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  On its 26th Annual Meeting, the Brazilian Chemistry Society - BCS promoted a round table entitled "Chemistry without Borders", at which we raised several reflections we would like to share with the JBCS readers.

  Despite many important issues still to be addressed, it is reasonable to say that the research in chemistry in Brazil is developing fairly well. So, let's put our research papers aside for a moment since, to conceive a "chemistry without borders", we have to get rid of our academic mental frontiers.

  Chemistry is a central science, but the chemistry professionals we have formed are, generally speaking, peripheral. Chemistry has not been attractive either as a science or a professional path.

  Why do chemistry and chemists have such a faint image in society? Even worse is the association of chemistry with pollution, drugs and negative aspects of development. But chemistry can be a very interesting, beautiful and attractive science. This face, however, is not shown to the public in general. Even we, researchers, with wonderful and exciting projects with great impact in the chemistry frontier, fail to communicate and enchant the general public.

  What does a chemist do exactly? Very often, even we, