica and smaller than 9 nm in the case of 
    Ni0/alumina using the Scherrer equation with the diffraction line at 52 and 76º (Table 2).39 Therefore, after reduction, the Ni crystallite size is different on silica and alumina, probably as a consequence of the differences of NiO interaction with both supports. These differences of interaction probably started during impregnation/drying and/or decomposition processes of the nickel precursor as suggested by the different decomposition profiles observed in both DTG (Figure 2) and DTA (Figure 3). Table 2 also shows that the particle size of NiO on silica is bigger than the size of NiO on alumina.

  DTG of oleic acid, either pure or adsorbed on NiO/support catalysts

  Figure 5 presents the TG and DTG curves obtained under nitrogen atmosphere for OA/NiO/silica, OA/NiO/alumina 
    and pure OA as reference. For pure OA, a single mass loss is observed with the maximum rate at around 260 ºC. In the case of OA adsorbed on both catalysts, after a mass loss before 150-200 ºC attributed essentially to water desorption from the catalyst surface, the main mass loss occurs at higher temperatures by comparison with pure OA mass loss. Thus, the adsorption of OA onto the catalysts increases the temperature of the mass loss due to OA release and/or decomposition. Furthermore, the differences in mass loss profiles for pure OA and OA adsorbed on both NiO/alumina and NiO/silica catalysts, as well as the differences in the temperature of maximum mass loss rate, indicate that the strength of OA adsorption varies with the nature of the catalyst. Consequently, it can be supposed also that the pyrolysis of OA, either unsupported or supported on both catalysts will generate different families of products, both catalysts retaining more strongly some pyrolysis products when compared with pyrolysis without catalyst. One further point must be added: above 600 ºC, no clear mass loss event is observed, justifying in part, together with literature data,17 the choice of 650 ºC as the final flash pyrolysis temperature used in the next section.
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  Flash pyrolysis of oleic acid, either pure or adsorbed on NiO/support catalysts

  Figure 6 shows the peaks of products (pyrogram) obtained during the flash pyrolysis at 650 ºC of pure OA and OA adsorbed on both NiO/silica and NiO/alumina. Table 3 summarizes the main classes of products identified. During the pyrolysis of pure OA, the percentage of the products formed up to the retention time of 41.1 min represents less than 10% of the whole area of the pyrogram. The main peaks on the right side of the pyrogram, with retention times equal and higher than 41.1 min are due to C14 and C16 fatty acids and to untransformed C18 oleic acid (retention time of 52 min). That part of the pyrogram represents more than 90% of the area of the whole pyrogram. Therefore, during the flash pyrolysis of pure OA at 650 ºC, fatty acids with shorter C chain are obtained before DCO can occur. At retention times lower than 41.1 min, many other oxygenated products are found: among them, dodecanoic (0.25%), undecylenic (0.16%), decanoic (0.41%), octanoic (0.31%), 7-octenoic (0.07%), heptanoic (0.10%) and acetic (0.09%) acids are identified. Aldehydes, alcohols and ethers are also identified. Finally, the amount of deoxygenated compounds, mainly monounsaturated alkenes, does not represent more than 3.8% of the whole pyrogram. Hence, the flash pyrolysis of pure OA in the present experimental conditions is limited and does not favor deoxygenation.
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  The two pyrograms obtained when OA is adsorbed on both NiO/silica and NiO/alumina hardly show the presence of residual unconverted OA: the contact between the catalyst surface and the adsorbed OA allows a complete transformation of oleic acid. Contrary to pyrolysis without catalyst, the pyrolysis in the presence of catalysts reveals the formation of a very important amount of light products. Among these products it is possible to observe peaks due to homologous compounds like 1-alkenes (peaks 1, 3, 4, 5, 6), as shown in Figure 7, where the names of organic compounds are attributed to some peaks between the retention times of 5 and 25 min.
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  Table 4 gives the semi-quantitative distribution of the deoxygenated compounds (area percentage of saturated, monounsaturated, polyunsaturated and aromatic compounds). Whereas Table 3 indicated that the amount of deoxygenated compounds (hydrocarbons) is practically similar for both OA/NiO/alumina and 
    OA/NiO/silica, Table 4 shows important differences between the distribution of the hydrocarbon families obtained after pyrolysis at 650 ºC of OA adsorbed onto both catalysts: in the case of NiO/alumina, the pyrolysis of OA leads to an important amount of aromatic products, a family of compounds produced in a much lower amount with 
    OA/NiO/silica. On the other hand, OA/NiO/silica produces more alkanes, alkenes and polyunsaturated hydrocarbons, such as dienes, trienes and alkynes than OA/NiO/alumina.
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  Table 5 identifies the main aromatic products formed during pyrolysis with both catalysts. In the case of pyrolysis of OA without catalyst, no aromatic compound was detected analyzing peaks with a percentage area equal to or higher than 0.06%. For OA/NiO/silica, together with benzene, linear alkylbenzenes with lateral chain containing 1, 2, 3, 4 and 6 C were found, as well as one dialkyl benzene. For OA/NiO/alumina, more than 50 aromatic compounds were detected, among them linear alkylbenzenes, with lateral carbon chain between 1 and 11 C, representing more than 50% of all the aromatic compounds detected. A few number of alkenyl benzenes, an important number of di- and trialkyl benzenes and a rather large number of polyaromatic compounds, such as indane/indene, naphthalenes and fluorene, either unalkylated or with limited alkyl chains, were also identified.
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  Table 6 summarizes the amounts of monoalkyl benzenes formed with both OA/NiO/silica and OA/NiO/alumina. Monoalkyl benzenes have been observed in preceding studies dealing with cracking/hydrocracking of fatty compounds, but up to the time of our study, a general sequence of alkyl benzenes as observed with OA/NiO/alumina 
    has not been reported.30,40 In the industrial production of linear alkyl benzenes for detergent applications, the alkylation of olefins is conducted in the presence of a strong acidic medium, either with HF, or more recently with zeolite-type heterogeneous catalysts.41,42 The mechanism of this type of catalytic alkylation implies the participation of carbocations and acidic sites. Such a mechanism is rather unexpected under present conditions, although the carboxylic moieties may form acidic OH groups on metallic or support surface sites after adsorption of the acidic function under the form of carboxylate species.43,44 However, alumina-supported nickel catalysts have shown very high activity and selectivity in the alkylation of benzene with propene to form cumene.45 Therefore, alkylation with supported nickel catalysts is possible, although the conditions of the present study are different from the conditions used by Jian et al. .45 Maybe under the present experimental conditions, the linear alkyl benzenes have essentially been formed through an internal aromatization after or during decarboxylation. Molecules, such as linear alkyl cyclopentenes or linear alkyl cyclohexenes able to lose hydrogen on nickel sites to transform the alkylated cycloolefins to alkylated benzenes, are probably used as intermediate molecules. In fact, small amounts of cyclopentenes with linear alkyl chain containing 3, 4, 5, 7 and 8 C, and cyclohexenes with linear alkyl chain with 4 and 6 C have been identified. However, the exact mechanism of formation of the family of alkylbenzenes during the pyrolysis of OA adsorbed on NiO/alumina is still unkown.
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  Table 7 shows the amounts of linear 1-alkenes in the 3 experiments. Whereas this amount is very limited for the pyrolysis of OA without catalyst (1.8%), both NiO/alumina (20.7%) and principally NiO/silica (33.5%) decomposed OA towards 1-olefins with satisfactory selectivity. Although both catalysts help to decompose the adsorbed OA fully, differences in product distribution is clearly observed. It seems evident that the higher acidity of NiO/alumina compared with NiO/silica (Table 2) must play an important role in the formation of the isomers of linear olefins and in the formation of aromatic compounds, these latter compounds being probably formed also due to the dehydrogenating properties of nickel sites. Hydrogen transfer pathways, advocated for example during the decomposition of saturated fatty acids on activated alumina may probably occur in the present experimental conditions, together with the participation of adsorbed hydrogen on the metallic nickel surface, as hydrocarbons are able to reduce nickel oxide to metallic nickel at temperatures in the 400-500 ºC range.19,46
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  Although the amount of oxygenated compounds is not very high, it is important to indicate that CO2 and acetates were observed with the NiO/alumina sample, but not with NiO/silica. Such a situation is probably linked to the partial adsorption of oleic acid through carboxylate species on the alumina surface, such species being practically absent when the adsorption occurs on the silica surface.43 Among the other oxygenated compounds, carboxylic acids are observed in greater amount with NiO/silica (1.15%) than with NiO/alumina (0.41%), in agreement with the better deoxygenation properties of this latter catalyst. In the same way, more alcohols are formed when pyrolyzing OA on NiO/silica (5.12%) than on NiO/alumina (2.91%). But a large majority of these alcohol and acid molecules are susceptible to transformation into unsaturated hydrocarbons when the experimental condition is slightly changed, DCO and dehydration being rather frequent reactions. A last point can be mentioned, dealing with the identification of some ketones in the condensable pyrolysate. In this case, the amount of ketones is lower with OA/NiO/silica (0.27) than with OA/NiO/alumina (0.70). This is probably linked to the fact that ketones have been shown to be important intermediate species during the cracking of saturated fatty acids in the presence of activated alumina.19,20

  The present results confirm that during the decomposition of oleic acid adsorbed on the catalysts, cooperative processes occur between the support surface and the active phase surface. On the one hand, the products are different from the products obtained during cracking without catalysts and therefore, the thermal decomposition has limited importance; on the other hand, both catalysts also generate not always similar products, indicating that the adsorption properties on both catalysts are different. Therefore, as was advocated in a preceding publication, it is confirmed that the present experimental conditions using flash pyrolysis of adsorbed species can be seen as a "pseudo" catalytic test, helping a description of the potential properties of a catalyst before its use in more classical flow or batch reactors.31

   

  Conclusions

  The flash pyrolysis of oleic acid adsorbed on supported nickel catalysts generates complete decomposition of the fatty acid whereas the pyrolysis without catalyst allowed a decomposition lower than 10%. The products of pyrolysis with supported nickel catalysts were highly deoxygenated, and hydrocarbon content close to 80% was observed in both cases. The selectivity to hydrocarbons was different for both catalysts: an important amount of 1-alkenes was obtained with oleic acid adsorbed on NiO/silica, whereas NiO/alumina generated more alkene isomers, more polyunsaturated hydrocarbons and more aromatic compounds than NiO/silica. The differences of selectivity can be linked on one hand to hydrogen transfer occurring when alumina is used as support, and on the other hand to different adsorption modes of oleic acid on both catalysts, with the carboxylate species probably being more important with alumina support than with silica support. The flash pyrolysis of adsorbed fatty compounds can be proposed as a quick "pseudo" catalytic test to select catalysts before long term reactions are initiated.
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    As restrições de difusão dos reagentes, causadas pelos microporos, limitam a utilização de zeólitas no processamento de moléculas volumosas. Isto exige o desenvolvimento de materiais que combinem as propriedades das zeólitas com aquelas dos materiais mesoporosos. Com este objetivo, neste trabalho, estudou-se a influência da temperatura e do tempo de envelhecimento de sementes nas propriedades de materiais do tipo zeólita beta/MCM-41, obtidos por mesoestruturação/cristalização. Observou-se que as condições adequadas para obter a fase cristalina microporosa de zeólita beta e a fase mesoporosa MCM-41 foi 140 ºC, durante 24 h de envelhecimento das sementes. Nas demais temperaturas (60 e 90 ºC) foram produzidos sólidos menos cristalinos e uma fase lamelar de MCM-50. Por outro lado, com o aumento do tempo de envelhecimento das sementes, foram obtidos cristais maiores da zeólita beta cristalina e fases mesoporosas menos organizadas a 140 ºC.

  

   

  
    The diffusion restrictions of the reactants caused by the micropores limit the use of zeolites for processing heavy molecules. This demands the development of materials that combine the properties of zeolites and mesoporous materials. With this goal in mind, the influence of temperature and time of seed aging on the properties of beta zeolite/MCM-41 materials obtained by mesostructuration/crystallization was studied in this work. It was noted that the most suitable conditions to obtain the crystalline microporous phase of beta zeolite and the MCM-41 mesoporous phase was 140 ºC, during 24 h of seed aging. At the other temperatures (60 and 90 ºC) poor crystallized solids and a lamellar phase of MCM-50 were produced. On the other hand, increasing time of aging seeds bigger crystals of crystalline beta zeolite and less organized mesoporous phases were obtained at 140 ºC.

    Keywords: beta zeolite, mesostructuration, MCM-41, seed aging, mesoporous ordering

  

   

   

  Introduction

  Many efforts have been devoted to the improvement of heterogeneous catalysts, aiming to obtain highly active and selective materials in the desired reactions. Among them, zeolites have become successful alternatives as catalysts for processes in the chemical and petrochemical industries.1-5 These solids have high specific surface area, high adsorption capacity, pores with molecular dimensions and high thermal and hydrothermal stability.6,7 However, zeolites show restrictions to the diffusion of bulky molecules because of their small micropores. The slow transport of reactants and products inside micropores leads to an increased residence time that favors undesirable reactions, such as coke production which causes the zeolite deactivation by the blockage of the channels. It is known8 that the rate of coke formation and the coke composition as well as the catalyst deactivation depend on the pore structure and on the acidity of the zeolite, besides the operating conditions such as temperature, pressure and nature of the reactants.

  In order to overcome the diffusion limitations, considerable efforts have been addressed for developing zeolites containing mesopores with sizes similar to those of materials such as MCM-41, HMS and SBA-15.9-11 These materials have ordered mesopores but exhibit lower acidity, as well as lower thermal and hydrothermal stability, as compared to zeolites and thus have limited application in catalysis.12 Therefore, several strategies have been developed to prepare materials that can combine the advantages of zeolites and of mesoporous materials, especially the high acidity of the first one and the mesoporosity of the last one.12-16 The most successful approaches involve the use of templates (organic agents or nanoparticles) for generating mesoporosity or nanocasting (confined-space synthesis) that produce solids with the intrinsic microporosity of zeolites besides an intrazeolitic mesoporosity with a narrow pore size distribution.17

  The experimental observations have shown that the zeolitic precursors can be used as building blocks for a mesoporous network. The first methodology, developed by Pinnavaia and co-workers,18 consisted in the organization of zeolitic precursors (FAU) in an ordered hexagonal mesophase of MCM-41-type. The supramolecular ordering of these precursors (also known as zeolite seeds) gives hydrothermal stability and acidity to the mesoporous structure. Several studies have been developed in order to obtain mesoporous materials assembled from zeolite seeds, such as Beta/MCM-41,19-21 Beta/MCM-48,22 ZSM-5/MCM-4123 and mordenite/MCM-41 materials24 Also, several materials were obtained from the assemblage of zeolitic precursors in a hexagonal mesoporous structure of SBA-15-type, such as Y/SBA-15, ZSM-5/SBA-15 and beta/SBA-15 materials.25 However, for most cases, a mesoporous structure with crystalline walls was not obtained and a mixture of phases was observed. In spite of this fact, these materials have been often reported as zeolite/mesoporous phase composite. Guo et al.,21 for instance, have described a solid named Beta/MCM-41 composite, although they have been observed, by scanning electron microscopy, that the crystals of beta zeolite were evenly incorporated into spherical aggregates of MCM-41.

  Several studies have been performed in order to evaluate the influence of synthesis parameters, such as temperature and time of seed aging, crystallization temperature and gel composition on the properties of mesoporous materials assembled from beta zeolite seeds, although most of them have been unsuccessful, producing systems made up of two phases.26-28 Some studies have shown that the time of hydrothermal treatment (aging time), during which the zeolite seeds are formed, is a key parameter to control the properties of the final material.26-28 Also, in some cases, it was observed that the curvature of the surfactant micelle does not favor the assemblage of nanoparticles (zeolite seeds).15 For example, the MCM-41-type materials have pore wall thickness in the order of 1 nm and then it would be very difficult to accommodate these nanoparticles (in the range from 20 to 150 nm for beta zeolite)29 into a highly condensed crystalline wall. On the other hand, one can propose a cluster of silica/template, which leads to amorphous primary units in the range of 1-3 nm that fit better into the mesoporous wall. In order to obtain this silica/template cluster, lower aging temperature or shorter aging time must be used, which will favor the nucleation rate at the expense of growth rate. However, no crystalline zeolitic precursor of less than 5 nm has been detected by transmission electron microscopy (TEM) and no evidence of crystalline wall by TEM images or diffraction patterns have been reported so far.15 On the other hand, higher temperatures lead to materials made of two phases, which show high performance in several reactions involving bulky reactants and products, making them promising catalysts for many processes of chemical and petrochemical industry.30-34 In a previous work,35 for instance, we have found that catalysts based on cobalt supported on beta zeolite/MCM-41 materials were very active and selective for Fischer-Tropsch synthesis.

  Moreover, beta zeolite in the protonic form (H-BEA) has been reported as an excellent catalyst for several reactions catalyzed by acidic sites, especially for reactions of fine chemistry.36,37 Examples of successful applications of beta zeolite include aromatic alkylation, aromatic acylation, indole synthesis, aromatic nitration and aliphatic alkylation.37 Therefore, it is expected that new applications of these solids in catalysis can be found by combining the mesoporosity and the crystallinity of beta zeolite.

  Aiming to improve the properties of assembled materials from beta zeolite seeds, the combined influence of temperature and time of seed aging on the properties of these solids was studied. Samples were obtained via mesostructuration with cetyltrimethylammonium bromide and subsequent hydrothermal crystallization. Several temperatures (60, 90 and 140 ºC) were used for the seed aging for 24 h and then the seeds were crystallized at 140 ºC, for 48 h. In a second step, different times (24, 48, 96 and 192 h) for the seed aging were used at 140 ºC. These conditions have not been studied yet and are expected to produce more crystalline solids.

   

  Experimental

  Reagents and chemicals

  Aerosil 200 fumed silica (Degussa, 100% purity), sodium aluminate (Riedel-de-Häen, 99.5% purity), sodium hydroxide (Merck, 99% purity), tetraethylammonium hydroxide (TEAOH, Aldrich, 35% solution in water), cetyltrimethylammonium bromide (CTAB, Merck, 99% purity) and ammonium chloride (Merck, 99.8% purity) were used for sample preparation in this work.

  Effect of aging temperature of the seed gel on the properties of beta zeolite/MCM-41 materials

  For this study, the samples were prepared by mesostructuration/crystallization of beta zeolite seeds, using a method based on the methodology previously reported4 but changing the conditions of seed aging and crystallization. The seed gel (1.47Na2O:Al2O3:29.5SiO2:8.23TEAOH:368H2O) 
    was obtained by mixing silica, sodium aluminate, sodium hydroxide, TEAOH and water. The gel obtained went on hydrothermal treatment at 60, 90 and 140 ºC, for 24 h. Then the seed gel was mesostructured with CTAB by adjusting the pH between 9.0 and 9.5 and going on a hydrothermal treatment at 140 ºC, for 48 h. After mesostructuration/crystallization, the samples were centrifuged, washed with deionized water and dried at 60 ºC, for 24 h to obtain the as-synthesized materials in the sodium form (B60/24, B90/24 and B140/24 samples).

  Effect of aging time of the seed gel on the properties of beta zeolite/MCM-41 materials

  Based on the results of the experiments described, it was concluded that 140 ºC was the most suitable aging temperature for obtaining the desired solid. This value has then been used for studying the effect of aging time on the properties of assembled materials from beta zeolite seeds. The samples were prepared by varying the time of gel aging (24, 48, 96 and 192 h) using the same procedure.

  The solids were calcined at 550 ºC, for 635 min to obtain the materials in the sodium form (B140/24, B140/48, B140/96 and B140/192 samples). Subsequently, ion exchange with ammonium chloride was performed at 65 ºC, for 3 h, followed by filtration, washing and drying at 60 ºC, for 24 h. The samples were then calcined at 550 ºC for 635 min, to obtain the materials in the protonic form (HB140/24, HB140/48, HB140/96 and HB140/192 samples).

  Sample characterization

  The solids were characterized by X-ray diffraction, Fourier transform infrared spectroscopy, differential thermal analysis, thermogravimetry, nitrogen adsorption and desorption, acidity measurements by ammonia desorption and transmission electron microscopy.

  The formation of the hexagonal mesoporous structure of MCM-41-type and of the microporous structure of beta zeolite in the samples was investigated by X-ray diffraction (XRD), performed in a Shimadzu XRD 6000 equipment, using CuKα radiation generated at 40 kV and 30 mA and a monochromator. The analysis was performed in the 2θ scanning range from 1 to 10º using a goniometer speed of 0.5º min-1 (for the mesoporous phase identification) and from 5 to 45º using a goniometer speed of 2.0º min-1 (for the microporous phase identification).

  The removal of the template and the production of the zeolite structure were followed by Fourier transform infrared spectroscopy (FTIR). The experiments were performed in a Perkin Elmer Spectrum One spectrophotometer. For each spectrum, 32 scans were obtained in the range of 400 to 4000 cm-1 with a resolution of 4.0 cm-1. The sample powder (about 50 mg) was mixed with 200 mg of potassium bromide and placed in a metal sample holder, with approximately 10 mm in diameter and 2.3 mm thick. The analyses were performed using a diffuse reflectance accessory (DRIFT). All experiments were carried out at room temperature.

  The decomposition and the removal of the templates from the solids were monitored by differential thermal analysis (DTA) and thermogravimetry (TG). These experiments were carried out in a Mettler Toledo 
    TGA/SDTA 851e equipment, using 5 mg of the sample which was placed in a specimen holder of alumina and heated (10 ºC min-1) from room temperature up to 1000 ºC under air flow (50 mL min-1).

  The textural properties of the catalysts were determined by nitrogen adsorption and desorption experiments performed at 77 K in a Micromeritics ASAP 2020 apparatus. Before analysis, around 0.15 g of the sample were heated (10 ºC min-1) up to 200 ºC for 2 h under vacuum and then submitted to a pressure increase up to 50 µmHg for the removal of water from the sample. During analysis, the sample was exposed to pulses of nitrogen until a maximum increase of pressure of 925 mmHg.

  The transmission electron microscopy (TEM) and electron diffraction (ED) analyses were performed in a Jeol JEM 1200 EXII equipment. The samples were dispersed in ethanol and one drop of the suspension was placed on carbon-coated copper grids (150 mesh). For the electron diffraction experiments, an accelerating voltage and a focal length of 120 kV and 60 cm were used, respectively. Aluminum was used as standard for calibration.

  The acidity of the solids was measured by temperature programmed desorption (TPD) using ammonia. The experiments were performed in a Micromeritics 
    TPD/TPR 2900 equipment, on samples previously calcined at 550 ºC, for 635 min. Before analysis, the sample (0.3 g) was heated (110 ºC) under air flow (50 mL min-1) for 30 min. At this temperature, pulses of ammonia were injected until saturation. The sample was then cooled to room temperature and heated up to 800 ºC to promote ammonia desorption.

   

  Results and Discussion

  Effect of aging temperature of seed gel on the properties of beta zeolite/MCM-41 materials

  Figure 1 shows the X-ray diffractograms at small (Figure 1a) and high (Figure 1b) angles for the samples obtained by aging the seed gel at different temperatures (60, 90 and 140 ºC). From Figure 1a, it can be noted that a lamellar mesophase9 or a disorganized hexagonal mesophase38 was produced when the seed gel was aged at 60 ºC. This phase is characterized by a single peak between 2.0 and 3.0º 2q, assigned to the reflection of the 100 plane of these materials. When the seed gel was hydrothermally treated at 140 ºC, the lamellar phase was completely converted into a hexagonal mesophase. The XRD pattern of this sample showed four peaks at 1.84, 3.18, 3.66 and 4.88º assigned to the 100, 110, 200 and 210 reflections of the hexagonal structure of MCM-41, respectively.9 At high angles (Figure 1b), by increasing the temperature of the seed aging the crystalline domains increase, the patterns being related to beta zeolite.39

  
    

    [image: Figure 1. X-ray diffractograms of samples obtained]

  

  These findings were confirmed by the infrared spectra, shown in Figure 2. A broad band between 500 and 600 cm-1 was noted for the B60/24 and B90/24 samples, indicating the presence of five-membered double rings, typical of beta zeolite and assigned to vibrations of the T–O–T (T = Si, Al) siloxane bonds in the rings.40 Generally, the spectrum of the conventional beta zeolite shows two bands in this range, only one band being related to zeolitic crystals in the nanometer scale.41 As the aging temperature increases (B140/24 sample), two bands can be observed in the range of 500-600 cm-1, confirming the formation of more crystalline zeolitic precursors and/or bigger crystals as observed in the X-ray diffractograms at high angles (Figure 1b).

  
    

    [image: Figure 2. FTIR spectra of samples obtained by aging]

  

  These results show that different mesoporous phases are formed by an intraparticle transformation during the mesostructuration step.42 A possible explanation for the influence of the aging temperature on this step might be the different solubility and polymerization degree of silica at different temperatures. The sample prepared from the gel aged at 60 ºC might still contain unreacted amorphous silica. Therefore, the liquid phase of the aged gel contains higher amount of less polymerized silicate than that aged at 140 ºC. The presence of less polymerized silicate (which has higher negative charge density) favors the formation of a lamellar structure, since larger amounts of positive charges are required to compensate for the negative charges. The surfactant molecules (positively charged species) then produces the lamellar arrangement with the highest positive charge density. At higher temperatures silica condensation increases and consequently a mesoporous hexagonal phase (140 ºC) is obtained.

  Based on these results, it was concluded that 140 ºC is the most suitable temperature to obtain a seed gel that, by mesostructuration/crystallization, led to the production of a solid containing a beta zeolite microporous phase and a hexagonally ordered mesoporous phase. Thus, in the study on the influence of time of the gel aging on the properties of the final solid, the temperature was kept constant at 140 ºC.

  Effect of aging time of seed gel on the properties of beta zeolite/MCM-41 materials

  The structure of the solids after calcination was detected by X-ray diffraction, as shown in Figure 3a, in which the Bragg reflections of beta zeolite at high angles can be observed (101, 004, 300, 302, 304, 008 and 306 planes).39 Table 1 shows the crystallinity of the zeolite phase, calculated from the relative intensity of the main peak (2θ = 22.4º), which is typical of a microporous structure. The B140/192 sample was used as standard.
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  As we can see, there is a slight increase of the crystallinity of beta zeolite with increasing aging time. Table 1 also shows that there is a slight increase of the crystal size (calculated by the Scherrer equation) of beta zeolite with increasing aging time. At small angles (Figure 3b), the pattern of the B140/24 sample showed three well-defined peaks corresponding to (100), (110) and (200) planes, which are characteristic of the hexagonal phase of mesoporous MCM-41.9 By increasing the aging time, the peak for the (100) plane becomes wider and less intense. Also, the peaks related to the (110) and (200) planes are hardly observable, indicating that longer times lead to the formation of less ordered hexagonal mesoporous structures. In addition, a shift of the main diffraction peak of hexagonal mesoporous structure, indexed as (100), to larger angles with the increase of the aging time can also be observed. These results can be related to the increase in seed size with aging time, making the organization of the seeds around the CTAB micelles more difficult during mesostructuration. As a consequence, a less ordered mesoporous structure is thus generated, which is further hampered by the crystal growth during the crystallization step. This decrease in the ordering can be best detected by the degree of mesoporous ordering shown in Table 1, which was calculated using the relative intensity of the main diffraction peak of the mesoporous structure as compared to the B140/24 sample (standard).

  Table 1 also shows the mesoporous ordering as well as the crystallinity and crystal size of beta zeolite in the acidic form. One can observe that the microporous crystalline structure was not significantly affected by the substitution of alkali cations by H+ ions through ion exchange with NH4+. On the other hand, there was a loss of mesoporous ordering. This suggests that during the formation of MCM-41 the incorporation of aluminum occurs, resulting in the Al-MCM-41 structure (with sodium ions as compensation cations). It is known that ion exchange of sodium ions with ammonium ions and subsequent calcination results in a material in protonic form, which has lower thermal stability, in agreement with a previous work.43

  The TG curves of the materials based on the precursors of as-synthesized beta zeolite are shown in Figure 4a. In agreement with Kleitz et al.,44 these curves displayed four main stages of weight loss. The first one, at temperatures below 100 ºC, is related to the desorption of water while the second and third steps, between 150 and 500 ºC, are due to the decomposition and combustion of templates in beta zeolite (TEAOH) and in MCM-41 (CTAB) structures. The weight loss at higher temperatures (near 600 ºC) is assigned to dehydroxylation of silanol groups and to combustion of residual coke.44
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  It can be noted that the weight loss changes with the aging time of the seeds (Figure 4a). In general, the longer the aging time the smaller the weight loss, except for the B140/192-P sample (Table 2). This can be assigned to the increased strength of interaction between the TEA+ cations (template of beta zeolite) and the aluminosilicate species as a function of aging time.45 As the aging time increases, greater condensation of the aluminosilicate species occurs, generating solids even more crystalline and/or made up of bigger crystals, as shown in Figure 3 and Table 1. However, the condensation also decreases the surface charge density and consequently the interactions of aluminosilicate species with CTA+ species (template of MCM-41 structure). Thus, CTA+ species which are not interacting are easily removed during washing of the solid. Therefore, these samples have lower amounts of CTAB and then showed smaller weight loss as the aging time was longer. Because of this, as aging time gets longer, the less organized the solids become. On the other hand, if this time is long enough (B140/192 sample) the crystals grow and become able to encapsulate the CTA+ species during the crystallization step. Therefore, the CTA+ species are not easily removed during washing and more weight was lost during the TG experiments.
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  The differential thermal analysis (Figure 4b) shows that the template decomposition involves three steps, in accordance with previous work.44 An endothermic peak near 250 ºC can be observed, related to the elimination of trimethylamine by Hofmann degradation, leading to hydrocarbon formation. In the range from 250 to 350 ºC, they go into fragmentation to produce lower molecular weight compounds. At this stage, two exothermic events can be noted, each one associated with the fragmentation of the hydrocarbon chain of the different templates. Finally, most of the oxidation processes occur between 350 to 450 ºC, transforming the low molecular weight organic compounds into carbon dioxide, water and carbonaceous residues (exothermic process).

  The presence of micro and mesopores in the samples was detected by nitrogen adsorption and desorption experiments, which produced isotherms with profiles intermediate between types I and IV (Figure 5), typical of solids with micropores and mesopores.46 The isotherm of the B140/24 sample showed two kinds of hysteresis loop in the relative pressure range (P/P0) from 0.2 to 0.5 and higher than 0.8. The first one is characteristic of capillary condensation in a confined mesoporous structure, while the second type is associated with the presence of secondary mesopores from the interparticular spacings.47 This sample presented a narrow pore size distribution (Figure 6), determined by the Barrett-Joyner-Halenda (BJH) method from the adsorption branch of the nitrogen isotherms48 showing a mean diameter around 3.5 nm (Figure 6) The isotherms of the samples prepared with longer aging time showed only a large hysteresis loop between 0.5 and 1.0, confirming the disordering of the hexagonal mesoporous structure of the MCM-41, as detected by X-ray diffraction. These samples also showed a narrow pore size distribution (Figure 6) but with a smaller diameter (2.6 nm). This suggests that the organization of the zeolitic precursors somehow causes the contraction of the aluminosilicate system shaped by the surfactant.49 In addition to the peak at 2.6 nm, a shoulder between 3.0 and 4.0 nm was observed, showing the presence of secondary mesopores.
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  The solids showed high specific surface areas, as displayed in Table 3. As expected, the highest value was observed for the B140/24 sample, which had the most ordered mesoporous structure. As a whole, the values of area and pore volume did not vary significantly for the other samples. Also, the samples exhibited a typical micropore volume of beta zeolite.
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  From the acidity measurements by ammonia desorption, the acidic strength can be classified as weak, moderate and strong, according to the desorption temperature.50 Weak or moderate acid sites may be present in both zeolites or mesoporous aluminosilicates but strong acid sites are only common in zeolites.50-52 Figure 7 shows the curves of acidity for the samples in the acidic form, expressed as the number of moles of ammonia desorbed as a function of temperature. A low-temperature peak at 210 ºC for weak acidic sites and a high-temperature shoulder peak at 350 ºC for moderate acidic sites can be found for all cases noted, in agreement with a previous work.26
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  Moreover, all samples have desorbed ammonia at temperatures above 400 ºC, as shown by a shoulder (best viewed for the HB140/24 sample), related to stronger acid sites in beta zeolite. By increasing the aging time of the seeds, the maximum of the peaks of weak and moderate acid sites was shifted to higher temperatures, indicating that solids with stronger weak and moderate acid sites were produced.

  Table 4 shows the results of acidity measurements for zeolites in the protonic form expressed as the number of moles of desorbed ammonia molecules per gram of solid as a function of temperature. It can be seen that the materials showed similar acidities, a fact that is consistent with the same silica to alumina ratios (SAR) of the seed gel for all samples. The highest acidity shown by the HB140/24 sample can be related to the highest external area of this material, which consequently provides a greater number of more easily accessible acid sites.47 It can be observed that the HB140/192 sample showed the highest amount of acid sites per external area, as shown in Table 4.
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  Figure 8 displays the images obtained by transmission electron microscopy, which show particles with irregular shape and heterogeneous characteristics, indicating that the solids are made up of more than one phase (Figure 8a). From Figure 8b one can see very well-defined hexagonal mesoporous structure (marked as "meso") associated with beta zeolite/MCM-41 materials. Similar results were obtained by Bagshaw et al. .32 On the other hand, crystalline domains were also detected as shown by the electron diffraction image (Figure 8c), in which we can see discrete diffraction spots related to (101), (004), (302) and (008) planes,39 which are typical of the BEA structure.
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  These results indicate that the samples are made up of two phases: (i) a crystalline one corresponding to the high stable beta zeolite, which is unchanged after synthesis and post-treatment and (ii) a mesoporous MCM-41 with low thermal and hydrothermal stability. Therefore, a mesoporous phase was formed by an intraparticle transformation during the mesostructuration step but not all seeds were converted to the mesoporous phase and a beta zeolite phase is formed independently.

   

  Conclusions

  The aging temperature of the seed gel of beta zeolite influences the mesophase type that is formed during the mesostructuration step. Only at high aging temperature (140 ºC) a mesoporous hexagonal phase of MCM-41 is obtained. This sample consists of a crystalline microporous phase of beta zeolite responsible for strong acid sites in the solid and a mesoporous phase corresponding to MCM-41, which provided high specific surface area and is responsible for the weak and moderate acid sites in the solid. Increasing the aging time from 24 to 192 h, at 140 ºC, decreases the crystallinity and favors the growth of zeolite seeds which form bigger crystals that hardly fit into the mesoporous wall. Moreover, the strength of weak and moderate acid sites tends to increase as a function of aging time. The size and the crystallinity of the zeolite and the ordering of mesoporous phases in the materials can be tailored by the time of seed aging and then the described synthesis may allow the preparation of tailored-made catalysts for the transformation of bulky molecules.
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    Catalisadores Ni/La2O3-SiO2 foram preparados por diferentes métodos: impregnação sequencial, impregnação simultânea (I-sim), precipitação do suporte seguida da impregnação do metal e co-precipitação. As amostras foram caracterizadas por espectroscopia de energia dispersiva de raios X, fisissorção de nitrogênio, difração de raios X (XRD), espectroscopia de infravermelho, redução a temperatura programada (TPR), quimissorção de H2, microscopia eletrônica de varredura e análise termogravimétrica. As análises de XRD e TPR indicaram duas espécies de Ni nas amostras: NiO (I-sim) e La2NiO4 (outras amostras). Foram realizados testes catalíticos na reação de reforma a vapor de glicerol a 600 ºC. O melhor resultado foi observado com o catalisador I-sim, que apresentou o maior grau de redução, maior dispersão metálica e maior área metálica (TPR e TPD). Foram realizados testes a 500 e 700 ºC com esse catalisador, que apresentou melhores resultados a 600 ºC.

  

   

  
    Ni/La2O3-SiO2 catalysts were obtained by different methods of preparation: sequential impregnation, simultaneous impregnation (I-sim), precipitation of support followed by Ni impregnation and co-precipitation. The samples were characterized by energy-dispersive X-ray spectroscopy, nitrogen physisorption, X-ray diffraction (XRD), infrared spectroscopy, temperature programmed reduction (TPR), H2 chemisorption, scanning electron microscopy and thermogravimetric analysis. XRD and TPR results indicated two Ni species in the samples: NiO (I-sim) and La2NiO4 (other samples). Catalytic tests were performed in glycerol steam reforming at 600 ºC. The best result was observed with I-sim catalyst, which presented the higher reduction degree, metallic dispersion and metallic area (TPR and TPD). This catalyst was also tested at 500 ºC and 700 ºC and performed best at 600 ºC.

    Keywords: nickel, catalysts, preparation method, steam reforming, glycerol

  

   

   

  Introduction

  Biodiesel is a fuel derived from vegetable oils or animal fats. It is used in diesel engines, mixed in any proportion with mineral diesel.1 As a fuel, biodiesel has some advantages over to petroleum fuels; for instance, it is virtually free of sulfur and aromatic compounds, and is nontoxic and biodegradable, as well as being derived from renewable sources.2 The main synthetic route for biodiesel is the transesterification (equation 1) of vegetable oils with alcohols (methanol and ethanol), using basic catalysis.

  
    [image: Equation 1]

  

  Under the action of a basic catalyst and in the presence of methanol or ethanol, the oil undergoes a transesterification to form three molecules of methyl or ethyl esters of fatty acids, which are essentially the biodiesel, and releases a molecule of glycerol as a byproduct.

  For each 90 m3 of biodiesel produced by transesterification, approximately 10 m3 of glycerol is generated. Thus, the commercial viability of biodiesel depends on the consumption of this volume of glycerol, and large-scale applications are sought to add value to the productive chain.3

  Currently, glycerol has a range of medium-scale industrial applications, especially in the manufacture of synthetic resins, ester gums, drugs, cosmetics and toothpaste.1,4,5 A new and promising possible application for glycerol is in the production of hydrogen (H2) for fuel cells.6,7

  Major processes used for H2 production include the steam reforming of hydrocarbons, such as methane (CH4) and naphtha, and alcohols. Methanol and ethanol have been extensively studied and now glycerol appears to be an attractive raw material for the process of steam reforming, owing to its low toxicity and high production of H2 (equation 2).

  
    [image: Equation 2]

  

  The important properties of steam-reforming catalysts (activity, selectivity, stability, strength, etc.) depend strongly on to their composition and preparation technique.

  The general scheme for the preparation of supported catalysts includes the following steps: preparing the support or acquiring a commercial support, active species impregnation, drying, calcination and activation (this last step conducted in situ, immediately prior to the catalytic run).

  Ni catalysts supported on various matrices show activity and selectivity suitable for the production of H2 by steam reforming of alcohols, and it is suggested that Ni catalysts favor the breaking of the C–C bond of alcohols to form CH4, H2 and CO.8-10

  Commercial SiO2 is widely used as a support, owing to its high surface area. La2O3 has the capacity to prevent sintering of the Ni metallic phase and the deposition of carbon on its surface, thus minimizing the potential deactivation of the catalyst.10

  Therefore, the objective of this study was to investigate the influence of the preparation method of Ni/La2O3-SiO2 catalyst on the steam reforming of glycerol (SRG) for the production of H2 at different temperatures.

   

  Experimental

  Preparation

  Catalysts were prepared by four different methods, in which 10 wt. % Ni was deposited on a support composed of 30 wt. % La2O3-70 wt. % SiO2 (30LaSi), which was chosen on the basis of a previous work.10

  In the earlier study,10 the catalysts were prepared by the sequential impregnation method. A commercial SiO2 support (Degussa - Aerosil 200) was heated at 600 ºC for 2 h under a flow of synthetic air, for thermal stabilization. The mixed supports (10 wt. % La2O3-90 wt. % SiO2, 30 wt. % La2O3-70 wt. % SiO2 and 50 wt. % La2O3-50 wt. % SiO2) were prepared by impregnation of the treated SiO2 with an aqueous solution of La(NO3)3.6H2O (Vetec), so as to give mass contents of 10, 30 and 50% La2O3 on SiO2. Excess water was removed by rotary evaporation at 80 ºC for 6 h and the samples were then dried at 80 ºC for 12 h and calcined at 600 ºC for 2 h, under a flow of synthetic air. The supports were then impregnated with an aqueous solution of Ni(NO3)2.6H2O (Aldrich) and the resulting precursors were dried and calcined for 3 h at 600 ºC, under flowing synthetic air, to give catalysts with 10 wt. % Ni. Experimental tests showed that the best catalyst for the glycerol steam reaction was that supported on 30 wt. % La2O3-70 wt. % SiO2. This sample was thus chosen for further study, being identified as 10Ni30LaSi (I-seq).

  In the present study, the catalyst 10Ni30LaSi was also prepared by three other methods, to assess the effect of the preparation method on the catalytic performance.

  Following I-seq, the second catalyst was prepared by the simultaneous impregnation method. In this case, the pretreated SiO2 was impregnated with solutions of La(NO3)3.6H2O and Ni(NO3)2.6H2O simultaneously, dried and calcined as described above. This catalyst was named 10Ni30LaSi (I-sim).

  The next catalyst was prepared by support precipitation, followed by metal impregnation, and the last one by the coprecipitation method. For the precipitation of the support, an aqueous suspension of SiO2 was prepared and maintained by stirring. Na2CO3 (Synth) and La(NO3)3.6H2O solutions were added dropwise and the pH was adjusted to between 9 and 10 with 1 mol L-1 NaOH solution (Synth). The precipitate was then left to stand for a 12 h aging period, after which it was filtered and washed with distilled water until the residual NaOH was no longer detected. After washing, the samples were dried and finally subjected to a heating ramp (10 ºC min-1) at normal pressure under flow synthetic air until reaching 600 ºC, where they were maintained for a period of 2 h. After the support was prepared, it was impregnated with Ni, following the steps described above, to yield the catalyst 10Ni30LaSi (P + I). For the catalyst prepared by coprecipitation, an aqueous suspension of SiO2 was prepared and maintained by stirring, while the solutions of La(NO3)3.6H2O, Ni(NO3)2.6H2O and Na2CO3 were added dropwise to achieve simultaneous precipitation. This catalyst was named 10Ni30LaSi (P).

  Characterization

  The samples were analyzed by energy-dispersive X-ray (EDX) spectroscopy, to determine their chemical composition, with a LEO 440 electron microscope (Leica Zeiss) coupled to an energy-dispersive analyzer of Si (Li) with a beryllium window (Oxford 7060) and 133 eV resolution. For this analysis, the catalysts were formed into pellets, on which five different spots were analyzed, to calculate the mean composition of the sample.

  The specific surface area of the samples was determined by N2 physisorption (BET method), with a Quantachrome Nova 1000e instrument. The sample was treated under vacuum at 190 ºC for 2 h for degassing. Then, it was transferred to the adsorption unit, where liquid nitrogen comes into contact with the sample and the analysis begins with the passage of adsorbate gas N2. The pressures were varied and the adsorption phenomenon occurred.

  The samples were characterized by powder X-ray diffraction (XRD), to identify the crystalline phases present, on a Rigaku Multiflex diffractometer with Cu Kα radiation. The Bragg angle (2θ) was scanned at 2 degree min-1, between 10 degree and 80 degrees.

  Fourier transform infrared spectroscopy (FTIR) spectra of fresh catalysts were recorded in a Bomem/MB-102 FTIR spectrometer. Self-supporting sample discs were pressed from KBr and catalysts.

  Temperature-programmed reduction (TPR) was carried out in an Analytical Multipurpose System. The catalysts were reduced in a fixed-bed quartz reactor in an atmosphere of 1.96% H2/Ar flowing at 30 mL min-1, programmed with a 10 ºC min-1 heating ramp from 25 ºC to 1000 ºC. The area under reduction peak is proportional to the total quantity of H2 consumed in reduction process. By using standard data of CuO reduction, it was possible to calculate H2 consumption for reduced species and the samples reducibility.

  Metallic surface area and dispersion were obtained by means of H2 chemisorption in Micromeritics (ChemiSorb 2750) equipment. The samples, placed in a quartz U-shaped reactor, were reduced at 600 ºC for I-seq and 700 ºC for the others for 1 h under 25 mL min-1 of a mixture 10% H2/Ar. The chemisorption was performed at 25 ºC by pulses of a mixture of 10% H2/Ar in a flow of 25 mL min-1 of Ar. The metallic area of Ni was estimated assuming the stoichiometry Hadsorbed/Nisurface = 1 and that a density of active sites on the surface of 1.54 × 1019 atoms m-2.11

  Scanning electron microscopy (SEM) images of the used catalysts were taken with a LEO-440 scanning electron microscope equipped with an Oxford detector.

  Thermogravimetric analysis (TGA) experiments were performed in a Mettler Toledo Instruments TGA analyzer (TGA/DSC1), in order to estimate the different carbon formed on the catalysts. Approximately 10 mg of spent catalyst was heated in a stream of air from room temperature to 800 ºC, at a rate of 10 ºC min-1, and the weight change was measured.

  Catalytic tests

  Glycerol steam reforming tests were performed in a tubular quartz reactor fed with water:glycerol in a molar ratio of 3:1, with a solution flow rate of 2.5 mL h-1 produced by a high-precision pump. For each reaction, were used 150 mg of catalyst, sieved in the range of 60-100 mesh, and W F-1 = 0.05 gcat h gsolution fed-1, to avoid diffusion effects. The tests were performed at 600 ºC for 5 h at atmospheric pressure. The catalyst that performed best was also tested at 500 ºC and 700 ºC for 5 h. Following these tests, a stability test, for 10 h, was performed on this catalyst at the temperature that afforded the best results. Before starting the reaction, the catalysts were activated in situ for 1 h by H2 flowing at 30 mL min-1, at temperatures determined in the TPR tests for each sample (600 ºC for I-sim and 700 ºC for the others). After activation, the system was purged with a flow of N2 while it reached the reaction temperature.

  The effluent was analyzed by gas chromatography on a Shimadzu system with H2 as carrier gas and a capillary column HP5 operating between 35 ºC and 250 ºC, with a FID detector. We used external standards, known concentrations solutions, to obtain a calibration curve for glycerol. Based on the analytical curve, the concentration of unreacted glycerol contained in the samples was determined in mol L-1, multiplying this concentration by the volume of effluent collected determined the number of moles of unreacted glycerol (nresidual) and the global glycerol conversion (%XT) was calculated from equation 3.
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  where, ntotal is the number of moles of glycerol fed.

  The glycerol conversion to gaseous products (%XG) was calculated from equation 4.

  
    [image: Equation 4]

  

  The glycerol conversion to liquids products (%XL) was calculated from equation 5.11

  
    [image: Equation 5]

  

  A gas chromatograph (Varian GC-3800) with two columns operating in parallel, each with a thermal conductivity detector, was used for in-line analysis of the gaseous products of the reaction. The columns used were packed with Porapak-N and Molecular Sieve 13X, operating between 40 ºC and 80 ºC, with carrier gases He and N2, respectively, flowing at 10 mL min-1. Analytical curves were produced for H2, CO, CO2, CH4 and C2H4. The H2 yield was calculated from equation 6 and yield to CO, CH4, CO2 and C2H4 (Ri) from equation 7.
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  Qualitative analysis was performed on the accumulated liquid reaction products after the end of the reaction by a GCMS-QP20105 system (Shimadzu), equipped with a column of rtx-wax (30 m × 1 µm × 0.32 mm); the temperature of the column rose from 40 ºC to 200 ºC and the temperature of the injector was 280 ºC.

  The quantity of carbon formed on the catalyst during the reaction was determined by an EA1110 CHNS-O Elemental Analyzer, equipped with a Porapak-PQS column.

   

  Results and Discussion

  Characterization

  Table 1 shows the results of chemical analysis of the supports (La) and catalysts (Ni) by EDX.
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  The contents measured were close to nominal levels (10 wt. % Ni and 30 wt. % La), showing that the methods of preparation were adequate. Small differences in the values resulted from the handling of the precursors during preparation.

  Table 1 also shows the specific surface areas of the samples.

  It can be seen that, independent of the preparation method employed, the addition of La on SiO2-support causes a significant decrease in the specific area. This can be explained by the possible agglomeration of the particles during the process of preparation of such supports.10,12

  It was observed that the support prepared by precipitation had a surface area 20% larger than the support prepared by impregnation. This may be related to the fact that the precipitation occurred under conditions of supersaturation, where the precipitation rate was high, with the aim of forming small particles. Under these conditions, the nucleation rate is greater than the rate of crystal growth. Nucleation is the step where the molecules dissolved in the solvent begin to form clusters, on the nanometer scale. These clusters are the core of the future crystal and only become stable from a critical size, which depends on the operating conditions (temperature, supersaturation, irregularities, etc). If the cluster does not achieve stability, it dissolves again. The growth of a crystal on the core occurs when the cluster has reached the critical size. Nucleation and growth occur simultaneously, but a condition of supersaturation normally favors the formation of new clusters. These clusters are small particles with large specific surface areas. Most of the crystal growth occurs during aging, when the suspension is allowed to stand for a period - in the present case, this period may have been insufficient for large crystals to be generated, thus increasing the specific area of the precipitated material.

  The growth of crystals in the aging period was possibly more efficient than in the case of the catalyst prepared by co-precipitation, since this had a lower specific area.

  For I-seq and P + I catalysts an increase in the value of specific area with Ni impregnation was observed. In this case, Ni species present in the catalyst contributed to the increase in total area.10,12

  Figure 1a displays the XRD patterns of the supports.
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  XRD patterns of the supports show that the preparation method influenced the crystalline structure of the material. The support prepared by impregnation produced a pattern with a plateau that can be divided between the species SiO2 (JCPDS 83-2473) and La2O3 (JCPDS 83-1344) well dispersed (2θ ca. 23 degree and 30 degree), and another broad peak at 2θ ca. 45 degree, also attributed to La2O3. In the diffractogram of the support prepared by La2O3 precipitation in a suspension of SiO2, there are peaks related to La2O3 and La(OH)3 (JCPDS 36-1481) species, but the shoulder for SiO2 species was hidden. The La(OH)3 phase would be formed during the precipitation at high pH, by reaction of NaOH with La(NO3)3 to form La(OH)3.13

  For amorphous materials, which do not have regular crystal planes or long-range structure, broad and low or no peak are expected. This may be the case of the P + I support, indicating that the SiO2 in this compound has low crystallinity.10

  The XRD patterns of the catalysts prepared by sequential impregnation (I-seq), simultaneous impregnation (I-sim), Ni impregnation on a precipitated support (P + I) and co-precipitation (P) are shown in Figure 1b. The only catalyst which showed peaks for the crystal structure of NiO (JCPDS 78-0643) was that prepared by simultaneous impregnation. This suggests that in the other catalysts, the Ni species were more finely dispersed on the support, occasionally forming LaNiO3 and/or LaNiO4 species that would display peaks coinciding with those of La2O3 and/or La(OH)3 species.13

  In temperature-programmed reduction, none of the supports showed any reduction in the temperature range examined. Thus, the peaks observed in catalyst TPR profiles (Figure 2) were assigned to various Ni species.
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  The peak at about 700 ºC in the TPR profiles of the catalysts 10Ni30LaSi (I-seq), 10Ni30LaSi (P + I) and 10Ni30LaSi (P) belongs to the La2NiO4 surface species, which is reduced by H2 above 600 ºC.12 These peaks refer to a kind of Ni oxide described as a bound state, because it exhibits relatively great interaction with the support and thus a higher reduction temperature than free NiO; this peak may thus be attributed to reduction of La2NiO4 on the surface of the material.10 The peak at 900 ºC in the profile of the catalyst 10Ni30LaSi (P + I) can be attributed to reduction of the La2NiO4 species in the bulk of the material.14 La2NiO4 may be formed as amorphous species since showed no peaks in the XRD patterns of these catalysts (I-sim, P + I and P).10,13

  The catalyst 10Ni30LaSi (I-sim) shows two peaks for NiO, indicating two different interactions with the support: the peak at 380 ºC represents the reduction of NiO, which hardly reacts at all with the support, while the second peak (420 ºC) refers to reduction of NiO interacting weakly with the support.15 Because of its high mobility on the surface of the material, which leads to the easy migration and aggregation of particles, such NiO is easily reduced and is described as a free state of the Ni active phase.16

  In the method of sequential impregnation (I-seq), the lanthanum oxide precursor is initially adsorbed on the commercial support, forming La2O3-SiO2 at the interface; subsequently, NiO is adsorbed on the La2O3, forming La2NiO4. In contrast, in I-sim, both the lanthanum and nickel oxides compete for adsorption sites on the silica in the method of simultaneous impregnation. Therefore, the catalyst prepared by simultaneous impregnation is not expected to provide a very homogeneous surface and La2NiO4 is not formed, because the La2O3 is not uniformly dispersed over the silica before the Ni adsorption takes place.17

  The TPR analysis results agree with the XRD patterns of these catalysts, since the only catalyst that showed peaks for the NiO crystal structure (I-sim, Figure 1b) was the only catalyst that showed reduction of this species.

  As noted in Table 1, there was an increase in the surface area of the support with the impregnation of Ni for samples I-seq and P + I, this may occur due to the formation of species that contributed to the material surface area, as already pointed. It was observed the presence of La2NiO4 for these two catalysts, thus its area (9.3 m2 g-1)14 may have been added to the support area then resulting in an increase in the area of these catalysts.

  Table 2 shows the activation temperature chosen for the catalysts from the TPR results, H2 consumption during the reduction of NiO and La2NiO4, the degree of reduction of the catalytic metal, the metallic dispersion on catalyst surface and metallic area.
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  Even with the reduction peak at 800 ºC, the chosen activation temperature of P + I catalyst was 700 ºC, which occurred the highest H2 consumption in its reduction. Thus, the possibility of sintering decreases considerably, since the sample was calcined and tested at 600 ºC.

  It can be seen that the catalyst 10Ni30LaSi (P) showed the lowest reducibility, metallic dispersion and metallic surface area, which would be deleterious to the process of glycerol steam reforming, since the active phase of the catalyst is Ni in metallic and not the oxidized state. Thus, low reducibility of the catalyst would lead to a smaller density of active sites, causing impairment of the reaction.

  It may be noted that the catalysts present the same behavior regarding the reduction degree, metallic dispersion and metallic surface area, and showed the following order for these parameters: P < I-seq < P + I < I-sim.

  It was expected that the catalysts that presented bound state Ni species on the surface to present a greater metallic dispersion, since it Ni interacts more strongly with the support in these cases.10,12 However, even these catalysts presenting a good dispersion (with exception of P catalyst), the I-sim catalyst showed a better metallic dispersion, as well as a higher metallic surface area and a higher reduction degree of Ni species. The presence of free state Ni species in this catalyst might be the reason for these results, since NiO is apparently more accessible to reduce than the La2NiO4, in these cases.11

  The catalysts were analysed by FTIR spectroscopy. The spectra are shown in Figure 3.
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  The absorption band at 3500 cm–1 arose from free or absorbed water in the sample, or possibly from La(OH)3 species formed during the preparation of the precipitated catalysts, as shown in the XRD pattern of 10Ni30LaSi (P + I). This indicates the adsorption of water on samples during preparation.

  The absorption bands between 800 and 1080 cm–1 can be attributed to various vibrations of Si–O or O-Si-O.18 According to Zakaria et al.,19 these bands may be associated with asymmetric stretching vibrations of the Si–O–Si group.

  It was not possible to detect the metal in the catalyst since the peak for bare metal ions of Ni(II), at 930 cm-1, could not be detected clearly in any of the spectra.19

  Catalytic tests

  Table 3 shows the results of glycerol steam reforming reaction.
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  A test without catalyst was also carried out to observe the performance of glycerol under reaction conditions used in this study (Table 3).

  Glycerol, in the absence of catalyst, presents a high global conversion; however it shows only 10% of conversion to gaseous products, indicating that most of the glycerol was converted to liquid products. Only minimal amounts of H2 and CO were observed among the gaseous products, which may be suggested that glycerol is thermally decomposed under the conditions studied (equation 8).
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  It may be noted that, for the reactions with catalysts, the volume of liquid collected from the effluent gas is inversely related to the global glycerol conversion achieved by the catalyst, lower conversion being reflected in the amount of unconverted glycerol in the effluent. This effluent liquid was analyzed qualitatively and the following compounds were identified, along with unreacted water and glycerol: propanoic acid, acetic acid, 2-propanone, formic acid, ethanol, propylene glycol, glycidol, 1,3-dioxane and sorbitol, as well as other, more complex, products.

  Literature shows that the global conversion of glycerol with Ni catalysts is within the range of 60 to 100%, whereas its conversion into gaseous products is between 35 and 95%.11,20,21 By comparing Table 3 and Table 2, it can be seen that the conversion of glycerol may be related to the degree of reduction, the metallic dispersion and metallic surface area of the catalytic material, since 10Ni30LaSi (P), which exhibited the lowest results for theses parameters, also showed the lowest glycerol conversion in the reaction. Moreover, the degrees of reduction, the metallic dispersions and metallic surface areas of the other catalysts followed the same order as the conversion of glycerol in their reactions: I-seq < P + I < I-sim.

  The low selectivity for gaseous products on catalyst 10Ni30LaSi (P) shows that, besides the low conversion of glycerol and carbon produced, the catalyst did not favor the glycerol reforming reaction and did not show selectivity for the decomposition reactions of glycerol to gas and/or carbon. Since this catalyst resulted in a large volume of liquid effluent collected, it can be suggested that most of the reacted glycerol was converted into liquid products. Analyzing the gaseous product selectivity (Table 3 and Figure 4a), the catalyst 10Ni30LaSi (P) can be described as inactive for this reaction. The low reducibility, metallic dispersion and metallic area of this material (Table 2) may be responsible for the lack of catalytic activity, since the active phase of the catalyst is Ni in its reduced form and this catalyst was insufficiently reduced to exhibit activity in glycerol steam reforming.

  
    

    [image: Figure 4. Gaseous products formed during the steam reforming]

  

  The other three catalysts, prepared by the methods of the precipitation of the support followed by Ni impregnation: P + I (Figure 4b), sequential impregnation: I-seq (Figure 5a) and simultaneous impregnation: I-sim (Figure 5b) proved to be active in the reaction.

  
    

    [image: Figure 5. Gaseous products formed during the steam reforming]

  

  It can be seen that the H2 and CO2 yield, products expected for the reaction of steam reforming of glycerol (equation 2), followed the same order as the results presented on Table 2 for these three catalysts: I-seq < P + I < I-sim. Thus, it can be said that the higher reduction degree, metallic dispersion and metallic area of the catalyst, is expected a higher conversion of glycerol to the desired gaseous products in steam reforming of glycerol (equation 2), since the metallic Ni is the active phase for this reaction. Dieuzeide et al. 11 showed that H2 and CO2 yield increased linearly with Ni metallic area.

  Probably, the reason for this result, is a greater availability of the Ni metallic present in the I-sim catalyst compared with the other catalysts wherein the Ni metallic stemmed to bound state  species and might be less accessible on the surface to catalyze the reaction.

  For the reaction of steam reforming of glycerol (equation 2), the theoretical H2/CO2 ratio would be about 2.3 (mol × mol-1). It is seen in Table 3 that the experimental ratios were slightly higher, but close to stoichiometric.

  The byproducts CO, CH4 and C2H4 are produced by reactions that occur in parallel with the glycerol steam reforming reaction (equation 2) and these vary with the reaction conditions, such as temperature, pressure, catalyst type and water/alcohol ratio.22 For example, CO can be produced by glycerol decomposition (equation 8).23

  It has been shown that the amount of CO derived from the reforming reaction can be reduced by the water-gas shift reaction (equation 9). Hence, CO can be used to produce an additional amount of H2.22

  
    [image: Equation 9]

  

  Thus, the CO2/CO stoichiometric ratio would be 1, and Table 3 shows that, for those catalysts that were active in SRG, this ratio was higher than the theoretical value, showing that the catalysts had greater selectivity for CO2 than for CO.

  The catalysts 10Ni30LaSi (I-sim) and 10Ni30LaSi (P + I) exhibited better conversion of glycerol and greater selectivity for H2 and CO2 than 10Ni30LaSi (I-seq). Between these two catalysts, there was practically no difference in average selectivities of the gaseous products and formation of carbon. The catalyst 10Ni30LaSi (P + I) showed good H2 selectivity and good conversion of glycerol (Table 3), but its H2 and CO2 selectivities decreased in the last hour of reaction, while the CO and CH4 selectivities increased (Figure 4b). This behavior may suggest a partial deactivation of the catalyst during the reaction of steam reforming of glycerol.

  I-sim showed a fall in H2 production at the beginning of the process and was then stable throughout the reaction (Figure 5b), with the highest conversion of glycerol to gaseous products and the highest H2 yield (Table 3). The first hour deactivation that this catalyst presents can be due to the stabilization time of the system, since this catalyst remained stable until the end of this process after the first hour.

  Figure 6 presents the SEM images of P + I and I-sim catalysts after catalytic tests.

  
    

    [image: Figure 6. SEM images of P + I and I-sim after reaction]

  

  SEM images provide clear evidence of filamentous whiskers being deposited during the reaction to the I-sim catalyst.

  The formation of carbon filaments was not observed on the surface of catalyst P + I as in the case of I-sim.

  Figure 7 shows the weight loss profiles obtained by TG-DTG for I-sim and P + I spent catalysts.

  
    

    [image: Figure 7. DTG: P + I and I-sim after reaction]

  

  TG analyses of the I-sim and P + I used catalysts showed some differences concerning stability of the carbon deposits formed during glycerol steam reforming. Both catalysts show a broad peak related to weight loss due to carbon oxidation between 450 and 650 ºC.

  DTG profile of P + I catalyst presents also others regions of weight loss, suggesting differences in the nature of carbonaceous deposits. It is known that amorphous carbon presents peak of oxidation at low temperatures and filamentous carbon at high temperatures, while graphitic carbon needs higher temperature to be removed.24-26 The P + I catalyst produced a small weight loss peak at around 320 ºC, which is ascribed to amorphous carbon.24

  The broad peak between 450 and 650 ºC, for both catalysts, may be attributed to the combustion of graphitic carbon (graphitic filamentous carbon or polymorphic forms of graphite).25,26 This peak to I-sim catalyst showed a superior carbon weight loss, revealing a much larger of graphitic carbon accumulation, as evidenced in the SEM images (Figure 6).

  The P + I catalyst also produced a weight loss peak at around 700 ºC, suggesting the presence of stable carbon deposits.24 The presence of this nature of carbon deposits on P + I catalyst might be the reason to the deactivation of this catalyst at the last hour of reaction (Figure 4b).

  The amount of carbon deposited during the reactions was very similar for both catalysts, showing that the Ni species present in the samples influence the type of carbon formed, but not of its quantity.

  Table 4 shows the reaction results for 5 h on stream, with the catalyst 10Ni30LaSi (I-sim), at three different temperatures, and for a 10-h stability test at 600 ºC.
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  With increasing temperature, the global conversion of glycerol tended to increase, and the volume of effluent collected at the end of the reaction decreased. However, the glycerol conversion to gaseous products was 98% at 600 ºC, while at 500 ºC and 700 ºC was 30% and 73%, respectively. Thus, even at 700 ºC, the catalyst showed a complete conversion of glycerol, some of it was converted into liquid products.

  It can be seen in Table 3 and 4 that the catalysts showed H2/CO2 ratios very close to the theoretical value (2.3) or higher, at all tested temperatures, so that the H2 selectivity is greater than the CO2 selectivity at all temperatures.

  The CO2/CO ratio falls with rising temperature, showing that the exothermic shift reaction (equation 4) is favored at lower temperatures. The CO selectivity increases with increasing temperature of reaction, while the H2, CH4 and CO2 selectivities were maximum at 600 ºC.

  The temperature variation may influence the formation of carbon during steam reforming reactions. It can be seen that increasing the temperature causes a decrease in the carbon deposition.

  Carbon may be formed by CO decomposition, leading to the formation of CO2 and C by the Boudouard reaction (equation 10).

  
    [image: Equation 10]

  

  The occurrence of the Boudouard reaction on Ni catalysts should be considered, since the presence of nickel in the form of the crystallites (NiO) observed for the catalyst I-sim (TPR and XRD) favors the diffusion of C atoms through the Ni. This diffusion process occurs more easily in these Ni crystallites because this oxide species does not interact so strongly with the support, so the carbon atoms are more easily introduced at the surface between the metal and the support.27

  Since the Boudouard reaction (equation 10) is an exothermic reaction, like the water-gas shift reaction (equation 9), it is favored at lower temperatures. Therefore, the formation of carbon by the disproportionation of CO is not favored at 700 ºC, this fact may also explain the higher CO selectivity at this temperature.

  The formation of carbon at 700 ºC may be due to the dissociation of CH4 (equation 11), which is an endothermic reaction, favored at high temperatures. CH4 dissociation would also explain the low selectivity observed at 700 ºC for this product, as it would be consumed in the formation of C.

  
    [image: Equation 11]

  

  The low selectivity of methane could also be related to the methane steam reforming reaction (equation 12), as this would also be favored at high temperatures.

  
    [image: Equation 12]

  

  As can be seen in Figure 8, the catalyst 10Ni30LaSi (I-sim) was stable during the SRG reaction, at both 500 ºC and 700 ºC.

  
    

    [image: Figure 8. Gaseous products formed during the steam reforming]

  

  The stability test with the 10Ni30LaSi (I-sim) catalyst (Table 4 and Figure 9) showed that the catalyst was stable and yielded results close to those in the catalytic test performed for 5 h at 600 ºC.
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  Conclusions

  It is concluded that the method of preparation influences the physicochemical properties of the material, such as its specific surface area and the Ni species formed during the preparation. I-sim catalyst, that only presented NiO in its surface, showed the higher reduction degree, metallic dispersion and metallic area. This fact leads us to the conclusion that the free state of Ni is more accessible to reduce on the activation process.

  In the catalytic tests, the catalysts I-sim and P + I exhibited similar H2 selectivity, conversion of glycerol and carbon formation. However, the catalyst P + I showed a drop in H2 selectivity towards the end of 5 h of reaction. This deactivation process of P + I catalyst may be explained by the presence of stable carbon deposited along the reaction, since that the I-sim catalyst showed a higher deposition of filamentous carbon, which is easier oxidized along the reaction.

  With reactions at different temperatures using the I-sim catalyst, it is further concluded that the temperature is an important factor for steam reforming of glycerol. It may be noted that, according to the temperature, reactions that occur in parallel with the steam reforming of glycerol are favored or inhibited.

  The I-sim catalyst performed best at 600 ºC, and remained stable during the reaction for 10 h.
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    Uma série de complexos de cromo(III) contendo ligantes imina-furfural (Cr1-Cr4) foram sintetizados e caracterizados por espectrometria de massas de alta resolução (HRMS). Todos os pré-catalisadores de cromo, ativados com metilaluminoxano (MAO), apresentaram atividade moderada na oligomerização do etileno [frequência de rotação (TOF) = 11.800-23.200 mol(etileno) mol(Cr)-1 h-1)] produzindo oligômeros na faixa de C4-C12+ e com boa seletividade para olefinas-α. Os pré-catalisadores de cromo(III) formados in situ pela combinação do ligante imina-furfural L1 com [CrCl3(THF)3] ou [Cr(acac)3] apresentaram baixas atividades, produzindo oligômeros juntamente com quantidades variáveis de polietileno. A utilização de diferentes compostos de cromo e cocatalisadores influenciam a atividade bem como a seletividade para a produção de olefinas-α, o que sugere que diferentes espécies catalíticas são formadas.

  

   

  
    A series of chromium(III) complexes bearing imino-furfural ligands (Cr1-Cr4) were synthesized and characterized by high-resolution mass spectrometry (HRMS). All chromium precatalysts, activated with methylaluminoxane (MAO), exhibited moderate to high activities for ethylene oligomerization [turnover frequency (TOF) = 11,008-23,200 mol(ethylene) mol(Cr)-1 h-1)] producing oligomers in the range C4-C12+ with good selectivity for α-olefins. The in situ chromium precatalysts formed by mixing imino-furfural ligand L1 with [CrCl3(THF)3] or [Cr(acac)3] showed low activities, producing oligomers together with varying amounts of polyethylene. The use of different chromium sources and cocatalysts influences the activity as well as the selectivities toward α-olefin production, which suggests that different active species are formed.

    Keywords: imino-fufural ligands, chromium complexes, ethylene oligomerization

  

   

   

  Introduction

  A considerable amount of research effort has been dedicated both recently and in the past to nonselective ethylene oligomerization with the aim of improving the comprehension of this industrially relevant catalytic process.1-7 The mixtures of linear alpha olefins (LAO) produced by this process are in fact valuable commodity chemicals for a range of industrial and household applications depending on their molar mass distribution (detergents, surfactants, cosmetics, synthetic lubricants, etc.).8-10 A nonselective oligomerization is closely reminiscent of a polymerization randomly truncated at the early stages of the chain growth (Cossee-Arlman mechanism).11

  Among the transition-metal-based catalysts, chromium catalysts occupy a unique position, since they provide both selective (commercially viable tri-, and tetramerization catalytic systems)12-14 and nonselective ethylene oligomerization. Typical examples are the Chevron Phillips trimerization catalyst,15 the first and sole trimerization system to be successfully commercialized, and the few existing tetramerization systems with 1-octene selectivities in the range of 70%.16,17

  In the past years, several well-defined ethylene oligomerization chromium catalysts bearing NˆNˆN,18-22 PˆNˆP,23-36 SˆNˆS,37-40 PˆN41-43 ligands have been reported. Such bi- and tridentate ligands play a central role in stabilizing a particular oxidation state and consequently in determining the catalytic behavior (selective vs. nonselective). Particularly, the BP Chemicals and Sasol PNP-chromium complexes (PNP = PhCH2N(CH2CH2PPh2)2), stabilized by neutral RN(PAr2)2 ligands, have marked a milestone in this field. These catalysts oligomerize ethylene with high selectivity toward either 1-hexene or 1-octene, depending on the ligand substituents (Ar = 2-OMe–C6H4, C6H5, respectively).16,44,45 Further replacements of the heteroatom combinations or modifications of the ligand frameworks also produced highly selective ethylene trimerization catalysts.46-50

  More recently, Gambarotta and co-workers51 reported chromium complexes bearing a series of pyridine-phosphine ligands and their catalytic behavior in ethylene oligomerization. The solvent choice has a pronounced influence on the catalytic activity as well as on the 
    PE/oligomer ratio. The preference for aliphatic or aromatic surroundings is dependent on the ligand system. Variations of the ligand structure have demonstrated that a dramatic change in catalytic behavior can be obtained upon a subtle modification in the ligand skeleton. It has been demonstrated that minor differences in the ligand structure can result in remarkable changes not only in catalytic activity but also in selectivity toward α-olefins vs. polyethylene and distribution of oligomeric products. Ligand PyCH2N(Me)PiPr2, in combination with [CrCl3(THF)3] afforded selective ethylene tri- and tetramerization, giving 1-hexene and 1-octene with good overall selectivity and high purity, albeit with the presence of small amounts of PE.51

  In this work, we report a series of chromium complexes supported by imino-furfural ligands and investigated their catalytic behavior for ethylene oligomerization. We also discuss the performance of in situ-generated catalysts evaluating the effect of chromium sources and cocatalyst type on their activity and selectivity towards the production of α-olefins.

   

  Experimental

  General procedures

  All manipulations involving air- and/or water-sensitive compounds were carried out in an MBraun glovebox or under dry argon using standard Schlenk techniques. Solvents were dried from the appropriate drying agents under argon before use. [CrCl3(THF)3], [Cr(acac)3], 2-phenoxyethanamine, 5-methylfurfural, 2-phenoxybenzenamine, 2-methoxybenzylnamine, and furfural were purchased from Sigma-Aldrich and used as received. Ethylene (White Martins Co.) and argon were deoxygenated and dried through BTS columns (BASF) and activated molecular sieves prior to use. Methylaluminoxane (MAO) (Witco, 5.21 wt. % Al solution in toluene), polymethylaluminoxane-improved performance (PMAO-IP) (Akzo Nobel, 13.0 wt. % Al solution in toluene) was used as received. Ethylaluminum sesquichloride (EASC) (Akzo Nobel) was used with the previous dilution (2.1 wt. % Al solution in toluene). Infrared spectra (IR) were performed on a Bruker FT-IR Alpha Spectrometer.1H and 13C{1H} nuclear magnetic resonance (NMR) spectra were recorded on a Varian Inova 300 spectrometer operating at 25 ºC. Chemical shifts are reported in ppm vs. SiMe4 and were determined by reference to the residual solvent peaks. Elemental analysis was performed by the Analytical Central Service of the Institute of Chemistry-USP (Brazil) and is the average of two independent determinations. High-resolution mass spectra (HRMS) of chromium precatalysts (Cr1-Cr4) were obtained by electrospray ionization (ESI) in the positive mode in CHCl3 solutions using a Waters Micromass® Q-Tof spectrometer. Quantitative gas chromatographic analysis of ethylene oligomerization products was performed on an Agilent 7890A instrument with a Petrocol HD capillary column (methyl silicone, 100 m length, 0.25 mm i.d. and film thickness of 0.5 µm) operating at 36 ºC for 15 min followed by heating at 5 ºC min-1 until 250 ºC; cyclohexane was used as the internal standard.

  Synthesis of the imino-furfural proligands

  N-((5-Methylfuran-2-yl)methylene)-2-phenoxyethanamine (L1): A solution of 5-methylfurfural (0.44 g, 4.00 mmol) in ethanol (8 mL) was added to a solution of 2-phenoxyethanamine (0.55 g, 4.00 mmol) in ethanol (20 mL) and stirred at room temperature for 3 days. Then, the solvent was evaporated under reduced pressure to afford an orange solid that was washed with hexane and dried under vacuum. The resulting orange solid was crystallized in ether (0.79 g - 86%); m.p. 70 ºC; 1H NMR (300 MHz, CDCl3) δ 2.37 (s, 3H), 3.95 (t, 2H, J 5.8 Hz), 4.28 (t, 2H, J 5.8 Hz), 6.08 (d, 1H, J 3.4 Hz), 6.64 (d, 1H, J 3.2 Hz), 6.92 (m, 3H, J 8.9 Hz), 7.26 (t, 2H, J 9.2 Hz), 8.08 (s, 1H); 13C{1H} NMR (75 MHz, CDCl3) δ 13.9, 60.3, 67.1, 108.0, 114.6, 116.7, 120.7, 129.3, 149.9, 151.4, 155.8, 158.7; IR (neat) νmax/cm-1 3111 (w), 2936 (w), 2878 (w), 2836 (w), 1647 (s), 1586 (m), 1531 (m), 1498 (m), 1455 (m), 1435 (m), 1335 (m), 1246 (s), 1165 (m), 1080 (m), 1056 (m), 1022 (m), 947 (m), 904 (m), 813 (m), 780 (w), 761 (s), 695 (m), 614 (w), 510 (w); elemental analysis for C14H15NO2 (229.11): C, 73.34; H, 6.59; N, 6.11%; found: C, 73.36; H, 6.96; N, 6.19%.

  N-((5-Methylfuran-2-yl)methylene)-2-phenoxybenzenamine (L2): This product was prepared by following a procedure similar to what was described above for L1, starting from 5-methylfurfural (1.00 g, 9.10 mmol), and 4-phenoxybenzenamine (1.69 g, 9.10 mmol). L2 was obtained as a brown solid (2.41 g, 96%); m.p. 94 ºC; 1H NMR (300 MHz, CDCl3) δ 2.38 (s, 3H), 6.11 (d, 1H, J 3.4 Hz), 6.76 (d, 1H, J 3.2 Hz), 6.93-7.18 (m, 7H), 7.28 (t, 2H, J 7.5 Hz), 8.22 (s, 1H); 13C{1H} NMR (75 MHz, CDCl3) δ 13.9, 108.6, 118.3, 118.6, 119.9, 122.3, 122.7, 124.1, 126.1, 129.4, 143.7, 148.7, 149.6, 150.5, 156.7, 157.5; IR (neat) νmax/cm-1 3117 (m), 2941 (m), 2874 (m), 2832 (m), 1649 (s), 1587 (s), 1535 (m), 1498 (m), 1464 (m), 1435 (m), 1393 (w), 1369 (w), 1289 (w), 1246 (s), 1174 (m), 1108 (w), 1084 (m), 1056 (m), 1022 (m), 1004 (m), 965 (w), 947 (m), 899 (m), 809 (m), 756 (s), 690 (m), 610 (w), 514 (w); elemental analysis for C18H15NO2 (277.11): C, 77.96; H, 5.45; N, 5.05%; found: C, 77.45; H, 5.70; N, 5.20%.

  2-Methoxyphenyl-N-((5-methylfuran-2-yl)methylene)methanamine (L3):  This product was prepared by following a procedure similar to what was described above for L1, starting from 5-methylfurfural (0.57 g, 5.2 mmol) and 2-methoxybenzylnamine (0.71 g, 5.2 mmol). After purification by chromatographic column on silica gel (petroleum ether/ethyl acetate, 90:10), L3 was obtained as a dark brown oil (1.15 g, 97%); 1H NMR (300 MHz, CDCl3): δ 2.35 (s, 3H), 3.82 (s, 3H), 4.78 (s, 2H), 6.06 (d, 1H, J 3.2 Hz), 6.60 (d, 1H, J 3.2 Hz), 6.85 (1H, d, 3JHH 8.2 Hz), 6.93 (1H, t, 3JHH 7.4 Hz), 7.22-7.30 (2H, m), 8.01 (1H, s); 13C{1H} NMR (75 MHz, CDCl3) δ 13.5, 54.8, 58.9, 107.6, 109.8, 115.6, 120.1, 126.7, 127.9, 129.4, 149.9, 150.0, 154.9, 156.9; IR (neat) νmax/cm-1 3120 (w), 3017 (w), 2960 (w), 2841 (w), 1635 (m), 1584 (m), 1580 (m), 1498 (s), 1464 (s), 1388 (w), 1346 (w), 1289 (m), 1241 (s), 1203 (w), 1184 (w), 1132 (w), 1046 (w), 1022 (m), 961 (w), 756 (m), 728 (w), 604 (w), 462 (w); elemental analysis for C14H15NO2 (229.11): C, 73.34; H, 6.59; N, 6.11%; found: C, 72.98; H, 6.55; N, 6.14%.

  N-((Furan-2-yl)methylene)-2-phenoxybenzenamine (L4): This product was prepared by following a procedure similar to what was described above for L1, starting from furfural (1.84 g, 19.2 mmol), and 2-phenoxybenzenamine (3.51 g, 18.9 mmol). L4 was obtained as a yellow solid (3.50 g, 70%);  m.p. 89 ºC; 1H NMR (300 MHz, CDCl3): δ 6.50 (s, 1H), 6.89 (d, 1H, J 3.3 Hz), 6.97-7.06 (m, 4H), 7.12-7.16 (m, 3H), 7.29 (t, 2H, J 7.8 Hz), 7.57 (s, 1H), 8.34 (s, 1H); 13C{1H} NMR (75 MHz, CDCl3) δ 112.0, 116.1, 118.2, 120.1, 122.1, 124.1, 126.5, 129.4, 143.3, 145.53, 148.7, 149.8, 151.9, 157.5; IR (neat) νmax/cm-1 3002 (m), 2929 (m), 2884 (m), 2836 (m), 1646 (s), 1580 (m), 1570 (m), 1492 (s), 1460 (m), 1440 (m), 1388 (m), 1374 (m), 1289 (m), 1246 (s), 1179 (w), 1113 (w), 1022 (m), 937 (w), 795 (m), 756 (s), 610 (w), 581 (w), 505 (w); elemental analysis for C14H15NO2 (263.09): C, 77.55; H, 4.98; N, 5.32%; found: C, 77.81; H, 4.99; N, 5.45%.

  Synthesis of chromium precatalysts

  [L1CrCl2(µ-Cl)]2 (Cr1): To a solution of [CrCl3(THF)3] (0.21 g, 0.56 mmol) in tetrahydrofuran (THF) (10 mL) was added a solution of L1 (0.14 g, 0.63 mmol) in THF (10 mL) and the resulting solution was stirred for 3 h at room temperature. The solvent was removed, and the resulting brown solid residue was washed with Et2O (3 × 5.0 mL). Complex Cr1 was obtained as a brown solid (0.14 g, 67%); ESI-HRMS (CHCl3) m/[image: Caracter 1] calcd. for C14H15NO235Cl252Cr [M–Cl]+: 350.9885; found: 350.9886.

  [L2CrCl2(µ-Cl)]2 (Cr2): This compound was prepared according to the method described for Cr1 using [CrCl3(THF)3] (0.28 g, 0.75 mmol) and L2 (0.23 g, 0.83 mmol). Precatalyst Cr2 was obtained as a brown solid (0.32 g, 98%); ESI-HRMS (CHCl3) m/[image: Caracter 2] calcd. for C18H15NO235Cl252Cr [M–Cl]+: 398.9885; found: 398.9886.

  [L3CrCl2(µ-Cl)]2 (Cr3): This compound was prepared according to the method described for Cr1 using [CrCl3(THF)3] (0.27 g, 0.73 mmol) and L3 (0.19 g, 0.85 mmol). Precatalyst Cr3 was obtained as a brown solid (0.16 g, 56%); ESI-HRMS (CHCl3) m/[image: Caracter 3] calcd. for C14H15NO235Cl252Cr [M–Cl]+: 350.9885; found: 350.9886.

  [L4CrCl2(µ-Cl)]2 (Cr4): This compound was prepared according to the method described for Cr1 using [CrCl3(THF)3] (0.33 g, 0.89 mmol) and L4 (0.23 g, 1.00 mmol). Precatalyst Cr4 was obtained as a red solid (0.34 g, 91%); ESI-HRMS (CHCl3) m/[image: Caracter 4] calcd. for C17H13NO235Cl252Cr [M–Cl]+: 384.9728; found: 384.9723.

  Ethylene oligomerization

  All ethylene oligomerization tests were performed in a 100 mL double-walled stainless Parr reactor equipped with mechanical stirring, internal temperature control and continuous feed of ethylene. The Parr reactor was dried in an oven at 120 ºC for 5 h prior to each run, and then placed under vacuum for 30 min. A typical reaction was performed by introducing toluene (30 mL) and the proper amount of cocatalyst into the reactor under an ethylene atmosphere. After 20 min, the toluene catalyst solution (10 mL, [Cr] = 10 µmol) was injected into the reactor under a stream of ethylene and then the reactor was immediately pressurized. Ethylene was continuously fed in order to maintain the desired ethylene pressure. After 15 min, the reaction was stopped by cooling the system to –60 ºC and depressurizing. An exact amount of cyclohexane was introduced (as an internal standard) and the mixture was analyzed by quantitative gas-liquid chromatography (GLC).

  Crystal structure determination

  Diffraction data for L1 and L2 were collected at 150(2) K using a Bruker APEX CCD diffractometer with graphite monochromated MoKα radiation (λ = 0.71073 Å). A combination of ω and φ scans was carried out to obtain at least a unique data set. The crystal structures were solved by direct methods; the remaining atoms were located from difference Fourier synthesis followed by full-matrix least-squares refinement based on F2 (programs SIR97)52 and then refined with full-matrix least-square methods based on F2 (SHELXL-97)53 with the aid of the WINGX program.54 All non-hydrogen atoms were refined with anisotropic displacement parameters. H atoms were finally included in their calculated positions. Crystal data and details of data collection and structure refinement for L1 and L2 can be obtained, free of charge, from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif (CCDC 1015675 and 1015679).

  Theoretical calculations

  Full unconstrained geometry optimizations of all species were performed at density functional theory (DFT) level using the B3LYP hybrid functional formed by the three parameter fit of the exchange-correlation potential suggested by Becke55 and the gradient-corrected correlation functional of Lee, Yang and Parr.56 The polarized Dunning-Huzinaga DZ basis set57,58 was used for the hydrogen, carbon, nitrogen, oxygen and chloride atoms. For the chromium atom the inner shell electrons were represented by the Los Alamos effective core potential (LANL2) of Hay and Wadt59,60 and the valence electrons were explicitly included using the associated DZ basis set. All calculations were performed with the Gaussian 09 program using standard procedures and parameters.61

   

  Results and Discussion

  The imino-furfural proligands L1-L4 were readily synthesized by Schiff base condensations between the corresponding primary amines and the corresponding furfural in refluxing ethanol (Scheme 1). These proligands were characterized by IR, 1H and 13C NMR spectroscopy, elemental analysis, and by an X-ray diffraction study for proligands L1 and L2. The 1H NMR spectra of L1-L4 in CDCl3 at room temperature exhibit resonances in the region δ 8.01-8.34 ppm assigned to the imine proton (HC=N), with the corresponding 13C NMR resonances for the carbons of the imine moieties at ca. d 157 ppm. In the solid state, the IR spectra of imina-furfural proligands showed the vibration modes of the imine (C=N) unit at 1635-1649 cm-1.

  
    

    [image: Scheme 1. Preparation of imino-furfural proligands]

  

  Single crystals of the proligands L1 and L2 suitable for crystal X-ray diffraction analysis were obtained by slow evaporation from pentane solution. Crystal data and structure refinement are summarized in Table S1 (see Supplementary Information). The molecular geometry and atom-labeling scheme are shown in Figures 1 and 2. The molecular structures of L1-L2 show that the geometry around the C=N bond is essentially co-planar, with phenyl/alkyl units trans to the furfural moiety. The C=N bond length in L1 and L2 are similar (1.2735(15) and 1.283(2) Å) and compare well with those observed for related Schiff base ligands.62,63
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    [image: Figure 2. ORTEP representation of the molecular]

  

  The reaction of [CrCl3(THF)3] with 1.1 eq. of imino-furfural proligands (L1-L4) in THF at room temperature affords the corresponding chromium complexes (Cr1-Cr4) which were isolated as brown or red-colored solids in moderate to good yields (typically 56-98%). These precatalysts are very moisture sensitive and therefore satisfactory CHN analyses were difficult to obtain. Hence, the identity of Cr1-Cr4 was established on the basis of ESI-HRMS (which indicated the formation of [M–Cl]+ ions without the presence of THF molecules coordinated to the metal center). Attempts to recrystallize complexes Cr1-Cr4 from dichloromethane/petroleum ether resulted in amorphous materials, unfortunately not suitable for a single crystal X-ray diffraction analysis.

  We performed DFT calculations in order to estimate the preferable coordination mode of the imine-furfural ligand L2 to generate the chromium precatalyst Cr2. Initial DFT theoretical study carried out assuming the formation of monomeric species with L2 acting as a tridentate ligand failed to generate a stable structure. The most stable structure was achieved with L2 acting as a bidentate ligand without coordination of furfural to the metal center as presented in Figure 3. Furthermore, the bidentate behavior of imino-furfural proligands is also supported by cobalt64 and titanium65 complexes, in which it was observed that the furfural unit did not coordinate to the metal center due to its low Lewis basicity. Based on the results mentioned above, we speculate that the 5-coordinated Cr species converts to the most stable 6-coordinated ones after the dimerization process, generating dimeric species as shown in Scheme 2. It should be pointed out that the use of bidentate ligands in the synthesis of chromium complexes promotes the formation of dimeric or monomeric species.41-43 However, in the latter case these monomeric species usually exhibit THF or CH3CN in the coordination sphere of the chromium atom.

  
    

    [image: Figure 3. DFT-optimized coordination mode of imine-furfural]
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  All chromium complexes were tested for ethylene oligomerization at 80 ºC, 20 bar of ethylene pressure, and using MAO as cocatalyst. Table 1 summarizes the results of reactions carried out using 10 µmol of precatalyst in 40 mL of toluene. All chromium complexes investigated have been found to generate active systems for the linear oligomerization of ethylene with turnover frequencies (TOFs) varying from 11,800 to 23,200 mol(ethylene) mol(Cr)-1 h-1. Among the catalytic systems herein, the Cr1/MAO system shows the highest activity of up to 23,200 mol(ethylene) mol(Cr)-1 h-1 (Table 1, entry 1). The activity results found for this class of chromium precatalysts are much lower, comparable to chromium complexes stabilized by N,P-bidentate ligands,41-43 indicating that the imino-furfural ligands do not provide the formation of very stable active species.

  
    

    [image: Table 1. Ethylene Oligomerization]

  

  The activity of ethylene oligomerization is substantially affected by the ligand environment. For instance, precatalyst Cr1 containing ethylenic bridge unit is ca. 2.0 times more active than Cr2 that contains phenyl moiety (Scheme 3). This result suggests that the presence of a weak electron-donating group (phenyl unit) increases the Lewis acidity of Cr(III) and thus destabilizes the active species.

  
    

    [image: Scheme 3]

  

  All chromium complexes Cr1-Cr4 produce oligomers ranging from C4 to C12+ with a good selectivity for α-olefins. As shown in Figure 4, the selectivities for 1-alkenes afforded by these precatalysts are similar. This indicates that the pendant O-donor group plays no significant influence in this series on the product distribution. However, it should be pointed out that precatalysts Cr2 and Cr4 having more rigid pendant O-donor moiety, exhibited higher 1-octene selectivity (Cr2: 17.4 wt. %; Cr4: 17.1 wt. %) compared to other precatalysts. The distributions of obtained oligomers deviate little from Schulz-Flory behavior, which is characteristic of the constant α, where α represents the probability of chain propagation (α = rate of propagation / ((rate of propagation) + (rate of chain transfer)) = (moles of Cn+2) / (moles of Cn)).66-68

  
    

    [image: Figure 4. Selectivity of Cr1-Cr4/MAO oligomerization]

  

  A major advantage of chromium-based selective ethylene oligomerization catalysts stabilized by neutral ancillary ligands is that they can effectively be generated in situ by mixing the ancillary ligand with an appropriate chromium precursor and the cocatalyst.69-71 This approach avoids the process complexity and cost of preparing a procatalyst Cr-ligand complex while still obtaining an active and selective catalyst. However, attempts to apply similar in situ complexation with L1 were less successful.

  In this preliminary study, L1 was mixed with [CrCl3(THF)3] or [Cr(acac)3] in dry toluene and stirred for at least 4 h at room temperature before each run. First, the effect of different chromium precursors on the catalytic behavior was investigated. The results, with comparison against Cr1, are shown in Table 2. While the in situ activation method resulted in poor activities, it is clear that the change in chromium sources causes different selectivities toward α-olefins production, which suggests that the different active species are formed as presented in Figure 5. The use of [CrCl3(THF)3] led to improved selectivities for the α-C4 (14.5 to 31.6 wt. %) and α-C6 (17.6 to 25.6 wt. %) fractions and only small amount of higher olefins (C12+: 7.7 wt. %) along with a higher amount of PE (28.3 wt. %). On the other hand, the use of chlorine-free chromium exhibited higher selectivity for production of α-olefins (90 wt. %) with almost 45% related to C12+ fraction.
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  Melting and crystallization of the polyethylenes produced by Cr/L1 under MAO activation were measured by means of thermal analysis (differential scanning calorimetry, DSC) as a function of chromium sources. The use of [CrCl3(THF)3] generates high-density polyethylene with melting temperature of 133 ºC and crystallinity in the range of 44%. On the other hand, the use of [Cr(acac)3] produces a highly branched polyethylene (BPE) with one endothermic peak at 123 ºC and crystallinity of only 8% (see Supplementary Information). In this case, we assume that the formation of BPE arises from incorporation of the in situ produced α-olefins into the growing polymer chain.

  A recent study on the Sasol Cr/PNP system shed light on the role of the cocatalyst during catalysis, suggesting that the selectivity can be affected remarkably by the strength of the interaction between the chromium center and the aluminum species.72 Thus, the influence of cocatalyst on the catalytic behavior was subsequently investigated. The in situ catalytic testing using [Cr(acac)3]/L1 in toluene varying the cocatalyst type (EASC and PMAO-IP) showed some interesting differences (Table 2).

  Using EASC instead of MAO shifted the system to ethylene polymerization with substantial production of polyethylene (76.5 wt. %) (Table 2, entry 7) and only 23.5 wt. % of the total amount of products corresponds to linear α-olefins. In this case, a very small amount of C12+ was detected (3.80 wt. %). The use of PMAO-IP also promotes the formation of a substantial amount of PE and a production of lower amount of α-olefins (40.9 wt. %). However, an improvement in the selectivity for 1-hexene and 1-octene formation was observed compared to the use of EASC, as shown in Figure 4. In both cases, the DSC curves show the formation of high-density polyethylenes (HDPE) with melting temperatures in the range of 132-134 ºC and crystallinities around of 60% (see Supplementary Information).

   

  Conclusions

  In summary, a new set of chromium(III) complexes based on imino-furfural ligands has been prepared and evaluated for ethylene oligomerization under MAO activation. DFT calculations suggest a bidentate coordination mode for this class of ligand, which can generate dimeric Cr species. The selectivities for 1-alkenes afforded by these precatalysts are similar, suggesting that the pendant O-donor group plays no significant influence in this series on the product distribution. However, the presence of the ethylenic bridge unit in L1 generates more catalyst activity as compared to the one containing the phenyl moiety (L2), suggesting that the presence of a weak electron-donating group (phenyl unit) increases the Lewis acidity of Cr3+ and thus destabilizing the active species and decreasing the catalyst lifetime. The in situ activation method resulted in poor activities, which is most likely the result of the poor solubility of the catalysts in toluene. The use of different chromium sources and cocatalyst influences the activity as well as the selectivities toward α-olefin production, which suggests that different active species are formed.

   

  Supplementary Information

  Supplementary data (DSC curves of the polyethylenes) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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igure 2. The energy profiles for propagation process at cach spin state
with methyl model,including resting state (RS), T-complex and transition
state (TS).
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Table 2. The values for the coordination energy AL and the transition
encrgy AE, for cach reaction path in methyl group

Q T s
Relative energy / (keal mol!) 0 550 439
AE,/ (keal mol") 684 741 82

AE, / (keal mol™") 517 8.99 9.46
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Figure 3. The resting state configurations for -agostic mode at high-spin

and B-agostic mode at triplet (c) and singlet states (), respectively. For
the sake of clarity, hydrogen atoms were omitted except for ethyl chain.
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Table 3. The results for the coordination energy AL and the transition energy AL, for each reaction path in ethyl group

a-agosticl o-agostic2 B-agostic
Q T s Q T s Q T s
Relative energy / (keal mol-!) 314 1 2 301 58 24 536 0 37
AE,/ (keal mol") 341 4M o159 279 A3 322 -639 420 -1230
AE, / (keal mol) 815 673 1301 871 757 607 950 804 468
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Scheme 2. Sequential Suzuki reactions in the synthesis of D159687 (1).
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Figure 1. PDE4D allosteric modulators D159404 (4) and D159153 (5).
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Figure 1. The structure of the resting state for methyl cationic species (a);
T-coordinated intermediate (b): transition state (c) and the product (d),
respectively. For the sake of clarity. hydrogen atoms were omitted.





OPS/images/a09img01.png
RR! Hx RFN-R

reductive
E“’“""‘V—\ ,}\ RN\ R
0 base —pgiLn
Lpd X-pdlL

R H o el
LP cﬁ oxidative l RX { e Bhyride ciminaon
addition

SR AL

e
W \f'mm,m srion

|ran§ne|alai on

Negishi (M = ZR) Heck-Mizorok
Suzuki-Miyaura M =B (OH), or BOR),] HeckMatsuda (with [LPd"R]" after oxidative
addition)

stille (M = SnRs)
Sonogashira (M = Cu')

Scheme 1. General catalytic cycles for the Pd-catalysed reactions.
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lable 1. Companisons of the structures between experimental observations and calculated results at various spin states coupled with BF and B3LYP
function, in which 8 was the standard deviation values

Bond length /A

Ex. bp-S bp-T bpQ b3lyp-S b3lyp-T B3lyp-Q
Fe-N1 2027 1.893 1.888 2083 1915 1922 2118
Fe-N2 2143 1928 2013 2220 1.964 2113 2279
Fe-Cll 2255 2220 2223 2219 2258 2257 2234
Fe-CI2 2270 2238 2232 2233 2263 2265 2251
N1-CI0 1327 1335 1343 1333 1312 1319 1318
N3-CI10 1371 1384 1382 1376 1368 1364 1366
5 44 341 228 35 1.96 32

Bond angle / degree

Ex. bp-S bp-T bpQ b3lyp-S b3lyp-T b3lyp-Q
N1-FeN2 802 054 9338 858 962 93.1 8.8
NI1-FeCll 1129 1033 1087 125 1008 1056 158
NI1-FeCI2 1101 9.1 1049 107.3 982 1049 1033
N2-Fe-ClI 1008 1006 1123 983 106 1059 973
N2-FeCI2 174 1063 1214 1195 978 172 1134
Cll-Fe-CI2 1149 1444 1129 1265 1475 1245 1312
5 146 406 680 166 574 879
AE 339 880 0 744 812 0
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igure 12. Reaction pathways proposed for the ethanol conversion into
1-butanol
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igure 15. Scheme of the delamination of alkylammonium-exchanged layered clays (on the left) with alkoxides following a sol-gel process giving rise o
intermediate organo-clay materials that after thermal treatment (> 450 °C) in the presence of oxygen leads in  second step to delaminated clay-nanoparticles
(NPs) materials. Reproduced from reference 90 with permission from The Royal Society of Chemistry.
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Figure 18. Schematic illustrations of the formation process of PE/P-MMTs nanocomposites during in situ cthylene polymerization in the presence of
P_MMTs with different concentration. Reprinted with permission from reference 98. Copyright (c) 2014 [John Wiley and Sons, Inc.].
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lustration of mechanism for formation of MT-Si and the PE/clay-silica nanocomposites. Adapted from reference 99.
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.oure 16. Surface modification of clay with quaternary and tertiary ammonium salts. Adapted from reference 93.
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Figure 17. Proposed reactions during catalyst supporting on Cloisite 93A. Adapted from reference 93.
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Figure 22. Schematic representation of EVA/LLDPE/DS-LDH obtained by solution blending. Adapted from references 116 and 117.
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Figure 23. (a) Phase separated and (b) randomly distributed morphology
of graphene/polymer nanocomposites. Reprinted from reference 104,
Copyright 2014, with permission from Elsevier.
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igure 20. Schematic illustration of two different types of
thermodynamically achievable polymerflayered silicate nanocomposites.
Reprinted from reference 101. Copyright 2014, with permission from
Elsevier

intercalated
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Figure 21. Schematic representation of PLS obtained by direct polymer melt intercalation of M,(HT), with LLDPE. Adapted from references 112 and 113.
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igure 24 TEM images of 1 wt.% TRG with EG-8200-MA (a, b prepared
by melt compounding and (c, d) prepared by solvent blending. Adapied
from reference 104
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Figure 25. Schematic representation nanocomposite production of PEIOMMT with rac-ethylene bis (4.5.6.7-tetra-hydro-1-indenyl) zirconium dichloride
supported obtained by in sifu polymerization. Adapted from reference 120.
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Figure 26. Schematic representation of nanocomposite formation by ring-
opening reaction of cyclic oligomers in-between silicate layers. Reprinted
from reference 121, Copyright 2014, with permission from Elsevier.
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igure 29. Plot of powder X-ray diffraction intensity versus scattering
angle: (a) I-tetradecylammonium modified fluorohectorite (C14N-2);
(b) C14N-2 afier intercalation by the catalyst (Pd-2); (c) Pd-2 after
exposure to cthylene for 135 min; (d) Pd-2 after exposure to cthylene for
24 h. Reproduced from reference 125 with permission from The Royal
Society of Chemistry.
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Figure 30. TEM images of the 2 wt.% C15A/PP nanocomposites: without a compatibilizer (A); with | wt.% OTMS (B) and with 1.5 wt.{% PP-g-MA/0.5 wt.%
OTMS (C). Adapted from reference 126.
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are 27. Micrographs of exfoliated nanocomposites composed by (A)
ated MWNTs with 12 wi.% by TEM; (B) silica (monospheres)
tactic PP matrix prepared with 50 wt.% by SEM; (C) silica

7 wi% by TEM and (D) MMT in a high Mw
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Figure 28. Schematic representation of silicate intercalated by an initiator or catalyst that upon introduction of a monomer an intercalated or exfoliated
polymer nanocomposite is formed. Reproduced from reference 125 with permission from The Royal Society of Chemistry.
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igure 33. Structures of (A) DMN and (B) dimethylstearylbenzylammonium ions; (C) X-ray diffraction of high density PE nanocomposites: (a) bentonite
modified with dimethylstearylbenzylammonium cations: (b) melt-compounded PE/DMSB composite: (c) in situ polymerized PE/DMSB nanocomposite:

(d) high density PE. Adapted from reference 103.
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Figure 34. TEM-images of PE/DMSB nanocomposites of high density
PE: composite preparcd by melt compounding (A) and preparcd by
in situ polymerization (B). Reprinted with permission from reference
103. Copyright (c) 2014 [John Wiley and Sons, Inc.].
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Figure 31. TEM images (A) and XRD patterns (B) of PP nanocomposites with various organoclay contents (a): PPN-0.5; (b) PPN-1: (c) PPN-3; (d) PPN-6.
Adapted from reference 127.
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igure 32. Electron micrographs of a highly filled rhombic PE
nanocomposite crystal (54 wt.% nanoparticles) (a) with homogeneous
distribution of nanoparticles (b) and of spherical nanocomposite
particles for a nanoparticle loading of 7.4 w.% at low (c) and high (d)
magnification. Reprinted with permission from reference 128. Copyright
2014 American Chemical Society.
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Figure 2. Reaction mechanism in the partial selective oxidation
CH, — CH.OH.
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Figure $4. UV.Vis expansion spectra at different concentrations of MIK.Cl and proportions of solvents (H,0, MeOH and mixtures of these solvents) and
their respective second derivative curves.
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Figure 4. Raman spectra of the supports calcined at 1073 K.
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Figure 1. Ligands used in the partial oxidation of CH, to CH.OH using O,
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Figure 3. XRD patierns of catalysts obtained after reduction at 1023 K
and passivation.
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Figure $6. No solvent effects were noted using different proportions of solets at two different fixed concentrations of MIK.C1. (Left) Water, MeOH and
mixtures of these solvents. (Right) Water, MeCN and mixtures of these solvents.
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Table 2. Amount of H, consumed and reduction degree of the supports
and NiO obtained during TPR analyses

Amount of H, consumed /

(mol geat”!)
Sample | T~ Reduction

pl Low temperature  High temperature —gegree /

region region
(600-900 K) (900-1273 K)

CeZe-1073 36x10° 60x10° 560
CePr-1073 38x 10 57x10° 57
CeNb-1073 12x10% 68x10° a4
Ni/CeZr 28x 10+ 45%10° 149
Ni/CePr 29x 10+ 49x10° 157
Ni/CeNb 1L1x 10+ 64x10° 46

‘Reduction degree of CeO,, calculated using the total amount of H,
consumed; *reduction degree of NiO, caleulated using the amount of H,
consumed at low temperature region.
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Scheme 2. Catalytic chlorination of CH, to CH,Cl used as precursor of
CH.OH.
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zure 2. Proposed reaction mechanism involving two competing
cycles in the formic acid dehydrogenation reaction using the RuCl,
pre-catalyst with the water-soluble m-trisulfonated triphenylphosphine
(mTPPTS = P) ligand. Reproduced with permission of J. Wiley and
Sons (3470260322908).
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igure 1. XRD patterns of supports calcined at 1073 K. The vertical
ines corresponding to cerium oxide with cubic structure (ICSD 72155).
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Scheme 1. Chemicals derived from methanol (MTBE: methyl fert-butyl
ether, DME: dimethy] ether, TAME: tertiary amyl methyl ether).
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Figure $2. Chemical shiftunder different concentrations and solveats. D0 used o set 32t 4 80 ppm. Left columa, pure D,0. Central columa, D,0/CD,0D
(1:1 viv). Right column, D,O/CD,CN (1:1 v/v).
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Table 1. Crystallite sizes of Ce(Q),, Ni1O and metallic Ni phases calculated
by Scherrer equation

Calcined Reduced and passivated

Sample
CeO/nm_ NiO*/nm__ CeO;'/nm__ Nit/nm

CeZr-1073 13 - - -

CePr-1073 2 - - -
CeNb-1073 21 - - -
Ni/CeZr 12 24 13 24
Ni/CePr 26 2 25 33
Ni/CeNb 26 30 18 32

“Calculated using the (111) ceria plane; "calculated using the (200) NiO
plane: calculated using the (111) metallic Ni plane.
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lable 3. Selective catalytic cleavage of the formic acid into carbon dioxide and hydrogen

Catalyst Substrate Solvent  Temperature/°C TON TOF /i Ref.
[Ir(PPh,)HL] HCOOH AcOH 18 11000 8900 34
[RuCl,(benzenc)]/DPPE. HCOOH Me:NHex 25 260°000 900 35
[RuCL(PPh,),] HCOOH NEL, 40 891 2700 36
[Ru(k*-triphos)(MeCN),}(OTf), HCOOH NMe,Oct 0 10000 - 37
[I(PNP)H] HCOOH/BUOH ELN/THE 0 50000 120'000° 19
[RuHCI(CO)PNP?)] HCOOH DMF/NHex, % 706'500 256000 38
[Cp*ICINAC)] HCOOH NEL, 40 - 147000 39
[RuCL(DMSO),] HCOOH NEL, - 25°000 18000 40
[Fe(CO),./PPhytpy HCOOH/NEt; DMF 40 200 - 41
[Fe,(CO),,}/PBn,/tpy HCOOH/NEL, DMF 40 1266 - 2
[Fe(BE,),J*6H,O/PP, HCOOH Prop. carb. 0 02417 9425 33
[(PNP)Fe(H),(CO)] HCOOH THENEL, 40 - 836 4
[IrH,(PNP")] HCOOH/HCOONa HOITHF 60 890 - 19
[Cp*IDHBP)(H,0)](SO,) HCOOH HO % 10000 147000 “
[Cp*Rh(DHBP)(H,0))(SO,) HCOOH HO 80 £3°000 7700 45
RuCI/TPPTS HCOOH HO 40°000 670 46
RuCl/cationic phosphines HCOOH HO 120 10°000: 1950 41
[I(Cp*)(H0)(bpm)Ru(bpy)}(SO,), HCOOH/HCOONa HO 25 142 426 48
[(Cp*In)(thpbym)CL] HCOOH/HCOONa HO 308'000 - 2
[ICp*)(TH4BPM)(H,0)] (S0,) HCOOH/HCOONa HO 11000 39°500 49

TON: turnover number: TOF: turnover frequency.
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Table 2. Comparnison of the physical properties of some denvatives of C1-C3 alkanes

Property CH,COOH CHCHCOOH  CH,CH(COOH)CH,  CH,CH,),COOH C5 acid
Melting point / °C 17 21 47 19 )
Boiling point / °C 18 141 155 1635 186
CH,OH CH,CH,OH CH,CH,CH,OH CH.CH(OH)CH, CH,(CH,),CH,OH
Boiling point / °C 64.7 784 96 8 118
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Figure S1. (Lef)) 'H NMR and (Right) “C NMR (APT, D,0) of MIK C1 (0318 mol L") Benzene-d, was used as the external reference 10 st the scale
at 7.16 ppm for 'H and 128.4 ppm for “C.
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Figure 2. XRD patterns of catalysts calcined at 1073 K. The vertical
lines corresponding to cerium oxide with cubic structure (ICSD 72155).
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Figure 1. Unit cyclic (a), linear (b), and associate (c) structures of MAO;
red balls: oxygen: gray balls: aluminum and methyl groups. Reprinted
with permission from reference 35. Copyright 2014 American Chemical
Society.
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Figure 2. Structures of metallocenes used for the synthesis of PP and PE.
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lable 1. Some properties of C1-C4 tail gas (values for natural gas and tail gas represent ranges)

Property Methane Ethane Propanc Propenc Butane Natural Gas Tail gas
Molecular mass 1604 3007 4410 4208 5812 Mixture Mixture
Melting point / °C -1824 -1828 1876 185 1382 1876/ 1876/
1824 1824
Boiling point / °C 1615 886 421 48 05 1615/ 1615/
62 62
H,0 sol, 25 °C / (mg L") 2 602 624 200 612 221 221
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lable 1. Performance of different catalyst generations. Reprinted from reference 239. Copynght 2014, with permission from Elsevier

Generation C“";“":c':l: and (::;;C;?“cya:) 117wt G Technology control Process requirements
1=(1957-1970) ITICLA/AIELCI 0812 8891 Irregular powder Need of purification
and atactic removal
2+ (1970-1978) TiCL/AIEC 35 o5 Irregular powder Need of purification
and atactic removal
3+ (1975-1980) TiClester/MeCl, + 515 98 Regularfrregular powder o purification, need
AlEt/ester of atactic removal
4= (1980) RGT> TiCl /diesterMeCl, 20.60 % Particles with regular shape. No purification.
+ AlEtsilane three- and adjustable size and PSD=.  No atactic removal.
dimensional catalyst Designed distribution of the No pelletsation
granule architecture different products inside cach
particle
TiCl/dietherMgCl,+ 50120 % Particles with regular shape and_ No purification.
AIE, three-dimensional adjustable size and PSD. Noatatic removal.
catalyst granule Designed distribution of the No pelletsation
archieture different products inside cach
particle
5* metallocenes Zirconocene + MAO® (59)x 10°(onZn) 9099 o be improved -
6* multicatalyst RGT  mixed catalysis: ZN¢ + Particles with designed distribution
radical initiators, ZN + of both olefinic and non-olefinic
single site (catalysts) materials

ity index: "RGT = reactor granule technology: “MAO = methylaluminoxane: “ZN

iegler-Natta: ©PSD = particle size distribution.
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Figure 5. Models for the interactions of metallocene Cp,ZrCl, with species present in acidic silicate surfaces (A: acidic element). Reprinted from reference 57.

permission from Elsevier.

Copyright 2014,
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Figure 14. Results of quantum theory of “atoms in molecules” applied for MIK.Cl. (a) Critical points (show as green spots; sce between the represenied
bond paths and interactions) and the calculated values for the Laplacian function of p(r) in their bond critical point. (b, c) Gradient vector fields of charge
densities associated with the representative topologies of the calculated electron density function for the atoms found in the imidazolium ring (b) and for the
other part of the structure (c). Note that (b) and (c) also show the atom domains and their individual contributions in the molecule. (d) Three-dimensional
view for the whole structure of MIK.CI of the calculated Laplacian function of p(r).





OPS/images/a24img15.png
Table S1. Comparison of selected bond distances (A) obtained by X-ray analysis* for [‘Bu,Sn(OH),][(‘Bu,Sn),(0)XCO,)].3CH,OH and DFT calculations
for [(CH,),Sn(OH),]{[(CH,),Sn],(OXCO,)}.3CH,0H
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CUEY‘ i) - c(12) om

Bond distance / A X-ray DFT
C(1-06) 1.266(7) 1251
C(1)-0(4) 1.280(7) 1327
C(1-065) 13107 1334
Sn(3)1-0(1) 2.059¢4) 2002
Sn(2-0(1) 2.048(4) 2075
Sn(1)-0(1) 2.080(4) 2078
$n(1-0(3) 2.139¢4) 2203
$n(1-002) 2.136(4) 2187

“Obtained from the publication of Ballivet-Tkatchenko ef al..'





OPS/images/a09img52.png





OPS/images/a17img18.png
l;“ o3 J.m
Rt

44
T S Y
02+H2A_ CIt
909 keal molt

.2 )} Lumo

y J
“200. ‘:fsff:

cona i .

115 keal mol }
o HOMO
° R

" J’ 35 ;J«-

%*vf.} y

g

‘-\)

Zoara._on
098 keal mol'
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Figure 3. Nanofiller families including molecules and inorganic
nanoparticles. Adapted from reference 41.
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Picture regarding the last participation of Prof Roberto F. de Souza (IQ-UFRGS) as an examiner. From left to right: Prof
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Brenno A. D. Neto (I0-UnB). Picture taken on August 12. 2013 at the Chemistry Institute (UnB).






OPS/images/a08img05.png
4000
— —@— Nanosized . 300 | —@— Nanosized
= 0" Microsized = -+ Microsized
N 3000 N

g s

£ E 200

2 2

& 2000 &

2 o

< <

< < 100

2 1000

F3

3

<

0
10 20 30 40 50 60 7 20 30 40 50 60 70

Polymerization temperature / °C Polymerization temperature / °C

Figure 4. Polymer activity as a function of polymerization temperature for the nanosized and the microsized catalysts with 2 h of polymerization time:
(a) [A1V[Zr] = 570 and (b) [AIV/[Zr] = 17. Adapted from reference 53.
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Table 6. Calculated QTAIM (atomic units, a.u.) parameters of bond critical points (BCP), charge density (p), Laplacian function (V'p), ellipticity (e),
inetic energy (K) and potential energy (V) for MIK.CI

BCP p/an. Vip /an. e K/au. V/au.
H12--Cl1 (BCP1) 0011 +0.039 0.082 -0.002 ~0.006
H2A-Cl1 (BCP2) 0.023 +0.079 0.008 -0.001 -0.018
H5--ClI (BCP3) 0.005 +0014 0367 -0.001 -0.002
HO--Cl1 (BCP4) 0.003 +0.009 1536 ca. 0.000 ~0.001
HTB--Cl1 (BCPS) 0010 +0.031 0.042 -0.001 ~0.006
H4-Cl1 (BCP6) 0010 +0033 0.020 -0.002 -0.005
H6A-CI1 (BCPT) 0.006 +0015 0.148 -0.001 -0.002
C12--H12 (BCPS) 0.395 -1.893 0.060 +0.550 ~0.628
02--H2A (BCP9) 0532 -5.012 0012 +1.363 1474
C5--HS (BCP10) 0391 -1875 0034 +0.541 0614
C9--H9 (BCP11) 0386 -1.797 0010 +0.540 -0.631
C7--HTB (BCP12) 0.366 -1.642 0.037 +0471 -0.532
H4.-C4 (BCP13) 0.406 -2.029 0033 +0.584 -0.660

C6--H6A (BCP14) 0369 —1.638 0.052 +0.483 ~0.556
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igure 1. Perspective view of the molecular structure of the cation of
‘The ellipsoids were drawn at 50% probability level. All the hydrogen
atoms, the anion PF;” and a dichloromethane solvent molecule were
omitted for clarity.
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Figure 2. (a) Top view of the [CpNi(Mes-BIAN)] cation 3; (b) dicne-
type distortion observed in the cyclopentadienyl ligand of 3 (the N(1)-
Ni(1)-N(2) plane is indicated by a dashed line: distances in A).
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lable 8. Chemicals denived from cellulose derived monomers (a selection of opportunities)™

Starting material Product Catalyst Solvent T/K Yield /% Selectivity / %
Cellulose 5-HMF 7:0,/Ti0, MIK - 87 35
Cellulose Levulinic acid H,S0, (153%) HO - - 7080
Glucose 5HMF H Water >373 3060 2050
Glucose 5HMF Acid resins Water 373473 3060 2040
Glucose 5HMF AUMg hydrotalcite Water - 60 76
Amberlist-15
Fructose 5HMF Hoform zeolites Water - 60 53
Fructose - - DMSO/MIK/BuOH - % 89
Fructose Valerolactone RuC HO 450 80 62
S-HMF Furanics (HMF Various Aleohol/organic acids >373 Variable Variable
ethers, esters)

HMEF: 5-hydroxymethylfurfural: MIK: methylisobutylketone.
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Table 1. Selected bond distances (A), angles (degree) and other relevant
structural parameters for complex [Ni(n*C,H,)(Mes-BIAN)IPF, (3)

Bond distances / A Bond angles / degree
Ni(-N(1) 18865(15)  N(D-Ni(D-NQ)  85.13(6)
Ni(1-N2) 1879315)  N(M-Ni()-C(D)  122.019)
Ni(1-C(1) 21072 NQ-Ni()-C(1)  132.59(11)
Ni(1)-C(2) 20410 NO-Ni(1)-CQ)  103539)
Ni(1)-C(3) 21220 NQ-Ni()-CQ)  170.66(10)
Ni(1)-C4) 20992)  N(DNi(D-CG)  11836(8)
Ni(1)-C(5) 2070Q)  NQ-N(D)-CG)  13835(11)
C(1)-C2) 13995)  N(D-Ni(1)-C()  153.66(8)
C1)-C(5) 1368¢4)  NQM-Ni(1)-C@)  108.148)
C(2)1-C(3) 14195)  N(D-Ni(D-C(S)  158.97(8)
C3)-C) 13724)  NO-N(1-C)  10536(8)
C(A-C(5) 14203)  Ni(DN()-CA8)  12607(12)
Ni(D-CPss 1717 N(DN-CE)  11277012)

Ni()NQ)-CQ7)  12942(12)
Ni()NQ@)MC() 1124912

Distance A* 0.122(C2)  Dihedraly* 88.99
“Shortest distance between a carbon atom of the Cp ring (in brackets)
and the plane N(1)-Ni(1)-N(2): “Dihedral % = angle between the plane
N(1)-Ni(1)-N(2) and the average plane of the Cp ring.
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Figure 7. (a) Proposed interaction between grafted metallocene species within larger and smaller diameter pores. (b) Correlation between Zr-C interatomic
distance and catalyst activity. Adapted from reference 63.
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lable 6. Utihzation of CO, in the chemical industry and in technological
applications

Compound Actual production €O, used
Urea 155 114
Methanol 50 8
DME 14 3
MTBE 30 15
CHO 21 35
Carbonates 02 0005
Polycarbonaes 4 001
Carbamates 53 0
Polyurcthanes >8 0
Acrylates 25 0
Polyacrylates
Formic acid 06 0
Inorganic carbonates. 200 ca. 50
(CaCO ., 1139
soda Solvay, pigments) 50
Total 1
Non-chemical uses Amount used 2
EOR 50 10
Others 2 18

DME: dimethy! ether: EOR: enhanced oil recovery.
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lable 2. Reaction results obtained by the ethylene polymenzation over the studied catalysts. Reproduced from reference 24 with permis
Royal Society of Chemistry

Catalyst Zr wi% AVZr molar ratio* Activity® Leaching® Mg/ (g mol)
ALSBA-15 056 126 1045 2 222400
SBA-15/Pr(20) 033 196 3430 282 329000
Meso-Si0, ALO,/Pr(10) 057 98 4503 203 167000
Meso-Si0, ALO,/Pr(20) 043 153 2405 240 272100
Homogencous* - - 4440 - 6500

“Determined by ICP analysis; "kg PE mol," ' bar-". Polymerizarion conditions: m,
N = 900 rpm: MAO solution/Zr — 800: “determined by GPC: ‘measured at 70 °C.

30mg; V,..... =600 mL; P =8 bar; T =85 °C; time =30 min;
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lable 7. Perspective feedstock for the chemical industry and energy production sector

Short term (2030) Medium term (2050) Long term (> 2050)
Chemistry Ol and gas dominate Ol and gas Oil and gas
Biomass will grow Coal will re-enter with clean technol Coal will be used with clean technol
Biomass will reach its maximum €O, will be recovered and used on a large scale
€O, will be used
Energy Mix of fossils Switch to perennial Substantial grow of perennial
Wind will grow Solar will continue to grow and spread Electricity will play a key role also in the transportation sector

Solar will grow

Fuels produced from water and CO, will share an important
part of the market
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1, MWCNT. Reprinted with permission

ht (c) 2014 [John Wiley and Sons, Inc.].
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Figure 12. (A) Scheme of homogencous surface coating of MWCNTS
caused by in situ polymerization. (B) TEM micrographs of MWNTs
coated by in situ grown E-N copolymers (highlighted by the arrow)
(45 wt.% E-N). Adapted from references 80 and 81.





OPS/images/a08img11.png
gure 9. (A to C) SEM images of freeze-dried PE at three different
magnifications. From refe nted with permission from






OPS/images/a08img12.png
PE chains

PE chains

lesopores
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by mesoporous silica-assisted extrusion polymerization. From reference
74. Reprinted with permission from AAAS.
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Figure 13. Different routes for nanotubes’ functionalization: sidewall
covalent functionalization (a); defect-group covalent functionalization
(b): noncovalent polymer wrapping (c): noncovalent pi-stacking (d).2
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lable 3. Industnal sources of L0, (average of several sources)

Industrial sector Mtco, y* produced
Oil refineries £850-000
Ethene and other petrochemical processes 155-300
LNG sweetening 2530
Ethene oxide 10-15
Ammonia 160
Fermentation >200

Iron and steel €. 900
Cement > 1000

LNG: liquified natural gas.
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Figure 14. Structure of 2:1 phyllosilicates and schematically illustration of clay form factors of dispersed clay and the three different types of
thermodynamically achievable polymer/layered silicate nanocomposites. Reprinted with permission from reference 86. Copyright 2014 American Chemical
Society.
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Table 4: Separation technologies and their pros and cons

Technology Pros Cons
Solid phases Low loss Energy consumption
Liquid phases (LP) Mature Loss, volume
MEA.

Membranes (M) Reduced volume-space  Cost,life-time.
Combined (LP/M) Efficiency Volume, cost
Cryogenic Low emission  Cost, use of electricity

Issues: CAPEX, OPEX, energetic costs (energy penalty: 2040+%)

CAPEX: capital expenditure: OPEX: operational expenditure.
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Figure 4. "C('H} NMR spectrum of polyethylene obtained with the catalyst
system J/MAO (Table 2, entry 3) (75.43 MHz, 1.2 4-trichlorobenzene/

C.D. (75:25 viv), 120 °C).
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Figure 1. Bioethanol production in Brazil and in the USA since 1980.1"!
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permission of John Wiley & Sons, Inc.





OPS/images/a19img04.png
24

18

12

M ema )

M/ (emug™)

-12
-18

24

20000 -10000

0
H/Oe

—o—18n0
—o—1Cd0

10000 20000
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Table 1. Data on catalysts before and after the recycling reactions

After reaction
Before reaction
Transesterification Esterification Hydrolysis
ICdO Catalyst recovered*/ % - 79 7 74
Molar (Fe/Cd) ratio® 37 10.1 503 670
dy/nm 35 79 137 209
a/A 837 841 8.39 840
ISn0 Catalyst recovered*/ % - 87 90 8
Molar (Fe/Sn) ratio® 33 34 33 34
dy/nm 348 362 347 333
a/A 838 845 844 842

‘Percentage (m/m) of catalyst recovered after the fourth recycle: "determined by ICP-AES:; “note that these resulis may be not precise because of the
relatively low resolution of the spectra.
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Figure S1. "H NMR spectrum (300 MHz, CDCL) of [Ni(n*-C.H.)(Mes-BIAN)]PE, (3).
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Figure S3. *P{'H} NMR spectrum (121.44 MHz, CDCL,) of [Ni(1*-C.H.)(Mes-BIAN)]PF. (3).
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T1able 10. Comparison of the properties of H, produced from glycerol via
bio-technology (column 2) or VPR (column 3)

Concentration of
glycerol
Conversion of glycerol  100% at 2% feed  100% at 1% feed

26% 120%

Purity of H, >99% 90%
Presence of CO Absent Present
Presence of CO, Traces Present
Temperature Ambient 500-600 K
Pressure 0.6 MPa 2030 MPa

Lifetime of the catalyst More than seven days ~ Less than one week

Co-products Organic acids, ethanol ~ Organic acids and
others
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Figure S2. “C{'H} NMR spectrum (75.43 MHz. CDCL) of [Ni(n*-C.H.)(Mes-BIAN)JPE. (3).
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Scheme 2. Hllustration of the insertion mode of propylene (through
the C1 or C2 carbon), during propylene dimerization catalyzed by the
Ni(I—H species.
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Table 1. Propylene conversion using C as catalytic precursor and EASC as co-catalyst

o/ nyl TOF,*/ TOF,/_%Propylenc converted for the synthesis of: Oligomerization selectivity / % p, q,
entry pmol  pmol (10°hY) b C: ¢ Csf Cf Cr DMB _ MP wH clc2 clc2
1 40 4000 38 - o - - - - 0 6l 2 2071 10190
2 20 2000 57 10 97 2 - - 1 0 75 25 2575 505
3 151500 31 40 88 - 4 2 6 7 65 2 872 73
4 1001000 13 40 0B - 4 9 6 61 7 872 73
5 550 10 40 6 - 10 6 15 6 66 2 W12 604
6 52000 49 <lo 98 - 1 0 1 8 65 7 213 8o
7 0 200 - 30 - - E N - - - - -

“General reaction conditons: co-catalyst = EASC, P,___.__ = 6 bar, solvent: toluene 60 mL, t = 30 min, T = 10 °C; *oligomerization turnover frequency
(TOF): mol of propylene consumed x mol Ni-' x h-'; alkylation TOF: mol of propylene consumed x mol Al x h-'; “oligomerization products; “tolucne
mono-(C,). di-(C.,) and tri-alkylation (C,,) products; DMB: dimethylbutenes; MP: methylpentenes; n-H: linear hexenes. p,: propylene insertion proportion
(Cl-insertion/C2-insertion) of the first insertion. q,: propylene insertion proportion (Cl-insertion/C2-insertion) of the second insertion.






OPS/images/a06img04.png
Alkylation products. Oligomerization

Pproducts.
@M ép\] ég\] —T oy (Gl 1CHI
c1o0 c13 c16 (] co

ure 2. PhMe alkylation products with propylene (left) and propylene oligomerization products (right).





OPS/images/a06img09.png
1S 128 NS 108 98 &S 78 65 Ss  4s 38
&/ ppm

Figure S1. 'H NMR (400.0 MHz, CDCL) spectrum of 4-(phenylamino)-2-(phenylimino)-3-pentene (L) ligand.

25

15

0s





OPS/images/a10img20.png
Side-chain oxidation (depolymerization)
Brings monomers in solution
Decrease of aliphatic OH

Ho,
Lignin
o HO,
Alkyl aryl ether hydrolysis
(depolymerization)
increase of phenolic OH
increase of aliphatic OH
Lignin
oH
HiCO,
Lignin_ H9MM L ignin
Oxidative coupling
(polymerization) e M,

Phenolic OH decrease

Figure 5. Some of the products of the oxidative depolymerization of lignine.
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(squares) of the catalyst system J/MAO and on the M, (triangles) of the
polyethylenes obtained.
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Table 9. Catalytic oxidative cleavage of lignin: catalysts and products™

Catalyst Media, supports or co-catalysis. Osidant
Laccase (multi-Cu enzyme) Associated HRP (iron 0, (Laccase)
protoporphyrin) H,0, (HRP)

Co-immobilized laccases and HPR Clay 0, HO, Oxidized depolymerized lignine
Mn(TMePyP)/clay/HBT (clay-PMS). Hydroxybenzotriazole or veratrilic HO, Oxidized oligomers, and monomers
The Fe analogue can also be used alcohol
Co, Cu, Mn(Salen) complexcs Inorganic acids, PPh,, ethylendiamine 0,0r H0, Oxidized monomers from dimers
Polyoxometalates si0, 0,0rH,0; Oxidized monomers and parent
Mo(VI), W(VI), V(V), Nb(V): XM’ M”,; 0% oligomers
Keggin anions
O,ReCH, Polymeric ligands: poly-4- HO, Oxidized monomers and parent

vinylpyridine and its N-oxide oligomers

HPR: horseradish peroxidase: HBT: 1-hydroxybenzotriazole: HRP: horseradish peroxidase.
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Table 2. Catalytic performance of [Ni(n>-C;H,)(Mes-BIAN)]PF, (3) activated by MAO in the polymerization of ethylene and attempt of propylene
polymerization*

entry [AI/Ni]  T/°C  Solvent "m“as'ys“f; ‘?g‘l‘,'g‘gmf,‘:*,)’ ‘(’g :“':l,’,’)’ PDI N TeleC ?;";:)’ Cryst</ %
" 0 2 PhCl 0 0 - - - - - -
> 100 2 PRMe 046 455 35 247 nd: 1218 2033 711
3 100 2 Phcl 127 1270 320 268 15 178 1974 690
¥ 100 2 oDcB 122 1220 218 308 nd: 1088 1785 624
5 10 0 Phcl o 0 - - - - - -
& 100 0 Phcl 052 521 448 7 ;28 2075 72
7 1000 0 Phcl 031 310 nd: nd: 122 2080 71
& 100 30 Phcl 168 168 125 20 %1 1465 s12
40 Phcl 089 89 37 19 6 665 931 325
2 Phcl 0 0 - - - - - -

w50 mL: P, (relative): 1 bar; "number of branches/1000 carbons (determined by 'H NMR: reference 19); “melting temperature
determined by DSC). %enthalpy of Tusion; crystallnity % = (AH/285.9) x 100 (reference 20); olefn: ethylene; *several phase transitions, T, being
etermined for the mast ntonst ansitin and 'AH_ determined for all the transitions: "olefin: propylene: 3: 17 umol: t: 2 h: 'n.d.: not determined.
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igure 4. Oligomerization TOF and alkylation TOF using C as catalytic
precursor as a function of the EASC amounts at constant AUNi = 100,
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igure 5. Selectivity to alkylation products (mono-, di- and tri-alkylation
of toluenc) among all products using C as catalytic precursor as a function

of EASC
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Figure 6. Transeserification of lipids in aqueous solution catalyzed by bases: free fatty acids (FFAs) are converted into soaps.
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Figure S3. 'H NMR (400.0 MHz, CDCL.) spectrum and GC-MS analysis of the mono-alkylation product of PhMe with propylene.
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Figure 6. Some organic molecules that can be produced from ethan
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Figure 10. Reaction pathways for ethanol conversion into acetaldehyde,
acetic acid. and ethyl acetate.
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Table J. Selected catalysts used for direct ethanol conversion into acetaldehyde, acetic acid, ad ethyl acetate

Catalyst Atmosphere Temperature / °C Product / (% yield) Reference
} Acctaldehyde (35.7)
cussio, Inert s ol (23) 03
Acctaldehyde (9.9)
Cu/Zi0, Inert 200 Ethyl acetate (31.4) 9
Acctaldehyde (3.8)
Cu-ZnZr-ALO Inert 20 Byl acctae (6.1 9%
PAZuSIO, Inert 250 Acctaldehyde (202) 04
‘Acctaldehyde (19.6)
Pd/Zn0 Inert 20 Ethyl acetate (16.5) 4
Acctaldehyde (15.1)
PAO/ZnO/AL Inert 175 ol e 03) 95
Acctaldehyde (17.3)
PAO/ZnO/AL Inert 175 ol 143 05
AuSiO, Inert 250 Acetaldehyde (ca. 12) -
AuSiO, Inert 400 Acetaldehyde (ca. 80) -
Acctaldehyde (8.1)
PAOIZO, Oxidant 175 Acetic acid (10.4) 95
Ethyl acetate (11.2)
Acctaldehyde (9.9)
PAOIZO, + 710, Oxidant 175 Acetic acid (1.0) 05
Ethyl acetate (25.8)
. ‘Acetic acid (35.6)
TiPd, PO, Oxidant 200 iyl scoe (448) 98
. . Acetic acid (5.8)
Pd/Zeolite Y Oxidant 110 Eigl e (115 %
AuMoO, Oxidant 240 Acctaldehyde (94) 100
. Acctaldehyde (81)
AulLa,0, Oxidant 260 e (s) 100
Acctaldehyde (74)
AWZnO Oxidant 180 Acetic acid (15) 100
Ethyl acetate (2)
Acctaldehyde (44)
AWZnO Oxidant 20 Acetic acid (46) 100
Ethyl acetate (6)
. Acctaldehyde (80)
AwCuO Oxidant 160 e ) 100
AWTiO,
AWALO, Oxidant 150 Acetic acid (85-90) 101
AwZnO
AUMEALO, Oxidant 180 Acetic acid (83) 103
. . Acctaldehyde (33.8)
Au (05%)/Si0, Oxidant 200 ol e (00) 103
Au 5%)/SiO, Onidant 100 Ethyl acetate (35.1) 103
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Figure 11. Scheme of the proposed reaction route on the Cu/ZrO, and
CulSiO, surfaces. Reprinted from reference 92. Copyright 2012, with
permission from Elsevier.
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Figure S4. 'H NMR (400.0 MHz, CDCL.) spectrum and GC-MS analysis of the di-alkylation product of PhMe with propylene.
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Figure 7. Product distribution as a function of the ZSM-5 S/AI ratio
() carbon chain length and (b) type of hydrocarbons [paraffins (P), olefins
(0), naphthenes (N), and aromatics (A)]. TOS stands for time on stream.
Reaction temperature 350 °C. Reprinted from reference 52. Copyright
2012. with permission from Elsevier.
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Scheme 1. The carbon dioxide-formic acid cycle.
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lable 1. Example of catalysts used for the ethanol dehydration nto ethylene

Catalyst Temperature /°C_ Conversion / % Yield/ % Ref.
FALO, 450 856 787 35
10% Tiy-ALO, 410 ca.90 ca. 89 37
FALO, 460 ca.90 ca. 81 37
Si0,-ALO, 300 - 761 38
45Mn,0, ,5Fe,0,:10Si0, 400 - 66 39
V-MCM-41° 400 % 61 66 40
WO,silicate (W/Si =0.16) 350 ca. 02 >99 ca. 02 41
HPW,.0,, 250 ca. 88 ca. 87 .77 50
AgPW,.0, 200 - 95 “
ZSM-5 (SIOJ/ALO,=25) 180 - 959 38
LaZSM-5 260 985 95 9% 41
Mordenite (Si0/ALO,=20) 180 - %938 38
Mordenite (Si0/ALO,=90) 180 - 999 38
Beta zeolite (Si0,/ALO, =25) 180 - 575 38
Y zeolite

(SI0/ALO,=5.5) 250 - 713 38
SAPO-34 350 912 043 86 35
Ni-SAPO-34 350 934 9838 923 35

‘Catalysts tested in a microchannel reactor: "ethanol/oxygen ratio of 2.
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Table 2. Some selected catalysts used for direct ethanol conversion into
butadiene. Reprinted/adapted from reference 16. Copyright 2013 by John
Wiley Sons, Inc.. Reprinted by permission of John Wiley & Sons. Inc.

Catalyst Temperature /°C Yield / % Reference
MgO/Si0,/Cr,0, (32/0.11) 415 419 7%
MgO/Si0,/Cr,0, (59/39/2) 425 39 81
Mg/sapiolites 300 334 82
HOMgO/SIO, (10279/62.1) 280 53 83
MgO/SiO; (1/1) 350 2 7
MgO/SiO, (1/1) +0.1% K,0 350 70 7
MgOISiO, (1/1) +0.1% Na,0 350 8 7
MgOISiO, (0.83/1) 350 16 7
Zr(1.5%), Zn(0.5%)/Si0, 3715 15 84
Cu(1%). Zr(1.5%), 375 301 84
Zn(05%)/SiO,
50% CuO em MgO/SiO, (/1) 350 582 75
50% ZnO em MgO/SiO, (/1) 350 524 75

5% Ag em MgO/SiO, (2/1) 350 56.3 75
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lable 1. Bicarbonate, carbonate and carbon dioxide hydrogenation into formic acid/tormate or formic acid dervatives with ruthenium(ll) pre-catalysts

Catalyst Solvent Base PCOJH, / bar TON TOF /b Ref.
[RuH,(PPh,) | Benzene NEL/H,O 2525 87 4 8
[RuH,(PPh) | 5CO, NEL HO 12080 1400 1400
[RuCL(PMe,).] 5CO, NEL HO 12080 7200 -
[RuCI(OAC)PMe;),| 5CO, NEL/CF,OH 120170 32000 95°000 10
[Ru(6.6'-CLbpy),(H,O)J/(CF.S0,), EOH NEt, 3030 5000 - 1
[RuHCI(CO)PNP)] DMF DBU 1030 - 1100000 12
[TpRu(PPh,)(CH.CN)H] THF NEL HO 255 760 48 13
[TpRu(PPh,)(CH.CN)H] THF NEt, CF.CH,OH 255 815 13 14
[RuCL(TPPMS).] HO NaHCO, - 320 9600 15
[Ru(~C,Me,)(4.4'-OMe-bpy)(OH,)|(SO,) HO Citrate buffer - 55 - 16
[(n*-C,Me,)Ru(bis-NHC)CI] HO KOH - 23°000 - 17
[Ru(~C,Me,(DHPT)CIICI HO KOH - 15400 3600 18
[Ru(1~C,Me,((DHBP)CIICI HO KOH - 13620 4400 18
[RuCL(PTA),] HO - 50/150 204 - 7
[RuCL(PTA).] DMSO - 50/150 749 - 7

TON: turnover number: TOF: turnover frequency.
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Figure 5. Indication of relaive prices for a range of selected chemicals
produced from cither renewable or fossil resources. Reprinted from
reference 23. Copyright 2007 by John Wiley Sons, Inc. Reprinted by
permission of John Wiley & Sons, Inc.
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Figure 4. O/C molar ratio for crude oil, biomass fractions. and typical
products related to chemical and petrochemical industry. Reproduced
from reference 22 with permission from The Royal Society of Chemistry.
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Figure 3. (a) Nitrogen sorption isotherms (the filled markers denote the
adsorption branch and the open markers the desorption branch of the
isotherm). (b) Temperature-programmed desorption (TPD) of ammonia.
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Table 2. Bicarbonate, carbonate and carbon dioxide hydrogenation into formic acid/formate or formic acid denvatives with other metal based catalysts
Catalyst Solvent Base PCOJH, / bar TON TOF /! Ref.
[RhCI(TPPTS),] HO NHMe, - 3400 7300 20
[I(1*-CMe,(DHPT)CIICI HO KOH - 222000 33°000 21
[1r1,(AcO)(bis-NHC?)] HO KOH - 190°000 2500 2
[1:Cp*(DHBP)CIICI HO KOH - 190°000 42000 18
[{IrCp*Cl},(thbpym)J** HO KHCO, - 153000 53'800 2
[IKPNP)H,] HO KOH/THF - 3'500°000 150°000 19
[(PNP2)Fe(H),(CO)] HO NaOH/THF - 788 156 2
[Rh(cod)CI]; /dppb DMSO NEt, 20120 1150 - 2
[Rh(cod)(-H)], / PPh,(CH,) PPh, DMSO NEL, 20120 2200 375 2
[Rh(hfacac)(dcpb)] DMSO NEL, 20120 - 1335 27
[RhCI(PPh,)] MeOH NEt/PPh, 4020 2700 125 2
Fe(BF,/*6H,0/PP, McOH NaHCO, 0/60 610 30 2
Co(BE,)*6H,0/PP; McOH NaHCO, 0/60 2877 200 30
FeCl/depe DMSO DBU 60/40 13 151 31
NiCl/depe DMSO DBU 160140 2400 20 31
MoCl/depe DMSO DBU 60/40 63 84 31

TON: turnover number: TO}





OPS/images/a07img07.png
Figure 1. Proposed mechanism for the selective iron-catalyzed hydrogen generation from formic acid with calculated relative energies of complexes
(kJ mol ). ®* Reproduced with permission of The American Association for the Advancement of Science (3470280610808).
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igure 4. EPR spectrum of [Fe(TDCSPP)CI] before and afer FeP
immobilization on LDHs: (a) [Fe(TDCSPP)CI]; (b) FeP-LDH-NO,; and
(¢) FeP-LDHME.
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Figure S3. Plot of k, vs. BIm concentration in the reaction with DEDNPP

(3.33% 10° mol L"), at pH 8.5 and 25 °C. The solid line represents the fi
according to equation S4.
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Figure 5. Nitrogen adsorption (-e-) and desorption (-G-) isotherms for the acidic form (H) of the mesostructured beta zeolite obtained at different aging
times (24, 48. 96 and 192 h) of the seed gel at 140 °C. (a) HB140/24: (b) HB140/48: (c) HB140/96 and (d) HB140/192.
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Table S5. Dependence of k,, with respect to Blm concentratior
reaction with DEDNPP (3.33 x 10° mol L"), at pH 8.5 and 25 °C

[BIm] / (mol L) ko ls

0.005 8.68x10°
0.007 11910
0.010 1.60x 104

0.015 238x 104
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lable 2. Total weight loss for the as-synthesized beta zeolite/MCM-41
materials obtained at different aging times (24, 48, 96 and 192 h) of the
seed gel at 140°C

Samples Weight loss / %
BI4024P 31
BI40/48-P 2
BI40/96-P 20

B140/192-P 38
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Scheme 16. Retrosynthetic plan for the final steps of the Walker ef al.* large-scale synthesis of AMG 837 (53).





OPS/images/a15img13.png
(a+])—A,
5

internal olefin =

)





OPS/images/a22img06.png
e B

o] ;Ztg‘%z ?%?
b .’ ARNAA
W

FcP-LDHME m %: @ F%;

Figure 6. Schematic representation of the different modes of FeP immobilization in LDH.

/‘





OPS/images/a29img27.png
lable 56. Kinectic parameters obtained from the linear fit of profile of
Figure $3 with cquation S4
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Table 3. Specific surface area (Sg), extemnal area (S,,,), mesopore diameter (dp), mesopore volume (V ,,,) and micropore volume (V) of the beta zeohite/MCM-41
materials afier calcination (B) and afier ion exchange (HB) obtained at different aging times (24, 48, 96 and 102 h) of the sced gel at 140 °C

Sample Se.BET/(m'g!)  S_, t-plot/(mig") dp/nm V_ BIH/emg)  V_iplot/(cmig’)
BI14024 576 270 35 027 016
BI40/48 507 169 26 014 017
BI40/96 509 169 26 0.19 017
BI40/192 505 171 26 018 017
HB140/24 478 23 35 023 014
HB140/48 505 163 26 016 017
HB140/96 509 170 26 020 017
HB140/192 496 162 26 022 017

BET: Brunauer-Emmett-Teller
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Scheme 15. Suzuki reaction of iodothiophenes.

aryboronic acid (1.2 equiv.)

Pa(BusP) (5 motk)

CsF (12 oquiv.)
doxane/H0/Phie
85°C,12h

52b RI=OE

o/\N s 9
N~y
/
N g

r®
R2=R1= 01 49,70%)
2

1, R= OMe (50, 100%)
=CN (51,90%)






OPS/images/a15img12.png
(0.5 x Hy) + H,
terminal olefin = % @





OPS/images/a22img05.png
E
z
g
E

400 500 600 700
Wavelength / nm

Figure 5. UV-Vis spectra of (a) LDH-NO,: (b) LDHME: (c) FeP:
(d) FeP-LDH-NO.; and (e) FeP-LDHME.
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igure 6. Pore size distribution for the acidic form (H) of beta zeolite/
MCM-41 materials obtained at different aging times (24,48, 96 and 192 h)
of the seed gel at 140 °C.
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Table 53. Data for the pH-rate profile of BIm (0.01 mol L™) reaction with
DEDNPP (3.33 % 10° mol L"), at 25 °C

pH k!
3.00 986 10°
3.50 110%10°
3.99 105%10%
451 125%10%
5.07 199%10%
5.48 186%10%
574 252x10°
6.01 407%10°
6.52 724x10°
6.99 106 % 10%
751 127%10%
7.99 148%10%
8.58 160%10%
9.00 158%10%

0.46 1.60 % 10
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Figure 4. Curves of (a) thermogravimetry and (b) differential thermal
analysis for the as-synthesized beta zeolite/MCM-41 materials (P)
obtained at different aging times (24, 48, 96 and 192 h) of the sced gel
at 140°C
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Table 1. Degree of mesoporous ordening (Goc) and crystallinity (Cygp)
and erystal size of the beta zeolite phase () for samples after calcination
(B) and afier ion exchange (HB) obtained at different aging times (24,
48,96 and 192 h) of the seed gel at 140°C

Samples. Goc/ % Cun! % /nm
BI14024 100 79 25
BI40/48 4 91 25
BI40/96 41 93 7
BI40/192 £l 100 2
HB140/24 50 1 21
HB140/48 50 86 2
HB140/96 £l 93 25

HB140/192 32 98 26






OPS/images/a09img13.png
MJ@?T%,@ . %Vé N\, ‘
. @' o

37 (13 equiv)

Scheme 12. Optimized Suzuki reaction in the synthesis of 3

PCy; 6 mol%)

K05 (2 equi)
ZMeTHF R0
reflux, overnight

o

35 (83%)





OPS/images/a15img08.png
c i+j)—
MW-15.03 (=) 4 1a03(Rrerdreriie ) oo, (G A ) gy 0
3A, 2A, 24,





OPS/images/a22img01.png
Figure 1. Schematic representation of the molecular structure
of FeP ([Fe"(TDCSPP)CI] employed in this work, where
(TDCSPP) = 5,10,15,20-tetrakis(2,6-dichloro-3-sulfonate phenyl)
porphyrin. The sulfonate groups are deprotonated in solution.
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Table 2. Rinetic parameters for the reaction of O, with methanol to aftord DMC, catalyzed by the R,R,5n(OCH,), dimer, according to the mechanism
depicted in Figure 3

Parameter AH?/ (k) mol) —TAS?/ (kJ mol) AG#/ (k) mol) kst E/(Imol)  A/G'x10M)  w/(em)
Phenyl

A—B 359 30 389 055 10 384 620 188.60

B—C 356 62 418 297 x 10% 381 617 11626

C—D 1317 52 1369 63210 1342 618 23138

D—E 162 06 168 701 x 10% 187 622 214.60
Methyl

A—B 209 130 339 718 x 10% 234 612 10837

B—C 26 68 355 376x 10% 3L 617 106.17

C—D 1225 173 1308 198 10 1250 608 23210

D—E 2.1 -15 216 103 % 10% 255 624 212.57

“Imaginary frequency.
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igure 3. X-ray diffractograms for calcined samples obtained at different
times (24, 48, 96 and 192 h) of sed gel aging at 140 °C, in the region of

(a) high angles and (b) small angles
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Figure $2. Olefinic hydrogen signals used to calculate the ethenolysis
conversion by "H NMR.
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Scheme 13. Aiming at 42 by means of a Suzuki reaction.
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igure 2. XRD of the solids (a) LDH-NO,: (b) LDHME suspension:
(¢) FeP-LDH-NO,; and (d) FeP-LDHME. The arrow indicates the peak
region at 28 values.
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Scheme 8. Synthesis of GDC-0041 (24) through a Suzuki reaction of THP-protected boronic acid 26.
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Table 2. Optimization of the olive oil ethenolysis conditions at 50 “C*
entry Oil/ g Toluene:oil ratio®  Catalyst  Oil:catalyst ratio® _ Pressure / bar- time /min ___ Conversion / %
10 14 [ 2000:1 45 120 14
2 10 15:1 Gl 2000:1 45 120 23
3 10 13:1 Gl 100:1 45 120 52
4 10 14 Gl 2000:1 45 120 37
5 2 63:1 Gl 3331 1 30 50
6 2 63:1 G2 3331 1 30 48
7 2 63:1 HG2 3331 1 30 19
8 2 63:1 Gl 3331 1 60 49
9 2 63:1 Gl 333 2 60 70
10 2 63:1 Gl 3331 3 60 (21
1 2 63:1 Gl 3331 4 60 3
12 100 112 Gl 2000:1 45 120 B
13 5 1:6 Gl 2000:1 45 48

'G1: Grubbs 1% generation catalyst; G2: Grubbs 2* generation catalyst; HG2: Hoveyda-Grubbs 2 generation catalyst; " “ethylene pressure;
‘determined by "H NMR (see Supplementary Information): olive oil treated with activated carbon: transesterified olive oil: Zcommercial methyl oleate.






OPS/images/a21img07.png
& & &P F
Catalyst

igure 2. Effect of the substituent (R) on the kinetic parameter for the
insertion of CO, molecule in the Sn-OCH, bond of the R,Sn(OCH,),
P
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Table 5J. Summary of the pK, values obtained for Bim potentiometric
ftration in water and CTAB aqueous micellar medium, both at 25 °C.
Value of pK., corresponds to the aniline group, and pK., and pK.,, o the
imidazole groups

Water CTAB micellar medium
pK., 25 26
pK. 607 605

pK., 726 7.10
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Scheme 7. Synthesis of boron pinacolate derivative 19.
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Table 1. Unsaturated fatty acid compositions in edible and non-edible oils™

ol Unsaturated fatty acid / %
Palmitoleic (16:1) Oleic (18:1) Linoleic (18:2) Linolenic (18:3) Total
Olive® 092 755 702 0.6 84.10
Canola* 021 6241 2012 837 L1l
Peanut* 006 4871 3106 023 80.06
Soybean® 008 2135 5602 715 84.60
Tobbaco seed® 02 14.54 60.49 0.6 8492
Milkweed sced” 68 348 487 12 915
Caper spurge” 05 8146 37 278 88.45
Jatropha 07 301 416 02 816
ce bran® 0 415 354 11 840
Chinese tallow sced® 37 167 315 415 934
Croton® ol 995 7431 362 87.99

*Edible oil: "non-edible oi
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Iable 1. Thermodynamic (kinetic) parameters for the sertion of CO, into Sn-OCH, bond, computed at MU62x/6-31G(d,p) level of theory

AH (AH?%) / —TAS (-TAS?) / AG(AGH 1 .

R/R/R/R, Step* (K mol) (K mol) (K mol) il
A-B =302 354 52

Me/Me/OCH/OCH, 3.58x 10%
B-C -36.0(27.4) 11.8(82) —24.1(35.6)
A-B -374 399 24

EVEY/OCH,JOCH, 298 x 10%
B=C —-36.8(19.2) 15.3(16.9) —-21.5(36.1)
A-B -376 380 04

Pr/Pr/OCH,/OCH, 7.88 x 10
B=C -36.5 (20.6) 13.1(18.8) -233(39.4)
A-B —403 475 72

Bu/Buw/OCH,/OCH, 1.57 x 10
B=C -339(22.4) 6.0(9.6) -279(31.9)
A-B -333 422 89

Ph/Ph/OCH,/OCH, 225x10%
B=C —429(19.1) 11.0 (12.0) -31.93L1)
A-B =309 396 87

F/FIOCH,/OCH, 736 10%
B-C -5.8(30.7) 9.3(8.8) 3.5(39.5)
A-B =206 386 18.0

CI/CI/OCH,JOCH, 228 x 10™
B-C -232(26.9) 11.1(15.5) —12.1(424)
A-B =297 362 65

Br/Br/OCH,/OCH, 9.31 x 10%
B-C —14.2(38.1) 9.0(122) —5.2(50.4)

*A—sB refers to the interaction of CO, with the tin monomer; B—C refers to the insertion in the Sn—OCH, bond.
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Figure 2. (2) Plot of Vol,,,, vs. pH for 4 10° mol L' BIm potentiometric
ttration in 0.01 mol L' CTAB aqueous micellar medium at 25 °C and
1=0.1 mol L* (KCI). The solid linc is the best ft obtained using BEST.
(b) Blm composition as a function of pH according to the pK, values
obtained. The species BImH* is not shown.
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lable 7.

ribution of I-alkenes formed during the flash pyrolysis of oleic acid (OA) and OA adsorbed on both NiU/alumina and NiO/silica

System €3 4 €5 C6 €T €8 €9 Clo ClIl CI2 CI3 Cl4 CI5 Cl6 CI7 Total
0A 021 - 027 034 025 012 010 008 009 008 - 010 007 006 006 183
OA/NiOFsilica - - 371 777 378 238 238 175 179 174 124 154 160 061 321 335
OANiOfalumina - 7.3 - 248 152 157 - 099 159 150 107 084 098 046 060 2073
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Scheme 10. Suzuki-like reaction of acid chloride 33 for the synthesis of 3:

1. PACI{PPh ), (0.5 mol%),
Cs2C03 (1.5 equiv)
PhMe/H,0, 45 °C, 151
2.Isolute® Si0; Thiol, 45 °C
3/NaOH (aq) 3N, HCI(ag) 4N
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Table 3. Composition of olive o1l-based potential biofuels produced atter
sequential cthenolysis, transesterification and hydrogenation

Potential biofuel**

Component C,-C. TP e —
1A0F 20427 36D

Decane 79 158 19.1
Methyl decanoate 104 259 270
Methyl hexadecanoate 119 1.0 132
Methyl octadecanoate 688 450 36.5
Biogasoline/biokerosene (Cp) in 183 417 46.0
biofuel / %

iesel (C,-C.,) in biofuel /% 80.7 560 9.6

Compositions determined by GC-MS; "numbers between parcntheses
show the ethenolysis conversion (%) determined by 'H NMR; “not
reported in Table 1.
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re 4. Thermodynamic and kinetic profile for the reaction of CO,
with methanol to afford DMC, catalyzed by the R,R,Sn(OCH,), dimer,
according to the mechanism depicted in Figure 3. Dashed lines (enthalpy)
and solid lines (Gibbs free energy).
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Figure 2. FTIR spectra of samples obtained by aging the sced gel of beta
zeolite at different temperatures (60, 90 and 140°C) for 24 h; enlargement

from 400 to 1400 cm-'
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Scheme 9. Optimized Suzuki reaction en route to 28.
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Figure 2. 'H NMR spectra of (a) olive oil; (b) ethenolysis products; (c)
transesterification products and (d) hydrogenation products.
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Figure 3. Calculated structures of the transition states and intermediates in the reaction of CO; with methanol to DMC, catalyzed by the (CH,),Sn(OCH,),
dimer
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Scheme S2. Dissociation equilibria of Blm and designation of it four
species.
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Figure 1. X-ray diffractograms of samples obtained by aging the sced
gel of beta zeolite at different temperatures (60, 90 and 140 °C) for 24 h,
in the region of (a) small and (b) high angle:
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Figure 2. Examples of PI3K selective inhibitors.
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Scheme 25. Key steps in the synthesis of 77.
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Figure 3. XRD patterns of oxide catalysts: (a) ALO,; (b) 1Co/ALO,;
() 2Co/ALOy; (d) 3Co/ALO;; and (¢) 4Co/ALO;. & Co,0, phase:

e v-ALO, phase.
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Figure S5. Effect of BIm concentration upon &, in the reaction with
DEDNPP (333 x 10° mol L") in CTAB (A) and SDS (O) media. In
both cases, [surfactant] = 0.01 mol L', pH 9.0 and 25 °C.
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Table 2. Average cobalt particle size estimated by AFS intensities, Co,0), crystallite average size calculated by ARD

CoALO, Co,0, erysallite Fraction of
Sample (e/l)ers !/ (e M) ocen size*/ nm size*/ nm size®/ nm ‘metallic phase®
1Co/ALO, 128 - - - 0
2Co/ALO, 029 24 24 - 15
3C/ALO, 020 30 41 100 24
4Co/ALO, 020 32 43 143 83

“Measured by XPS: *measured by XRD.
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Table S10. Values of k,_ as a function of BIm concentration in the reaction
with DEDNPP (3.33 x 10° mol L") in CTAB (0.01 mol L") and SDS

(0.01 mol L") micellar media, at pH 9.0 and 25 °C
CTAB sDs
[BIm] /(mol L") ky/s'  [BIm]/(molL") k. /s'
020104  145x10°  920x10¢  101x10*
368100 367x10°  368x10°  313x 10
552x10°  484x10¢  552x10° 428 10*
736x10°  623x10¢  T00x10° 50110

100 10 849 x 104 1.00% 102 674 % 10*






OPS/images/a09img29.png
i) "BuMgCI (1 equiv.), THF l

-
L v
CpadD)| - 1 e
:
85(1.5 equiv.) C gg

Scheme 26. Synthesis of 84 with a Negishi coupling as key step.

|
owe
B
Ny —
N
N
SN a7 o)






OPS/images/a16img10.png





OPS/images/a23img09.png
Table 3. Results from 1PR. Oxide catalyst degree of reduction, distribution of cobalt species and degree of reduction of the reduced catalysts (after
pretreatment reduction step)

Sample Degree of reduction / % F“C‘::‘)‘: of Frction “zll%«:o Preramen degro
1Co/ALO, 0 0 1 0
2Co/ALO, 27 0.07 093 17
3Co/ALO, 30 0.16 084 20
4Co/ALO, 31 024 0.76 2
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Figure 3. Chiral ligand employed for the asymmetric Suzuki reaction
of 81





OPS/images/a16img09.png





OPS/images/a23img08.png
3
s ﬂ
2
z | —|
£
/ /\
600 800 1000  isothermic

Temperature / °C

Figure 4. TPR profiles of catalysts (a) 1Co/ALO5; (b) 2Co/ALOj;
() 3Co/ALO,: and (d) 4Co/ALO,. The reduction was conducted under
5% H./Ar, using a heating rate of 10 °C min".
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gure S6. pH-rate profiles for the reactions of DEDNPP
(3.33 x 10° mol L") with imidazole (1 mol L") in water (M), obtained
from the literature (reference 8 in the article), and in 0.01 mol L' CTAB
medium (A ). both at 25 °C.





OPS/images/a23img05.png
(1, ) (] PO, (%)Mue’“’) @
l’mJM,,M g e PO\ 0y ) 20-6)





OPS/images/a29img34.png
Table 89. Dependence of k,, with respect to the surfactant concentration
in the reactions of Blm (0.01 mol L") with DEDNPP (3.33x 10° mol L)
in CTAB and SDS micellar media, both at pH 8.5 and 25 °C

CTAB sDS
oty ety ke
0 1.60 % 104 0 1.60% 104
10x10° 145104 8.0x 104 220x 10+
5.0%10° 157 %104 8.0 10° 6.12x10*
10x 10+ 170 % 104 9.0x 10° 693x 10+
5.0% 104 258x10* 1.0x102 7.10x 10+
20107 427x10¢ 13x102 715x 10+
5.0%10° 544x10% 1.8x102 7.07x 10+
7.0%10° 7.02x10* 25x% 107 6.16x 10+
9.0%10° 752x10* 5.0% 102 485% 10+
10x 102 729%10* 10x 10" 313x10*
1L1x10? 792x10*
15% 102 8.11x10*
20107 768 % 10%
25107 7.65x 10*
50107 67010+

10 107 537x10*
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lable 55. Data for the pH-rate profiles of the reactions of Blm with
DEDNPP (3.33 x 10° mol L") in 0.01 mol L CTAB and 0.04 mol L
SDS micellar media, at 25 °C

CTAB (0.01 mol L' Blm) SDS (0.005 mol L Blm)
oH k! pH kels'
596 626%10° 600 119%10%
650 162%10% 650 262x 10°
701 386x 10+ 7.00 705 % 10°
749 594x 10+ 750 119%10%
798 691% 10 800 191%10%
855 794 10+ 850 240 10+

8.99 849 x 10* 9.00 298 x 10*
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Scheme 22. Low loading of Pd in a Suzuki reaction for the synthesis of 66.
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Scheme 21. Employment of a different solvent system for the Suzuki reaction en route to 62.
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lable 2. Catalytic results

Initial activity

Conversion (X, / %) and selectivities (%) at the end of reaction

Solvent
rg/ (mmol b g ) TOF/min' Xon BA DBA TBA Others
Ethanol 382 356 100 84 16 - -
Benzene 208 194 100 6 34 2 1
Toluene 26 276 100 52 4 4 1
Cyclohexane 68.7 638 100 30 50 9 2
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gure 2. XPS spectra of the oxide catalyst in the Co2p region.
(a) 1Co/ALO,; (b) 2C0/ALO: (¢) 3Co/ALO;: (d) 4Co/ALO,, The vertical
dot lines are binding energy reference compounds: Co,0, (7802 ¢V) and
CoALO, (782.0 eV).?
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Scheme 24. Preparation of 76 by means of a Suzuki reaction with activation of a sp® carbon.
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Scheme 23. A Suzuki reaction followed by ozonolysis for the preparation of 69.
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Scheme 18. Optimized preparation of biphenyl 54.
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Figure SI. FTIR spectra of the solids (a) LDH-NO,, (b) FeP-LDH-NO,,
(c) FeP-LDH-NO, after reuse, (d) FeP, (¢) LDHM, (f) FeP-LDHME and
(g) FeP-LDHME after reuse.
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Figure S4. Eyring plot for the reaction of Bm (0.01 mol L") with
DEDNPP (3.33 % 10° mol L"), at pH 8.5. Enthalpy of activation was
obtained from the Eyring equation (equation $5). and entropy of activation
was calculated from equations S6 and S7. at 25 °C.
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Table 4. Number of moles of ammonia desorbed per gram of solid as a function of temperature for beta zeolite/MUM-21 materials obtained at different
aging times (24, 48, 96 and 192 h) of the seed gel at 140 °C

Acid sites / (mmol of NH, g of the solid)
Sample Weak Moderate Strong.

Acid sites per ..,/

Total (mmol of NH, m?)
(T<250°C) (250<T<350°C) (T>400°0)
HB140/24 046 (28%) 072 (42%) 053 (30%) 171 00076
HB140/48 038 (30%) 069 (54%) 020 (15%) 127 00078
HB140/96 040 (31%) 079 (61%) 0.11(8%) 130 00076

HB140/192 044 (32%) 0.83 (60%) 0.1 (8%) 138 0.0085
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Scheme 17. Original Suzuki reaction employed for the synthesis of biphenyl 54.
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lable 1. (Z)-cyclooctene and cyclohexane oxidation by FhlQ results catalyzed by Fel” in homogeneous and heterogeneous media

Reaction Run Epoxide / % Alcohol / %" Ketone / %
[Fe(TDCSPP)CI] + PhIO + substrate 1 7620 1310 trace
FeP-LDHME + PhIO + substrate 2 100+ 1.0 35247 10
FeP-LDHME + PhIO + substrate first reuse 3 not performed 30250 trace
FeP-LDH-NO, + PhIO + substrate 4 T7=11 26+1.1 trace
PhIO + substrate 5 1010 - -
LDH+PhIO + substrate 6 1210 trace trace
LDHM +PhIO + substrate 7 1623 trace trace
FeP-LDHM + PhIO + substrate® 8 40 6 trace

The reaction yield of “cyclooctene/cyclooctene oxide; "cyclohexane/cyclohexanol; and “cyclohexane/cyclohexanone were calculated on the basis of
the amount of PhIO used in cach reaction. The resulis represent an average of at least triplicate reactions. Reaction conditions: | h, room temperature,
dichloromethane (1:1 v/v) as solvent, inert atmosphere, FeP/PhIO/substrate (cyclooctenc o cyclohexane) molar ratio = 1:50:5000; *results
from reference 41. Catalytic reaction performed with the same FeP immobilized in LHDM under reaction conditions similar to those adopt in this study,
except for the FeP/PhIO/ substrate molar ratio 1000.






OPS/images/a29img28.png
Table S7. Temperature effect on &, in the reaction of Blm (0.01 mol L)
with DEDNPP (3.33 x 10° mol L"), at pH 8.5

Temperature / K kals'
293.15 126x10*
298.15 160x 104
308.15 320 10*

318.15 5.51%10*
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Figure 7. Number of moles of ammonia desorbed per gram of solid as
a function of temperature, for beta zeolite/MCM-41 materials obiained
at different aging times (24, 48. 96 and 192 h) of the seed gel at 140 °C.
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Scheme 20. Modified Suzuki reaction in the synthesis of 62.
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lable 1. Polanty parameters of BN, BA and the solvents used n this
work 21

Sobvess: e wp SO

Ethanol 246 169 519 086 075
Benzene 228 0 343 0 0.10
Toluene 238 037 339 0 011
Cyclohexane 202 0 309 0 0

BN 203 35 25 0 040
BA 492 13 376 0 072
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Table 1. Textural properties and chemical composition of the catalysts

Sample Surface area / Pore volume / Average pore Bulk Co*/ Surface Co?/  Fraction of Co as
(mgh) (em’ ) diameter/ nm W% W% CoALO,*
ALO, 22 064 71 - - -
1Co/ALO, 266 063 74 092 110 093
2Co/ALO, 257 061 75 202 054 082
3Co/ALO, 256 061 75 299 056 069
4Co/ALO, 248 059 78 396 074 052

“Measured by EDX: "measured by XPS.
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Figure 3. Highlighted interactions observed for MIK.CL. (Left) View of the close contacts for the CI- anion. (Right) Local structure and close contacts
around a single cation (MIK). Note that one anion is surrounded by three cations and that each cation is surrounded by three anions.
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Scheme 34. Example of an iron-catalyzed Kumada reaction in the synthesis of 122.
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Figure 2. View of the crystal structure of MIK.Cl showing ionic channel
formation in the packed molecules.
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Figure 9. Raman spectra of the carbon deposits on (a) 2Co/ALO;;
(b) 3Co/ALO, and (¢) 4Co/ALO,. (d) Spectrum of the carbon deposits
on 4Co/ALO, afier CNT reaction and oxidation step under 1% O/He
(30 mL min) at a heating rate of 2°C min" up to 350 °C. (¢) Spectrum
of the 4Co/ALO, catalyst. RBM: radial breathing mode.
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Figure 7. Polysulfide formation (band at 290 nm) during the reaction of
aqueous Na,S with the briquette samples and commercial AC.
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Scheme 37. Heck reaction in synthesis of olopatadine (133) and trans-olopatadine (134).
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Table 3. Relaxation times (s) for MIK.C1 (0.318 mol L”) diluted with different solvents at opti

o
HO1 H HH
‘ 2 NON
H742 O Y \(‘
HH H
Hydrogen 1 (erron in pure DO Ti(erron in D.OCD,OD (11 v&)___ Ti(error) in D,OCD,CN (1:1 v/v)
CorH 2588 (= 0.148) 1,935 (=0.158) 3366 (+ 0.192)
ClarH 3319 (+ 0.187) 3303 (=0.201) 5273 (+0325)
CsrH 4585 (=0288) 2585 (+0.188) 4173 (20290)
CE-H, 2045 (£ 0.124) 1747 (20.150) 2344 (+0.156)
CIrH, 0937 (=0075) 0.698 (+0.085) 1.088 (= 0.087)
COrH 3.176 (2 0.166) 2899 (+0.193) 4101 (20295)
cay-H 3821 (+0203) 5.501 (=0.204) 6,585 (= 0.366)
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Figure 1. DMC formation with reaction time from () "Bu,Sn(OCH,),
and (#) recycling. Reaction conditions: T = 423 K, P = 20 MPa,
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Figure 10. Consecutive reuse of the Ly sample and L, treated at 900 °C
under vacuum for the sulfide oxidation in aqueous solution.
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Scheme 36. Synthesis of the ginkgolic acid based on the Heck reaction of aryl triflate 130.
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Table 2. Distance of close contacts and angles for the anion and for the cation of MIK.CI

entry Atom 1 Atom 2 Distance / A Angle / degree.

1 clie HIA 27244 152.19(6) (C7-HTA-~CI16)
2 cle He 2707(2) 15490(2) (C4-H4-CI16)
3 clie HIS 2236(4) 17431(6) (O15-H15--Cl16)
4 cle HI2 2657(4) 140.03(7) (C12-H12--C116)
5 o1 HO 2544(8) 141.96(7) (C9-HO--013)
6 o4 H2 2.14002) 146.64(8) (C2-H2--014)
7 o14 HTB 2.492(1) 144.50(6) (CT-H7B--014)






OPS/images/a24img01.png
ZCHOH+CO, - (CHO).CO+HO





OPS/images/a30img10.png
S e e SR SR

CO0=

i Hsroaunons

igure 9. Proposed view of the briquette carbon composed of a based
carbon and surface rich in oxygen and a possible redox mechanism.
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Figure 4. TG/DTG analyses for L. and S,. . in air atmosphere.
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lable 1. A-ray dififraction data collection and refinement parameters
for MIK.CI

Chemical formula L CINO,
M/ (g mol") 242.66
Crystal system Monoclinic
Space group P2Jc
Unitcella/A 4.568(1)
bIA 20916(5)
c/A 1131203)
VIAs 1079.15(5)
z 4
D./(gem?) 1.404
Index ranges —6<h<6
20<k<29

-16<1<16

Absorption coefficient / mr! 0347
Absorption correction Multi-scan
Max/min transmission 0.9897/0.9498
Measured reflections 14141
Independent reflections / R, 3333100173
Refined parameters 151

R1 (B)/ wR2 () (1> 20(1)) 0.0369/0.01018
GooF 1.049
Largest diff. peak and hole / (¢ A) 0352 and 0279

CCDC deposit number 1015094
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Figure 8. TPO profiles of the carbon specics present on (a) 2Co/ALOs;

(b) 3Co/ALOy; and (¢) 4Co/ALO,. (d) TPO profiles of the carbon species

present in4Co/ALO, after CNT reaction and oxidation step under 1% O,/He

(30 mL min"") at a heating rate of 2 °C min" up to 350 °C.
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igure 6. UV-Vis spectral evolution during the disodium sulfide oxidation
at25°Cusing L, ..
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lable 5. TPO and Raman spectroscopy data of carbon deposits on the
catalysts

Carbon Selectivity / %

depositon Yield/% —_————— D/Gratio
catalyst Amorphous  SWNT  MWNT

ICOALO, 0 - - -

2Co/ALO;, 122 85 1 4 13
3COALO, 151 0 1 10 10

4Co/ALO, 341 29 29 2 07
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Figure 5. Number of oxygen sitesin L, L. S... and AC.
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Scheme 32. Intramolecular Stille reaction to provide macrocycle 116.
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Figure 1. (Left) Structure of the task-specific TSIL 3-((5-hydroxy-4-oxo-
4H-pyran-2-yDmethy])- 1-methyl-imidazolium chloride (MIK.CI). The
chloride anion has been omitted. (Right) Structure of the natural kojic acid.
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Scheme 31. Sonogashira reaction between bromide 110 and advanced alkyne 109.
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Scheme 33. Total synthesis of the HIV-1 integrase inhibitor 119 using a Stille reaction to append the carbonylated side-chain to the central pyridine ring.
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Scheme 28. Optimal Sonogashira conditions for the synthesis of 92.
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lable 4. Total and ureversible H, and CO chemisorption, dispersion and particle sizes of catalysts obtained from chemisorption

Sample H, / (umol g cat) CO/ (umol g cat) F— Particle size /nm
Total Irrever. Total Irever. TotalH, Imever. CO
1CO/ALO, 00 00 07 00 - - - -
2CO/ALO, 26 11 137 105 0010 0031 122 55
3CO/ALO, 45 19 258 207 0018 0.041 12 49

4Co/ALO, 72 KX 446 306 0.021 0.046 958 46
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Figure 1. Schematic preparation procedure of the briquettes.
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Scheme 30. Heck reaction as a tool for assembling the isoquinoline ring of 101.
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Figure 3. Raman spectra of L. and S,... samples.
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Scheme 29. Sonogashira cross-coupling with alkynyl pyridine 99.
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Table 1. Surface area and porosity for the briquette samples

Sample Syer/ (0 ) v,/ em' gy V., /(em ) V,,/ em' gy
Suo 285 0.10 003 013
Sur REE] 025 012 037
L 795 027 012 039
Lua 660 022 013 035
AC 890 037 0.06 043

*V__ (t-plot) and *V, (Gurvich).
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Scheme 46. Initial model studies for the synthesis of 176.
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Figure 11. ESI(+)-MS/MS of the supramolecular aggregate of (a) m/z 413 and (b) m/z 449.
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Figure S1. (a) Initial rate of DMC formation with the decatin complex at T =411 K and P = 22 MPa (concentration range: 0.035 x 107 to 10 mol L),
(b) tin order determination.
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Figure 10. ESI(+)-MS of an aqueous solution of MIK.CI (100 mmol L). (a) The most abundant ion s attributed to the MIK cation of m/z 207. Expansion
of the ESI(+)-MS showing the supramolecular aggregate of (b) m/z 413 attributed to the MIK cation with its zwitterionic partner and (c) of m/z 449 of
two MIK cations with one chlorine.
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Figure 4. Energy profile of the interchange reaction between hydroxy
and methoxy ligands from [‘Bu,Sn(OH),][(Bu,Sn),(0)(CO,)] to

[‘Bu,Sn(OCH.),][(‘Bu,Sn).(O)CO.)].
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Table 5. Relative energy decomposition (deconvolution) analysis using
Morokuma's recommendations

Relative energies C4-H4--Cll ~ C7T-H7B-Cll  02-H2A-ClI
/ (keal mol)

AE internal 0.00 4.60 1077

AE orbitalar 0.00 -1.20 -1.80
AE steric 0.00 580 12.57
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Scheme 47. Synthesis of 176 by means of a modified Heck-Matsuda procedure.
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Scheme 44. Synthesis of 167 by means of a Heck-Matsuda reaction.
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Table 4. Solvent proportions and break points (¢t and j regimes) obtained
from Kohlrausch’s empirical law application

Solvent and Concentration / (mmol L")
proportion mixture. o B
H,O/CH,OH 0:1 4.50-549 36.10-38.46
H,O/CH,OH 3:1 3.68-4.5 30.19-38.46
H,O/CH,OH 1:1 452-540 -
H,O/CH,OH 1:3 5.40-398 -
H,O/CH,OH 0:1 5.40-638 -
H.O/CH,CN 0:1 552734 33243522
H,O/CH,CN 3:1 10.94-12.43 31583325
H,O/CH,CN 1:1 14501626 33253489
H,O/CH,CN 13 552734 46094765

H,O/CH,CN 0:1 273363 —
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Scheme 39. Synthesis of piperidine analogues by Heck reactions.
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Figure 5. T1 values for the hydrogens of MIK.Cl under different concentrations in D,0:CD,0D
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v/v). Each point refers to an independent experiment.
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Figure S2. SEM images and EDS obtained for the surface of S, ..
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Figure 4. T1 values for the hydrogens of MIK.CI under different concentrations in pure D.O. Each point refers to an independent experiment.
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Scheme 41. Synthesis of (R)-tolterodine based on a Heck-Matsuda reaction and enantioselective reduction of compound 152.





OPS/images/a17img10.png
MKCl 1OHOCHOH . MG 31 HOGHOH MKO 1O HOHEN MK 31 HOTHON.
1N \\ 5 1N 5 ‘ §o
3 ! 1e ] ot
. . & : SR E . i
M i N A i i
T fenme T e e e
. [— Jr— [— p—
. I B B <.
3 35 I
N E - 2:
I e e
D N e A A A PR A L R R Eoas
. J— O
i N
3 . 3
1 e
F R 55
T e KRR P Y R

re 7. C2 vs. Am of MIK.CI in different (left) H,O/MeOH and (right) H,O/MeCN mixtures at several concentrations.






OPS/images/a24img06.png
0.030
0.025 o

0.020

0.015

S
£
o
=
a

0.010

0.005

0.000
0 20 40 60 80

time /h

igure 3. DMC formation with reaction time from (0) ‘BuSn(OCH,),
and (#) recycling. Reaction conditions: T = 423 K, P = 20 MPa,
CH.OH = 230 mmol. CO, = 400 mmol, Sn = 1.5 mmol.






OPS/images/a09img43.png
Oy NAMe

H
I s
N T
\ Migita Coupling
S

M= Heck Reaction
N
47

o N
u
i Hos
">\;©/ Ny
i PA(OAC), (4 mal%) {
148 XantPhos (4 mai%), 80°C aitinib (147, 73%)
3.1,2.08P, THE PR i
Pen, PP
o0
XantPhos

based on palladium catalyzed Migita C-S coupling and Heck reaction.





OPS/images/a17img09.png
85- L] Ca-H C5H
—=-DON| ey &0 ey
w N
i o '\/ .
B . .
£ 2 2
= F .
.. 45-
. 55
‘\i 40- \
20- "~ . 30-
15- - \\- 25.
C " E R T e =
Concentration / (mol L) Concentration / (mol L) Concentration / (mol L)
oo orn - con
s oo . E=rery 500N
«
0. A —
w| o e
«
2 N
2. N ~ 2
= [ 7
w
22. \
: \\/\\ N - N
w“ 28
R T R
Concentration / (mol L") Concentration / (mol L") Concentration / (mol L")
cin
. E=Tr
o
:
.
p
I

Concentration / mol L)

Figure 6. T1 values for the hydrogens of MIK.CI under different concentrations in D,0:CD.CN (1:1 v/v). Each point refers to an independent experiment.
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Figure 2. HPLC Chromatograms of reaction 3 and reaction 4.
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Figure 4. Photodegradation of an indigo carmine (IC) solution vs. time in
typical photocatalytic experiments performed using RE-TiO, NTs under
le light illumination (cut of flter > 400 nm). Initial IC concentration
Inset: 75 ppm IC solution irradiated with visible light
the presence of pure TiO, NTs without RF impregnation.

was 75 ppi
(A > 400 nm)
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igure 6. XRD of catalysts (a) IC4O (ICO) and (b) ISnO (ITO) before
reaction (BR), after transesterification (T), esterification (E) and
hydrolysis (H).
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igure 2. Photocatalytic gas evolution from water solutions containing
methanol as an electron donor on RF-impregnated TiO, nanotubes.
Water:methanol ratio: 8:1, v/v.
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lable 3. Metal content (ppm of Cd or Sn) on the reaction products of the recycle experiments illustrated in Figure 3

s. used as Transesterification Esterification Hydrolysis
Recyele No.

catalytic precursor ME*/ ppm Iron/ ppm M/ ppm Iron / ppm M/ ppm Iron / ppm

ICdO. 0 48310 803 4570 276 4580 354
1 3540 9% 89 4 402 129
2 130: 57 250+ 14 67 110
3 79 21 135 2 46 7
4 60 5 85 6 54 10

ISn0 0 15 4 20 7 16 6
1 5 3 I 6 5 5
2 g 1 £ o [ o
3 El o » o [ o
4 0= o 0 o [ [

“ppm of cadmium, determined by ICP-AES; *ppm of tin, determined by ICP-AES; “below the limit of quantification (LOQ). LOQ,, = 0.00972 ppm:
LOQ. = 1.53 ppm: LOQ. = 0.0277 ppm.
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lable 1. Dehydration of fructose and glucose in different ILs

Reaction® Tonic liquid T/°C /min Conv./%  Yield HMF/%  Scl. HMF/%
1 cMLCl 80 8 100 91 91
2 cmLcl 80 12 100 70 70
3 cmLcl 80 8 7 0 0
4 cMLCl 80 12 35 0 0
5 cMLCl 90 8 100 91 91
6 cmLcl 90 12 100 87 87
7 cMLCl 90 8 0
8 [eRvitel 90 12 0
9 C,MLCI 110 8 100 88 88
10 cMLCl 110 12 100 88 88
1 cMLCI 110 8 0
12 cMLCl 110 12 0
13 c.MLCl 120 8 100 8 89
14 c.MLCl 120 12 100 9 9%
15 c.MLCl 120 8 79 30 38
16 c.MLCl 120 12 75 34 45
17 c MLCl 120 8 100 85 85
18 CMLCI 120 12 100 88 88
19 c MLCl 120 8 79 31 39
20 cMLCl 120 12 81 31 38

0.4 g sugar, 9% HCI (m/m).
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Figure 1. Top view SEM images of a typical TiO, nanotube (NT) array
grown in an ETG/ammonium fluoride solution (top) and TiO, NTs
impregnated with RF (inset, error bar: 100 nm). UV-Vis absorption
coefficient spectra calculated from diffuse reflectance measurements
corresponding o anodic pure TiO, NTs and with the impregnation of
RF (bottom).
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reaction time; (b) conversion to FAME after 3 h of reaction for five charges
of substrates using the same catalyst. Conditions: 20 g oil, 6 g methanol,
1 ¢ catalyst. at 200 °C. 18.6 b
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igure 7. Raman spectra of (a) ICAO (ICO) and (b) In0 (ITO) samples.
BR. T, H, and E stand for samples before and afer transesterification,
hydrolysis. and esterification reactions, respectively.
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Table 2. Nitrogen physisorption data of iron/cadmium (1CdO) and ron/
tin (ISnO) oxides

Surface area*/  Total pore volume /  Average pore

(m*g") (em’ g radius / nm
1302 0206 3169
499 00968 3883

Brunaver-Emmett-Teller (BET).
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Table 1. Sultur content in the reaction product of the esterification of the
model acid oil (70 wt.% oleic acid and 30 wt.% soybean oil) with cthanol
catalyzed by SnSO,, Reaction conditions: T =100 °C; § wt.f% of catalys:
Riuorges = 3.5 reaction time =3 h

Identification Sulfur content/ %
Upper phase (esters) 010
Lower phase 107

Upper phase (esters) after water washing 009
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Figure 3. Example of a chromatogram showing separation of ghucose,
oo and HME.
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5. Reactions of esterification (black), hydrolysis (gray) and
transesterification (light gray) in recycling experiments with (a) IC4O or
(b) ISnO. Conditions: 20 g soybean oil or soybean fatty acid, 6 g methanol
or 20 g water, 1 g of ICAO or ISnO, 3 h, at 200 °C, 13.6 bar in hydrolysis
and 186 bar in others





OPS/images/a28img07.png





OPS/images/a33img01.png
o _(1-R)°





OPS/images/a19img07.png
100

80

40

FAME or FA content / %

100

80

FAME or FA content / %

20

time / h

igure 4. Reactions of transesterification (@), esterification (M) and
hydrolysis (A) using () ICdO or (b) 1SnO. Conditions: 20 g soybean
oil or soybean faty acid, 6 ¢ methanol or 20 g water and 1 g of ICdO or
ISnO. at 200 °C. 13.6 bar in hydrolysis and 18.6 bar in others.
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igure 7. Comparison between FFA (esterification) and soybean il
(transesterification) conversion for the reaction of the model acid oil (oleic
acid) with ethanol catalyzed by SnSO,. Reaction conditions: T = 100 °C:;
5 wt.% of catalyst: R__. = 3.5: reaction time = 3 h.
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gure 1. Crystal structure of the cation of complex 2 at the 50
probability level. Hydrogen atoms, except the hydride ligand, are omitted
for clarity.
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Table 1. Area HPLC Chromatograms of reaction 1 and reaction 2

Reaction Area Fructose Area HMF

1
2

- 722235
- 47795
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re 1. HPLC Chromatograms of reaction 1 and reaction 2.
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Figure 3. Decolourisation of a methyl orange (MO) solution vs. time in
typical photocatalytic experiments performed using RE-TiO, NTs under
le light llumination (cut of ilier > 400 nm). Initial MO concentration
was 6 ppm. Normalised spectra of pure aqueous solutions of RF and MO
are also shown in the inset figure.
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Table 1. Selected bond distances (A) and angles (°) for the X-ray structures

2 - 8 9
Ir-P 2.2756(14) 2.3200(12) 2.3634(13) 2.3082(15)
I-C(1) 2058(5) 2239(4)  2117(5)  2057(6)
I-C(2) - 22454 214109 -
I-C(3) - 22034 22085 -
Ir-C(4) —22104) 2048(4) 20326
I-C(5) - 20984 - -
Ir-C(6) - 2288 - -
I-N(1) 21054)  2.068(4) - 21005)
-N(2) 2.1474) - - 206765)
I-NG3) 2.084(5) - - 20156)
I-0(1) - - 21003) -
Ir-0(2) - - 21450) -
C-C) 1346(7)  1.4016)  1405(6)  1340(3)
C-CR) - - 1408(7)  1.446(8)
CO-CE) - 1.405(6) - 1.406(8)
C5)-C(6) - 1411(6) - -
P-IrC(1) 0520(14) 95.00(12) 103.59(13) 90.88(15)
P-IrC(2) - 9681012) 130.1913) -
P-IrC(3) - 9520012) 1683215) -
P-IrC(4) — 9656(13) 9507(12) 93.93(16)
P-1rC(5) - w1y - -
P-1r-C(6) - 968413 - -
P-1rO(1) - - IR -
P-I-0(2) - - 893009) -
P-IeN(1) 0L50(13) 17975(1) - 9165(13)
P-IrN(2) 10166(13)  — - 17813014
P-IrNG) 17 - - 952702
C(1)-CQ-CR) - - 12165 1167(5)

“Only one of the two independent molecules in the asymmetric unit is
listed
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Table 3. Dependence of the yield on the temperature and reaction time
for ROMP with 3

entry  Monomer Temperature/°C  time/min  Yield/ %

1 NBE 25 5 99
2 NBD 25 30 g7t
3 NBD 50 5 78
4 NBD 50 30 90
5 DCPD 50 60 26
6 DCPD 50 120 21
7 NBE/DCPD* 50 60 35
8 NBD/DCPD* 50 60 31

“[Monomer]_ /[Ru] =5000; Monomer
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Figure S4. 'H NMR spectrum (300.1 MHz, CDCL.) of compound 5.
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lable 7. Area HPLC Chromatograms of reaction 15 and reaction 14
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Table 4. Dependence of yield on the NBE-NBD composition for ROMCP with 3 for 30 min at 50 °C: [monomer]/[Ru] = 5000

Monomer* [Comonomer)/[Ru] [Monomer], /[Rul® Feed ratio® Yield/ %

NBE 0 5000 - 9
500 5500 10 95
1500 6500 33 7
2500 7500 2 75
5000 10000 1 49

NBD 0 5000 = 9%
500 5500 10 36
1000 6000 5 53
2000 7000 25 “
5000 10000 1 46

«([monomer]/[Ru] = 5000): *[Monomer]. .. = [monomer] + [comonomer]: “feed rati

[monomer)/[comonomer].
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Figure 4. Dependence of yield on the [monomer)/[comonomer] feed ratio
for ROMCP of NBE and NBD with 3, at 50 °C for 30 min.
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Table 1. Data collected from the 15 most recent papers on IS database (May 5%, 2014) having “turnover frequency” as a topic

Reaction Catalyst Max. TOF Unit Ref.
Nitroarenes hydrogenation [PuFe] 500 it 3
Cyclohexene oxidation I\l 14465 it 4
Polilactic acid depolimerization Biogenic creatinine 3477 it 5
Aromatic compounds hydrogenation Ir nanoparticles 3215 it 6
Ethanol/acetaldehyde reforming CulNifSiO, 0.0063 st 7
CO, methanation NSO -nanoparticles 161 st 8
Ammonia borane dehydrogenation Pd/SiO,-CoFe,0, 254 mint 9
Water oxidation Au/MnO, 001 st 10
Alkenes epoxidation [Ru] 24120 it 1
Ethane oxidation [Col 335x 102 st 12
Ammonium salts carbonilation [Pd] 1289 it 13
Water reduction [Col 3200 it 14
Water oxidation Hydrous iron oxide. 2000 s 15
Fisher-Tropsch Co nanoparticles 02 st 16
Water-gas shift PUCEO, 02 st 17

Theoretical value.
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Figure 5. HPLC Chromatograms of reaction 9 and reaction 10.
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Figure 2. Dependence of yield on the [NBEJ/[Ru] molar ratio for ROMP
of NBE with 1 at 25 or 50 °C, for 5 or 30 min. The numbers are M,

values (10° ¢ mol").
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Figure 3. Crystal structure of the cation of complex 6 at the S0%
probability level. Hydrogen atoms are omitted for clarity.
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lable 3. Area HPLL Chromatograms of reaction / and reaction 8
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7 816525 -
8 100626 -






OPS/images/a34img02.png
lable 1. Dependence of yield, M, and PDI on the EDA solution volume
for ROMP of NBE with 1 for 5 min; [NBEJ/[Ru] = 5000

EDA Temperature /  Yield / M,/ DI
solution / pL. °C % (10°g mol)

3 25 21 95 236
5 25 2 44 208
7 25 2 65 216

5 50 61 170 287
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Table 3. Compared tumover frequencies expressed in Hz

Reaction type Catalyst Max. TOF/Hz _Ref.
Carbonylation ] 803x 107 3
Cross-coupling ] 5.60x 10 4
Pd-graphene oxide  1.08 x 10 2
Dehydrogenation  Pd/SIO,-CoFe,0, 423 9
Depolymerization  Biogenic creatinine 9.6 x 10 5
Epoxidation [Ru] 670 1
Fischer-Tropsch ~ Co nanoparticles ~ 2.00 x 101 16
ColC 348x 107 7
Heck vinylation Paladacycles 556 31
Hydroamination  Organolanthanides 211 19
Organolanthanides ~ 5.50 % 102 2
Hydroformylation [Rh] 119 2
Hydrogenation [PUFe] 139107 3
Ir nanoparticles ~ 8.93x 107
[Ru] 417x102 30
Methanation NUSIO,- 161 8
nanoparticles
Oxidation ] 402 4
AuMnO, 1.00x 10% 10
[Col 335x 107 12
Hydrous Feoxide 2,90 x 10° 15
Au-PAITO, 75%10 18
[Au] supported 670 20
Co,0,nanorods 745 10 21
[Pd)/hydroxyapatite 272 2
He 1.00x 10° 32
Polymerization INi] 780 10+ 25
2} 429 10¢ 2
Reduction [Col 880 107 14
Reforming CuNiSiO, 630x 107 7

Water-gas shift PYCeO, 200 107 17
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Figure S1. "H NMR spectrum (300.1 MHz, CD.CL,) of compound 2.
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Figure 6. HPLC Chromatograms of reaction 11 and reaction 12.





OPS/images/a34img05.png
%0 y/\. %0

50 . s

7 70

@ « (e

50 O Ls 3

0 0%
H

30 30 2

20 L85 20

204 S~
10 ZW\? 10
0 0
0 2000 4000 6000 000 10000
[NBEJ[Ru] molar ratio

Figure 3. Dependence of yield (solid circles) and M, (open circles) on the
[NBEJ/[Ru] molar ratio for ROMP of NBE with 3 in 2 mL of solvent, at
25 °C for 5 min. The stars indicate the results with 4 mL of solvent. The
e are PDI values
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Table 2. Data collected from the 15 most cited papers (May 57, 2014) on ISI database which have “turnover frequency” as a topic. TOF presented is the
highest reported

Reaction Catalyst Max. TOF Unit Ref.
Primary alcohols oxidation Au-PdITO, 270000 [ 18
Insaturated amines hydroamination Organolanthanides 7600 it 19
CO oxidation [Aul/supports 67 s 20
CO oxidation Co,0, nanorods 745107 s 21
Styrene hydroformylation [Rh] 485 it 2
Aminolefins hydroamination Organolanthanides 200 it 2
Sonogashira coupling [Pd] 205 it 4
Ethylene polymerization INi] 2800 % 10° it 25
Alcohols oxidation [Pd)/hidroxyapatite 9800 it 2
Fischer-Tropsch ColC 348x10° s 7
Bromoarenes and boranes coupling Pd/graphene oxide 39000 it 2
Ethylene polymerization 2] 42900 s 2
Supercritical CO, hydrogenation [Ru] 1500 it 30
Aryl halides Heck vinylation Paladacycles 20000 it 31

Methane oxidation Hg 10 5! 32
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ure 4. Crystal structures of complex 8 (left) and the cation of complex 9 (right) at the 50% probability level. Hydrogen atoms are omitted for clarity.
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lable 2. Dependence of yield, M, and PD1 on the INBE}/[Ru] molar ratio
for ROMP with 2 for 5 min at 50 °C

METR ek /% w‘;;f ay PO TON
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Figure 2. Selected NMR signals of a mixture of isotopomers of 3-gem
in CDCI, at 253 K: 'H signals corresponding to the two geminal alkenyl
protons (left) and *P{'H} NMR signals (right).
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Figure 3. HPLC Chromatograms of reaction 5 and reaction 6.
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Figure 4. HPLC Chromatograms of reaction 7 and reaction 8.
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igure S1. Absorbance measurements of water solutions of methylene
blue (MB), methylene orange (MO) and indigo carmine (IC) under
visible light imadiation in the presence of TiO, NTs without riboflavin
impregnation. Concentration of the dyes (ppm): MO = 10, MB = 10 and
IC — 40
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Figure S3. “C{*H} NMR APT spectrum (75.5 MHz. CD.CL) of compound 2.
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Scheme 3. Acid dissociation constants of BIm’s three ionizing groups.
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Figure S4. °C NMR (100 MHz, CDCI,) spectra in the olefin range

of polyNBE obtained with 1 (black), 2 (red) and 3 (blue line):
[NBE}/[Ru] = 5000 at 25 °C for 5
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Figure 1. CO, solubility in different ionic liquids at 298.15 K.
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‘igure S15. "C{"H} NMR APT spectrum (75.5 MHz. CDCL.) of compound 8.
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with DEDNPP (3.33 x 10° mol L") (®) at 25 °C. Data reported for
DEDNPP hydrolysis (O) at 25 °C are included for comparison purposes.®






OPS/images/a35img02.png
Mass / %

100 200 300 a0 500 600
Temperature / °C
()
4
g
4
E
°
2
K
g
£
3 nickel nitrate/aluminal
100 200 300 400 500 600

Temperature / °C

Figure 2. TG (a) and DTG (b) curves under air atmosphere for nickel
nitrate, cither pure or impregnated on both silica and alumina, up to

600 °C (10 °C min™).
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Figure S14. "P{'H} NMR spectrum (121.5 MHz, CDCL) of compound 8.
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lable 1. Catalysts screening for cycloaddition reaction

entry Catalyst Cocatalyst Yield/ % Selectivity / % TON TOF /()
1 [bmim][TEN] - Trace - - -

2 [dmbmim][TE,N] - Trace - - -

3 [bmim][TEN] ZaCl, 19 60 456 0.760
4 [bmim][TEN] ZnBr, 90 8 25 492
5 [dmbmim][TE,N] ZnBr, Trace - - -

6 [bmim][CI] - 8 90 302 504
7 [bmim][BE,] - Trace - - -

8 [bmim][CI] ZnBr, 6 90 309 516
9 [bmim][BE,] ZnBr, 34 91 124 206
10 [bmim][TEN] + ZnBr, 61 8 25 375

[bmim][CI]

1 - ZaCl, 0 - - -
12 - ZnBr, 0 - - -

+ PO 100 mmol, caalyst 2.5 mmol, cocatalyst 0.625 mmol, initial CO, pressurc 4.0 MPa, = 6 h, T = 383.15 K, TON = mmol of
products/mmol of catalyst. TOF = TON/ime.
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re $10. "H NMR spectrum (300.1 MHz, CDCL) of compound 7 at 273 K.
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fable 10. Area HPLC Chromatograms of reaction 19 and reaction 20

Reaction Area Glucose Area HMF

19 139815 13939
20 10542 15687
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ure $9. “C{'H} NMR APT spectrum (75.5 MHz, CD.CL) of compound 6 at 273 K.
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Figure 10. HPLC Chromatograms of reaction 19 and reaction 20.
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Table S3. Data from a typical "C NMR spectrum of polyNBE obtained with 1. 2 or 3. [NBEJ/[Ru] = 5000 at 25 °C for 5
Relative peak areas/ %
Chemical shift / ppm Assignments
Complex 1 Complex 2 Complex 3
3220 o 7.68 626 657
3235 Cote 9.06 1174 834
3201 [ 816 7.06 764
3.00 e 823 st 721
3841 Cl—cc 745 495 679
3865 Cle 7.80 605 738
3.2 (e 835 1069 734
$3.42 Clote 654 574 624
4136 Con 304 521 367
4200 C-ctte 61 560 679
4274 Ccc 304 237 38
133.02 cEop 1143 137 1014
13392 e 1119 985 11.20
c 050 040 051

Fractions of the cis structures 2 049 041 052
(0,) from the peak arcas c 049 040 050

c 0.50 042 0.50
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Iable 2. Temperature effect in the PC synthesis using [bmim|{11,N] and
ZnBr,as catalyst

entry Temp;akul: 1 Yi:dl S:l:cll’ivily ! ToN Tgl:‘l
13 37315 65 9 249 416
4 383.15 90 82 205 492
14 393.15 7 68 204 340
15 403.15 68 94 256 426
16 41315 64 86 220 367

Reaction conditions: PO 100 mmol, catalyst 2.5 mmol, 0.625 mmol of
ZnBr,, initial CO, pressure 4.0 MPa, t = 6 h. TON = mmol of products/
mmol of catalyst. TOF = TON/i
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Figure S12. “C{'H} NMR APT spectrum (75.5 MHz. CDCL) of compound 7 at 273 K.
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Scheme 1. Proposed mechanism for the synthesis of propylene carbonate from propylene oxide and CO; using different ionic liquids: (a) IL combined to
the anions TE,N and BF.- and (b) [bmim][CI].
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Scheme 1. Imidazole-promoted dephosphorylation of DEDNPP. 2.4-
DNPO- is 2.4-dinitrophenolate.
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igure S2. P NMR (162 MHz, CDCL.) spectra of 2.
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Table 8. Area HPLC Chromatograms of reaction 15 and reaction 16

Reaction Area Glucose Area HMF

15 13736 107245
16 16904.5 15435
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Figure 4. The siructure for the resting state configuration of f-agostic
mode at high-spin state (a); T-complex (b): transition state (c) and the
product (d), respectively. For the sake of clarity, hydrogen atoms were
omitted except for B-hydrogen.
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Figure S3. P{'H} NMR spectrum (121.5 MHz, CDCL.) of compound 5.
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Iable 4. The coordination energy AL for T-complex and the transition
encrgy AL, for transition state at each spin state for -H transfer reaction

B-HT
Q T s
Relative energy / (keal mol-!) 554 216 32
AE/ (keal mol) - ~1340  -1469

AE, / (keal mol™") - 470 6.11
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Figure S8. “P{'H} NMR spectrum (121.5 MHz, CD.CL) of compound 6 at 273 K.
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lable 9. Area HPLL Chromatograms of reaction 1/ and reaction 18
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Table 52. Dependence of yield on the reaction time and temperature for
ROMP of NBD with 1 and 2; [NBDJ/[Ru] = 5000

Yield/ %
time / min Temperature / *C——————————
Complex 1 Complex 2
5 25 - 5
30 - 6
120 - 3
240 - 5
5 50 7 26
30 13 25
120 1 2
240 13 2
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Figure 6. The transition state structures for chain transfer process af riplet
state (a) and singlet state (b).
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Figure S7. "H NMR spectrum (300.1 MHz. CD,CL.) of compound 6 at 273 K.
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Figure 9. HPLC Chromatograms of reaction 17 and reaction 18.
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Table 51. Dependence of yield, M, and PDI on reaction time, temperature and [NBE}/[Ru] molar ratio for ROME with 1

time / min Temperature/°C [NBEJ/[Ru] Yield/ % M,/ (10° g mol") PDI TON
5 25 1000 2 4 171 200
3000 31 50 212 930
5000 2 208 2100
10000 18 40 192 1800
5 50 1000 30 20 208 390
3000 49 36 190 1470
5000 61 170 287 3050
10000 61 340 190 6700
30 50 1000 85 52 313 850
3000 9 64 350 2880
5000 9 92 187 4950
10000 97 880 173 9700
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lable 4. Intluence of the reaction time in PC synthesis using
bmimTE.N+ZnBr, as catalyst

vy l:le::‘;o: Y.;zd ! Sclec;vhyl ToN T;)fl
19 2 31 89 1.0 552
20 4 55 9 211 528
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21 s 74 ki 28 285

Reaction conditions: PO 100 mmol, catalyst 2.5 mmol, 0.625 mmol ZnBr,,
initial CO, pressure 4.0 MPa, T = 383.15 K. TON = mmol of products/
mmol of catalyst. TOF = TON/time.
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'H NMR spectrum (300.1 MHz, CDCL) of compound 8.

Figure S13. '
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lable 51. Data of pH as a function of Vol,,, obtained for 4 x 10~ mol L™
BIm potentiometric titration in aqueous medium, at 25 °C and =
0.1 mol L (KCI)

Vol /mL  pH  Volgg,/mL _ pH Vol /mL  pH
0 263 1 530 252 826
015 274 102 538 254 852
035 202 106 552 255 864

05 3 11 5.63 256 8.85
06 326 114 573 2566 8.98
07 347 12 585 2572 9.16
074 358 13 6.03 2578 935
078 n 14 6.18 2584 9.53
0.82 3.90 L5 632 2588 9.63
084 402 16 644 2592 9.73
0.86 4.16 17 657 2592 9.1

088 435 184 674 2.604 9.98
0.89 443 198 691 2612 10.09
09 453 212 711 2.62 10.18
091 464 226 734 2.63 1029
0.92 474 236 756 264 1037
0.93 483 242 173 266 10.53
094 492 246 7.90 2.68 10.63
0.96 5.08 25 813 271 10.76
0.98 5.0 251 8.19
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lable 4. Area percentage of the deoxygenated products formed during
the flash pyrolysis of AO either pure or adsorbed on both NiOJsilica and
NiO/alumina

MOarea/ POarea/ Aareal/

System SATareal% g b P
OA 033 250 092 0

OANiO/silica 1082 5119 1472 334
OANiO/alumina 6.60 4230 812 2155

SAT: Saturated; MO: monoolefins; PO: polyunsaturated hydrocarbons;
aromatics.
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Figure 7. Total ion chromatograms between retention times 5-25 min
of the products from flash pyrolysis for pure oleic acid (OA) (a) and
of OA adsorbed on both NiO/silica (b) and NiO/alumina (c). The main
compounds in pyrogram (b) are: (1) octene, (2) n-octane, (3) l-nonene,
(4) I-decene, (5) 1-undecene, (6) (E)-2-undecene, (7) 1,4-undecadiene,
(8) 1-dodecene. (9) 6-dodecyne.
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Scheme 6. Synthesis of 17 by means of a Suzuki reaction with the advanced boron pinacolate intermediate 19.
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Figure 1. Calculated structure of the transition state and intermediates of the insertion of CO, into Sn-OCH, bond of (CH,),Sn(OCH,), (thermodynamic
and kinetic parameters are in kJ mol! and refer to 298.25 K and 1 atm).
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Figure S1. (2) Plot of Vol . pH for 4 10° mol L' BIm potentiometric
ttration in water at 25 °C and /= 0.1 mol L (KCI). The solid line is the
best ft obtained using BEST7. (b) Blm composition as a function of pH
according to the pK_ values obtained. The species BImH2* is not shown.
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Table 6. Area percentage of alkylbenzenes formed durning the flash pyrolysis of pure OA, and OA adsorbed on both Ni0/silica and Ni0/alumina as a
function of the number of C in the alkyl chain

C number in the 0 ¢ @ @ o ¢ 8 © Clo Cl Tl
alkyl chain areal %
OA - - - - - - - - - - - - -
OA/NiOfsilica 13 08 03 03 03 - 02 - - - - - 32

OA/NiO/alumina 29 34 12 06 05 0.1 05 0.5 04 06 - 03 110
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Table 52. Data of pH as a function of Vol obtained for 4 > 10~ mol L™
BIm potentiometric titration in 0.01 mol L' CTAB aqueous micellar
medium, at 25 °C and / = 0.1 mol L' (KCI)

Vol /mL  pH Vol /mL  pH Vol /mL  pH

0 2381 081 547 229 8.06
0.15 294 0.87 561 231 823
03 313 0.93 574 233 843
045 34 0.99 585 235 891
05 3.60 1.05 594 2356 9.07
055 382 L1 6.03 2362 925

056 389 117 6.11 2368 9.46
058 404 125 622 2374 9.66

0.6 421 133 632 238 978
0.62 442 141 641 2384 9.90
0.63 451 1.51 653 2388 9.94
0.64 461 1.61 6.65 2392 9.99
0.65 470 17 678 24 10.14

0.666 484 1.81 6.90 2408 1022
0.682 495 1.91 7.05 2418 10.32
0.698 5.04 201 721 2432 10.46
0714 513 211 741 2446 10.56

073 520 217 155 246 10.64
075 529 223 176 248 10.75
077 535 227 795 25 10.84
081 547 228 801 252 1091
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lable 5. Main aromatic compounds formed during the pyrolysis of oleic acid adsorbed on both Ni0/alumina and NiU/silica. The second column 1s the
retention time t, (min), the third is the name of the aromatic compound, the fourth i the chemical formula, the fifth and sixth are the area percentage from
the pyrogram, respectively on NiO/alumina and NiOJsilica

eniry tu/min___ Compound Formula NiO/alumina, NiOfsilica
1 2807 Benzene CJH, 289 128
2 4783 Toluene CH, 341 078
3 8088 Ethylbenzene CH, 124 034
4 8470 mp-Xylene 057 -
5 12007 Propyl-benzene 064 031
6 12436 1-Ethyl-3-methyl-benzene 019 -
7 13.188 1-Ethyl-2-methyl-benzene. 081 -
8 13.140 (1-Methylethyl)-benzene - 015
9 13.968 1-Propenyl-benzene 063 -
10 15053 124-Trimethyl-benzene 009 -
1 15618 Indane 025 -
12 16041 Indene. 053 -
13 16386 1-Methyl-3-propyl-benzene 013 -
14 16618 Butyl-benzene 055 028
15 16990 1-Methyl-4-propyl-benzene 058 -
16 17347 (E)-1-Butenyl-benzene 010 -
17 17436 1-Ethyl-2,3-dimethyl-benzene 008 -
18 17547 1-Methyl-2-(1-methylethyl)-benzene 009 -
19 17680 1-Methyl-1,2-propadienyl-benzene 010 -
20 17819 1-Phenyl-1-butene: 017 -
21 10363 (2-Methyl-1-propenyl)-benzene 017 -
2 10529 (E)-1-Butenyl-benzene 007 -
23 10779 24-Dimethylstyrene 007 -
24 20,083 2.3-Dihydro-4-methyl-1H-indenc 011 -
25 20,107 13-Dicthyl-5-methyl-benzene 031 -
2% 20439 3-Methyl-1H-i 055 -
27 20754 1-Methyl-1 H-indene: 040 -
28 21160 1-Methyl-4-(2-methylpropyl)-benzene 056 -
29 21.941 Azulene 064 -
30 23.036 (1-Methyl-1-butenyl)-benzene 009 -
31 23346 1-Methyl-2-(1-cthylpropyl)-benzene 010 -
2 23484 trans-1-Phenyl-1-pentenc 007 -
3 24,046 1-Ethyl-4-(2-methylpropyl)-benzene 019 -
M 24846 Hexyl-benzene 048 020
35 25.030 (1.3-Dimethylbutyl)-benzene. 062 -
36 25.142 2.3-Dimethyl-1H-indene 020 -
7 26756 1-Methyl-naphthalene 035 -
38 28625 051 -
39 28738 036 -
40 20,806 2-Methyl-1,1"-biphenyl 019 -
41 30.704 2.3-Dimethyl-naphthalenc 006 -
42 32150 Octyl-benzene 041 -
3 32253 (1-Methylheptyl)-benzene. 025 -
4“4 35519 Nonyl-benzene 055 -
45 35.561 (1-Methyl-nonyl)-benzene 043 -
46 35021 Fluorene CH, 036 -

47 41672 Undecyl-benzene C H, 034 -
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Table 3. General distribution of compounds analyzed at the end of flash
pyrolysis of pure OA, and OA adsorbed on both NiO/silica and NiO/
alumina

System Nlarea/%  OCarea/%  HCarea/%
0A 2530 7178 382
OA/NiOFsilica 1146 847 80.07
OA/NiO/alumina 1350 5.92 78.57

NI: Non-identified compounds; OC: oxygenated compounds; HC:
deoxygenated compounds (hydrocarbons).
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Table 1. Molecular energies and energies relating to more stable
configuration of isopropylmaltol-Ti complex

Isomer Energy / hartree R‘:::;';’}iy’ Population / %+
Translaa 11602388974 8735 -
Translab 11602377985 0424 -
Translba 11602380057 0238 -
Translbb 11602370044 0023 -
Transdaa 11602431210 6.084 -
Transkab 11602419126 6843 -
Trans2bb 11602405752 7.682 -
Cistaa —1160.2433504 5.040 -
Cistab —1160.2424144 6.528 -
Cisibb 11602414471 7.135 -
Cis2aa —~1160.2496661 1977 180
Cis2ab 11602485844 2656 061
Cis2ba ~1160.2485542 2675 059
Cis2bb —1160.2474714 3354 019
Cisdaa ~1160.2528171 0.000 5405
Cis3ab —1160.2517721 0.656 3572
Cis3bb ~1160.2508506 1215 695

“at room temperature, 298 K.
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igure 6. Total ion chromatograms showing the products from flash
pyrolysis for pure oleic acid (OA) (a) and of OA adsorbed on both
NiO/silica (b) and NiO/alumina ().
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Scheme 5. Pseudophase model description.
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Figure 5. TG (a) and DTG (b) curves under nitrogen atmosphere for

pure OA and OA adsorbed on both NiO/silica and NiO/alumina, up to
600 °C (10 °C min™).
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Figure 6. Structure of the Cis2 and Cis3 possible isomer isopropylmaltol-Ti complex.
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Scheme 2. Simplified mecl ic pathway for the conversion of CO, and CH,OH into DMC catalyzed by Sn (IV) alkoxides.
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Scheme 1. Direct carbonation of methanol with CO,.
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lable 2. Rate and binding constants obtained for the reactions of Blm
with DEDNPP in CTAB and SDS aqueous micelles, at 25 °C=*

CTAB SDS
o/ (L mol s) 152107 152107
K/ (L mol s7) 335%10° 119%10°
Koo/ (L mol") 7 124
Kypa ! (L mol) 17 34

“Obtained by fitting the rate-surfactant profiles at pH 8.5 (Figure 3) to
equation 2;in treating data, it was considered the molar fraction of neutral
BIm; values of pK, for the acid dissociation of the imidazole groups in
CTAB micellar medium (6.05 and 7.10) were equal to those obiained by
potentiometric titration at 25 °C (see Supplementary Information), and
values used in the fit for SDS micellar medium were the same as those
of aqueous medium. Values used for V,, were 0.37 and 0.25 L mol for
CTAB and SDS, respectively, obtained from the literature:* “obtained by
ftting the pHorate profile of reaction of BIm with DEDNPP in aqueous
medium (Figure 1, Table 1).
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Scheme 1. Steps of the synthesis of isopropylmaltol ligand.
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lable 1. Rinetic parameters for the reaction of BIm with DEDNFE at
25°C:

k/s' (901 1.61)x 104
k /(L mol” s7) (6.810.45)x 107
k,/ (L mol” s7) (152+0.02) x 102

*, i consistent with that obtained from the reported fitting of the pH-rate
profile in the absence of catalyst®
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ure 3. DTA curves under air atmosphere for nickel nitrate, either pure
or impregnated on both silica and alumina, up to 600 °C (10 °C min"').
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Figure 1. Structure of maltolato compounds.
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Figure S16. "H NMR spectrum (300.1 MHz, CD.CL,) of compound 9.
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Scheme 4. Kinetic pathways for the dephosphorylation of DEDNPP.
2.4 DNPO- is 2.4-dinitrophenolate.
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Table 1. Mass loss percentage from the decomposition of pure or supported nickel nitrate on silica and alumina, from the 1G curves

. 1% Temperature water 2% Temperature 3 Temperature NOx
Material o BMassloss /% 0 STRRET 2% Massloss/ % e C 3 Mass loss / %
Ni(NO,), H.0 30-150 2 150-260 19 260-390 43
Ni nitrate/silica 30-150 65 150-220 9 220-320 18

Ni nitrate/alumina 30-120 39 120-170 4 170-310 30
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Figure 3. Synthesis of the isopropylmaltol-Ti complex from
isopropylmaltol.
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igure 3. Plots of k,, as function of the surfactant concentration in the
reaction of BIm (0.01 mol L") with DEDNPP (3.33 x 10° mol L") in the
presence of CTAB (@) and SDS (O), at pH 8.5 and 25 °C. Solid lines
represent the best fits and are discussed in the text.
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Table 2. Reduction temperature of Ni0 to metahic
and NiO/alumina

ickel from TFR, N10 or Ni crystallite particle size and specific surtace area and acidity of

Catalyst Reduction temperature /°C_ NiO or Ni erystallite size /am _ Specific surface area / (m? g') _ Acidity / (mmol pyridine g)
NiOfsilica 21 308 0.06
NiO/alumina 125 152 015

Nitsilica 340460 150 -

Ni%alumina 440-750 9.0 - -
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Figure 2. NMR spectra of isopropylmaltol ligand: (a) "H NMR and (b) APT “C NMR.
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Figure 2. Plots of k, as function of pH for the reactions of DEDNPP
(3.3 x 10° mol L") with (A) 0.01 mol L' BIm in 0.01 mol L* CTAB
and (@) 0.005 mol L Blm in 0.04 mol L" SDS, both at 25 °C. Daa
for the triester spontaneous hydrolysis (O) is included for comparison.
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Figure 4. 1y diffractograms of silica, NiO/silica, alumina, NiO/alumina

after calcination at 650 °C and reduced Ni/silica and Ni/alumina after
TPR at 800 °C
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Table 2. Catalytic activity and properties of the homogeneous ethylene polymenzation catalyzed by 1sopropyimaltol-1i complex at different conditions

Ethylene pressure Activity/ Mwex 10°/

entry AM o (ePEmol ibary  Ta/C T./°C X! % @ mol) Mw/Mn
1 1500 28 20 134 18 45 nd nd
2 1500 6 2 135 18 32 870 53
3 2500 4 45 138 116 4 690 38
4 2500 6 32 136 17 45 870 5.1

Reaction conditions: solvent: toluene; time: 30 min; cocatalyst: methylaluminoxane; [catalyst]: 10 mol; temperature: 40 °C: nd: not determined:
x.: crystallinity.
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XRD patterns for the samples S, and L, ..
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Figure S8. UV-Vis spectral evolution during the disodium sulfide
oxidation at 25 °C using S, ...
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lable 4. Results of steam reforming of glycerol at difierent temperatures and stability reaction

I0NBOLaSi M,/ CHi/ O COf/  CHel micoy  coscos O “:“’"““”"“’"’" Liquid R
(Isim)  (mol mol") (mol mol") (mol mol") (mol mal”) (mol mol’) (mol mol") (mol mol') ml:“ i clent/mL. Kl Xl X
S00°CG5h) 13 03 ol 05 - 24 7 12 43 0 41 7
600°C(Sh) 338 04 L1 15 t 25 14 10 38 %8 2 100
700°C(Sh) 31 ol 13 08 - 39 06 071 28 B2 100
600°C (10h) 4.1 04 12 13 t 32 L1 09 66 91 3 100

“C gascous product yield: "carbon formation rate; “volume of liquid effluent collected: *glycerol conversion to gascous products; ‘glycerol conversion to
liquid products: ‘elobal glycerol conversion. for Lsim: t = traces < 0.1 (produced mol) (mol glycerol fed) .
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Figure 4. Profiles during CH, decomposition with increasing temperature
of NiHT (A): XRD of the NiHT sample (B): before (a) and after (b) CH,
decomposition at 773K. G: graphite.
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Figure 1. Temperature programmed surface reaction profiles (TPSR) of 25NiZ (a) and NiEG (b) catalysts.
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Scheme 1. Preparation of imino-furfural proligands.
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Figure 3. Temperature programmed surface reaction profiles (TPSR) of
25NiDMG (A): (B) XRD diffraction of the NIDMG catalyst before (a)

and after (b) reaction decomposition at 773 K.





OPS/images/a38img03.png
T A

e f

e \
@

7 S

Figure 2. ORTEP representation of the molecular solid-state
structure of L2. Ellipsoids are drawn at the 50% probability level. Al
hydrogen atoms are omitted for clarity. Select bond distances (A):
C(6)-0(7)=13813(19), C(16-C(15)=1431(2), C(15)-N(14)=1.283(2),
C(16)-0(20) = 1.3784(18), C10-020 = 1.3736(17), N14-C15 = 1.283(2)
and C13-N14 = 1.4180(19).
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Figure 2. XRD of 25NiZ_ catalyst (A) before (a) and after (b) reaction;
XRD of the NiEG catalyst (B) before (a) and after (b) reaction: G: graphite;
T: tetragonal zirconia.





OPS/images/a38img02.png
Figure 1. ORTEP representation of the molecular solid-state structure of
L. Ellipsoids are drawn at the 50% probability level. All hydrogen atoms
are omitted for clarity. Select bond distances (A): C(6)-0(T) = 1.3724(15),
C(9)-N(10) = 1.4572(16), C(11)-N(10) = 1.2735(15),
C(12)-C(11) = 1.4396(17), C(12)-0(16) = 1.3768(13) and
C(15)-0(16) = 1.3732(14).
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Figure 4. Selectivity of Crl-Cr4/MAO oligomerization systems for
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Figure 7. SEM image of 25NiZ with EDS analysis of C. Zr and Ni after 5 h of methane exposition at 773K.
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Table 2. Catalyst performance with different Cr/L" procatalyst sources®

TOF*/ Oligomer distribution / wt.%< Olig./ PE/ Total
ey o O 00 TCwl) Gl C@e) Cow@Cy Gy WE W pdwims
1 Crl MAO 232 15.5(94.0) 185(95.0) 21.1(77.0) 14.5(85.0) 304 818 182 2690
5 [CrCL(THF), /L MAO 31 34.0(93.0) 333(77.0) 16.0(100.0) 9.0(67.0) 77 7 283 203
6 [Cr(acac),J/L" MAO 64 12.5(90.0) 17.4(81.7) 14.2(90.0) 11.2(88.0) 4“7 90.0 100 500
7 [Cr(acac),J/L" EASC L1 40.0(89.0) 21.9(72.0) 16.6(85.0) 17.7(88.0) 38 235 76.5 340
8 [Cr(acac),J/L" PMAO-IP 25 17.9(97.0) 223 (93.0) 20.7 (88.0) 12.7 (96.0) 264 409 59.1 440

‘Reaction conditions: L' was mixed
Toluene =40 mL. [Cr] = 10 pmol. of

ith [Cr(acac),] or [CrCL(THF),] in dry toluene and stirred for at least 4 h at room temperature before cach run.
merization time = 15 min, P(ethylene) = 20 bar, T = 80 °C (JAV[Cr] = 300). The results shown are representative

of at least duplicate experiments; 'mol of ethylene converted (mol of Cr)' h as determined by quantitative GLC: <C,; percentage of olefin with r carbon

atoms in oligomers; 0-C,: percentage of te

sesquichloride: PMAO-IP: polymethylaluminoxane-improved performance.

inal alkene in the C, fraction, as determined by quantitative GLC: “[AV[Cr] = 100). EASC: ethylaluminum
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Figure 3. DFT-optimized coordination mode of imine-furfural proligand
for Cr2
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lable 1. Ethylene Oligomenzation with Crl-Cra/MAO systems®

oty cu TOPY Oligomer distribution / wt.% Olig./  PE/ Total o

100 T C) C@C) C@C) Cpo@Cy  Cu W%  wi%  product/mg -
1 Crl 232 155(940) 185(950) 2L1(77.0) 145(850) 304 818 182 2690 0.64
2 2 118 11.9(80.0) 163(80.0) 242(720) 163(670) 313 702 298 1710 0.70
3 Cr3 137 14409L0) 164(91.0) 198(80.0) 17.1(660) 323 760 240 1710 0.68
4 Crd 166 154(900) 184(900) 186(920) 164(760) 312 869 131 1840 0.67

“Reaction conditions: toluene = 40 mL, [Cr] = 10 pmol. oligomerization time = 15 min, Plethylenc) = 20 bar, T = 80 °C, MAO ([AIV[Cr] = 300). The
results shown are representative of at least duplicate experiments; "mol of ethylene converted (mol of Cr)" h as determined by quanitative GLC; C,,
percentage of olefin with n carbon atoms in oligomers; -C,, percentage of terminal alkene in the C, fraction, as determined by quantitative GLC; % =
mol C__. / mol C : averaged k value over the carbon rangesC.-C...
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Scheme 2. Synthesis of chromium complexes supported by the imino-
furfural proligands.
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Figure S1. DSC curve of polyethylene produced by CrCL(THF)./LYMAO (Table 2, entry 5).
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lable 51. Crystal data and structure refinement for imino-furfural 1." and L%

Imino-furfural proligand L 1

Empirical formula C,H,NO, C,H,NO,

Formula weight 22027 27131

Temperature / K 1502) 1502)

Wavelength / A 071073 071073

Crystal sysiem Monoclinico Monoclinico

Space group P2/ P2/

Unit cell dimensions a=9.1725(5) (A); .= 90° a=87192) (A): =90
b=13.5288(7) (A); B=108.135(2)° b=5.8846(15) (A); B =97.925(7)°

©=10.4894(5) (A); y=90° 8.230(7) (A); Y= 90°

Volume / A* 1237.00(11) 1435.0(6)

z 4 4

Density / (g cm’) 1231 1284

Absorption coefficient / mm* 0082 0.084

F (000) 488 584

Crystal size / mm 0.5x0.19x0.08 034024 %009

Theta range for data collection 3.64-2748° 291-2748°

Index ranges —10<h <11-15<k<1T;-13<1< 13 ~11<hs8-T<ks T:-36<1< 36

Reflections collected/

independ. [R,] 10591 /2821 [Réint) = 0.039] 1011873289 [Réino) = 0.048]

Completeness to theta 99.8% 99.8%

Max. and min. transmission 0993; 0856 0.992; 0.809

Refinement method Full-matrix least-squares on > Full-matrix least-squares on I

Data / restraints / parameters 2821107155 3280/0/191

Goodness-of-fit (GOF) em > 1.045 1.054

Final R indices [1> 2sigma(D)] Ry*=0.0388; wR," = 00912 0.0468: ;"= 0.1195

R indices (all data) Ry*=0.0546; wR,>= 00094 0.0696: wR,*= 0.1322

Largest diff. peak and hole

0.151 and 0.189 (e A”)

0.23 and 0.196 (e A%)
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Figure S2. DSC curve of polyethylene produced by Cr(acac)/LYMAO (Table 2, entry 6).
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Table 2. Hydrocracl

Fe,0,@Si0,NH,Ru using different conditions*

g of vegetable oils 1n the presence of

entry Oil Catalyst pH,/ AN/
mass®/ % am (Mgyon S
10 Soybean 0 6 78.63
1 Soybean 10 125 4690
12 Soybean 10 2 241
13 Soybean 10 2 344
14 Palmirce 10 2 4216
15 Castor 10 2 7007

“Reaction temperature = 400 °C (except entry 13, T =200 °C); 10 g of

oil and 0.1 g catalyst (1.4 mg Ru): AN

id number.
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igure 2. GC-FID of the products obtained from hydrocracking of palm
tree, castor and soybean oils in the presence of Rh catalyst 1 and the
products obtained from pyrolysis of soybean oil in the absence of catalyst
(400 °C and 25 atm H.).
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Figure 3. FT-IR spectra of the products obtained from hydrocracking
of palm tree, castor and soybean oils in the presence of Ru catalyst 2.
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Figure S4. DSC curve of polyethylene produced by Cr(acac)/LYPMAO-IP (Table 2, entry 8).
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Figure S3. DSC curve of polyethylene produced by Cr(acac)/LVEASC (Table 2, entry 7).
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Figure 1. FIR of the products obtained from hydrocracking of palm
tree. castor and soybean oils in the presence of Rh catalyst 1.
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label 1. Crystallite sizes of 10 of different precursors before reaction,
reaction rates of the methane conversion and carbon formed during time
on stream

syt Crys':'l“sutl [m‘::t(; m| :}; ){ ) Call;onl
NiEG 6 714 0.935
NiDMG 15 268 0.13
NiHT 84 714 0.745

SNIiZ 27 804 0.835
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Table 1. Hydrocracking of vegetable oils in the presence of
Fe,0,@Si0,NH,Rh using different con

eniry Ol Caalystmas®  pH,/ AN/
1% atm (M D)

1 Palm tree 10 250 53.70

2 Palm tree: 0 250 17.70

3 Castor 10 250 £3.20

4 Castor 0 250 95.00

5 Soybean 10 250 4290

6 Soybean 0 250 £8.90

7 Soybean 10 250 3.10

8 Soybean 10 125 41.90

9 Soybean 10 6 7186

“Reaction temperature =400 °C (except entry 7, T=200 °C): *10 g of oi
and 0.1 g catalyst (1.5 mg Rh): <AN = acid number.
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lable 1. The hydroformylation of eugenol (1a) in toluene solutions catalyzed by the IRASOU/TFPMS/Rh catalyst™

Selectivity*/ % for the products of
Run Pressure CO:H, / atm time* /b TOF/ !
hydroformylation (4a and Sa) isomerization (2a)
I 3030 % 14 60 2
2 30:30 15 63 94 5
3 2020 15 68 8 12
4 4040 15 68 95 5
5 4020 4 2 8 10
6 20:40 7 174 % 9
7 30:30 17 50 92 7
8 3030 15 55 91 8

‘Conditions: solvent: toluene (15 mL), catalyst (0.10 g: TPPMS = 3.6 x 10 mmol, Rh = 9.0 x 10~ mmol), substrate (5.0 mmol), 70 °C. Conversion and
selectivity are based on the substrate reacted; "reaction time required for nearly complete conversion; reaction rate (TOF - turnover frequency taken from
the lincar part of conversion vs. time plots): “the rest of the mass balance was due to the hydrogenation product 2a. The regioselectivity for the lincar
product (4a) was ca. 62% in all runs: 50 °C: 60% conversion: runs 7 and 8 were the second and the third use of the catalyst separated after run 2.
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Scheme 2. Catalyst synthesis.
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Scheme 3. The step of the aldehyde acetalization.
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Figure 1. Kinetic curves for selected runs in the hydroformylation of La.
For conditions see Tahle 1.
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igure 4. Influence of temperature on the esterification of the model
acid oil (stearic acid/soybean oil 70/30 m/m). Reaction conditions:
5: reaction time =3 h; 5 wt.% catalyst.






OPS/images/a27img11.png





OPS/images/a32img08.png
3

100
%0
s %
)
£«
%’ 50
5 w0
Z =
E 2
il |
o os 3 s 7

SnSO, content/ wt.%

e 3. Blfit of S50, conrtouiont on the esesifinsion of
model acid il (stearic acid/Soybean oil 70/30 m/m). Reaction con
=100 °C: Ry.y, = 3.5: reaction time = 3 h.






OPS/images/a27img06.png
Table 2. The hydrotormylation and hydroformylation/acetalization of eugenol (1a) and estragole (1b) in vanous solvents catalyzed by the IRAJUN/
TPPMS/Rh catalyst*

Selectivity for hydroformylation/ %

Run Substrate Solvent Conversion / %

Total Aldehydes (4and 5)  Acetals (4" and 5°)
2 1a toluene 99 04 94 0
9 1a ethanol 9 o4 17 7
10 1a ‘methanol 98 9 5 91
11 1a ‘methanol 100 95 85 10
12¢ 1a ‘methanol 9 97 9 88
13¢ 1a ‘methanol 04 97 9 88
14 b ‘methanol 04 99 21 71
15 2a ‘methanol 9 41 18 23

“Conditions: solvent (15 mL), catalyst (0.10 g: TPPMS = 3.6 x 10 mmol, Rh = 9.0 x 10~ mmol), substrate (5.0 mmol), 60 atm (CO/H, = 1/1), 70 °C.
24 h. Conversion and selectivity are based on the substrate reacted; *the rest of the mass balance was due to the hydrogenation and isomerization products,
2 and 3, respectively. The regioselectivity for the linear products (4 + 4) was ca. 62% in all runs; <catalyst: [Rh(cod)(1-OMe)], (5.0 x 10 mmol) and
TPPMS (5.0 x 102 mmol) instead of IRA0O/TPPMS/Rh. The reaction was nearly completed in 5 h: ‘runs 12 and 13 were the first and the second re-using
of the catalyst separated after run 10.
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Scheme 1. Synthesis of HMF (adapted from reference 17).
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Figure 6. Reuse of SnSO, in the esterification of the model acid oil
(70 wi.% fatty acid and 30 wt.% soybean oil). Reaction conditions:
T =100 °C: 5 wt.% of catalyst; R = 3.5: reaction time = 3 h.
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Figure 2. General structure of the salts studied, C,MLCl (n=4-16), based
on the 1-alkyl-3-methylimidazolium cation.





OPS/images/a36img15.png
100- 100

90
80
* 2 80
8 60 8
& 5 70
H £ B90/24
2 40 B60/24 2 60
£ £
20. 50
40
0.
1400 1200 1000 800 600 400 1400 1200 1000 800 600 400
Wavenumber / cm’ Wavenumber / cm!
100- 100
80. 90
® 2 gy Beta zeolite
g e 3
§ s 70
s B140/24 H
2 40 2
'g 'g 60
20 50
0. 40
1400 1200 1000 800 600 400 1400 1200 1000 800 600 400
Wavenumber / cm’ Wavenumber / cm”

re $3. FTIR spectra of samples obtained by aging the seed gel of beta zeolite at different temperatures (60, 90 and 140 °C) for 24 h compared with
the conventional heta zeolite obtained at 140 °C for 48 b





OPS/images/a36img14.png
B90/24

éD ’ 40
20/ degrees

B140/24

500
600
400
K]
< 300 S 400
z e
2w % 300
5 s
= BoOR24 | 200
100
100
o 0 .
1o 20 30 40 10
20/ degrees
1200
1000
4 800
a
> 600
i \
g \
£ 400 }
200 ’ J \ Al
0
10 20 20
26/ degrees
Figure S2.

angles.

ray diffractograms of samples obtained by aging the seed gel of beta zeolite at different temperatures (60, 90 and 140 °C) for 24 h, in the





OPS/images/a37img02.png
(H(0R), +3H,0 = 3CO, + 7H,
AH® = 123.0 kJ mol* @






OPS/images/a37img01.png
CH(OCOR,); + 3R OH = 3R, COOR™ + CH(OH), (1)
Glyceride  Alcohol ~ Ester  Glycerol





OPS/images/a37img08.png
lable 1. Mean contents of La and N1 and specific areas of the catalysts

and supports

Content/ wi.%
Preparation

Specific area / (m g ')

method  Support (La)  Catalyst (Ni)
30LaSi 10Ni30LaSi

Support  Catalyst
30LaSi  10Ni30LaSi

Lseq: 20625 0712
Lsim B5:18  08+07
P+l 313219 119209
P 32610 10602
sio; - -

101 138
- 121
95 109
- 98

231 -

‘Data based on Thyssen ef al.’®
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lable 2. Results of temperature programmed reduction and H, chemisorption

Preparation method m’:"ia";‘::‘l‘ c Reduction*/ % D,/ % Syl mgh)
Lseq 700 82 2 4
Lsim 600 100 40 14
P+l 700 86 3 6
P 700 - 26 48 14 2

‘Degree of reduction of oxide phases: "metallic dispersion: and “metallic area.
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Figure 2. TPR profiles of catalysts. “Data based on Thyssen ef al.®
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Table 3. Results of steam reforming of glycerol

C*/ (produced mmol)

Catalyst Vow/ | CHA | COL | COI . GHEl | HJCO/  COJCO! - eI
10Ni30LaSi  (mol mol”) (mol mol*) (mol mol") (mol mol") (mol mol") (mol mol") (mol mol") effluent’/ mL.
mol glycerol) !

I-seq® 28 02 07 L1 t 28 16 L1 58 127

Lsim 38 04 11 15 t 25 14 1.0 38 98 2 100
P+l 33 04 11 13 t 25 12 L1 42 93 2 95

P 04 0.1 05 02 t 37 04 0.06 9.6 27 36 63

Nocatalyst 0.4 t 03 - - - - - 120 0 49 5

“C gaseous product yield; "carbon formation rate; “volume of liquid effluent collected: “glycerol conversion to gascous products; “glycerol conversion to
quid products: ‘global glycerol conversion in 5-h reaction at 600 °C: #data based on Thyssen ef al.: t = traces < 0.1 (produced mol) (mol glycerol fed)-".
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Figure 1. XRD pattens of (a) supports and (b) catalysts. “Data based
on Thyssen ef al.’®
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igure 4. Gaseous products formed during the steam reforming of
alycerol: (a) P, (b) P+ 1. (M H,: ® CH,: A CO: ¥ CO,: 4 C,H,).
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Figure 1. Increase of interational IL publications (1996-2013) and those
related to the electrochemical and catalysis areas.
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Figure 2. Proportion of IL publications from catalysis and electrochemical
areas in the IL publications (1994-2013).





OPS/images/a05img01.png
Scheme 1






OPS/images/a05img06.png
Biomass
wiLand Anayt®

=1L and Enzym*
L and Biphas*

Figure 5. Increase of IL publications in different arcas (biomass, analytical
chemistry, enzymatic and biphasic) (1994-2013).
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Figure 3. Increase of reviews on ILs (1994 to 2013).
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Figure 4. Increase in ILs publications in different areas (energy, material.
nanotechnology or nanoscience and electrochemistry) (1994-2013).
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Figure 9. IL publications in the catalysis area, which for a Brazilian
institution and also an institution located in the Rio Grande do Sul (RS)
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Figure 7. Increase of IL patents (1995-2013).
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Figure 8. IL publications in catalysis with and without a Brazilian
institution (1994 to 2013).
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lable 2. Asymmetric hydrogenation and epoxidation conducted in biphasic sytem

Substrate Medium® Main product

Reference

Asymmetric hydrogenation

COH [Ru]; BMLBF, 7 COH
N

OH
“ CO2H [Ru]: BMLBF,
MeO Me

Monteiro et al.*

Monteiro et al.*

NH(COMe) NH(COMe)
S [Rh]; BMLBF, /_< Berger et al.*
Ph COH
Asymmetric epoxidation of limonene
}<_> [Mn]; BMLBE,; H,0, >_< >‘ Pinto et al.”

“[M]: metal of the catalytic system.
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Substrate Medium® Main product Reference

Hydroesterification of styrenc

A
[Pd]: BMLBF,; CO; “iPrOH AN CO,iPr Zim et al.®

Hydroformilation of 1-octene

NS X [RhJ: BMLPE,; CO; H, M Dupont et al®
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Table 1. Hydrogenation and/or asymmetric reactions conducted in biphasic system

Substrate Medium ‘Main product Reference
Hydrogenation
AN [Ru]; BMLBE,; ZnCl, N N Dupont ef al*
Selective hydrogenation
NBR® [Rul; BMLBF, HNBR Miller et al.*
Dupont et al. (2000) and
X N Ipor
VS S [Co] or [Pd]; BMLBF, Butenes Consort et al*
SN o, [PdJ; BMLBF, SN oM, Dupont et . (2000)*
N g, [Pd]; BMLBE, SN o, Dupont et al. (2000)*
Q [Pd): BMLBF, <:> Dupont et al. (2000*

[Pd]: BMLBE,

O

[Pd]: BMLBE,

Dupont ef al. (2000

Dupont ef al. (2000

Dupont ef al. (2000
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lable 4. Butadiene dimenzation, cyclodimenzation and telomerization and hydrodimenzation conducted 1n biphasic system

Substrate Medium® Main product Reference
Dimerization
Ny [PA:BMLX (X= BE,; PF; CF,SO, NS Silva et al®
Ciclodimerization
~
2 X [Fe]; BMLBF, or BMLPF, | Ligabue et al.¥"
Telomerization
2 N X + HNE, [Pd]; BMLBE, S~ NE Pinto eral”
2 NN+ H0 [Pd]; BMLBF, _NSAOH de Souza et al®

“[M]: metal of the catalytic system.
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Table 5. Alcohol oxidation catalyzed by ruthenium-based catalyst
conducted in biphasic system using BMLBF, IL and carried out under
0, atmosphere, de Souza®*
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Figure 1. General structure of ¢-diimines and B-diimines.





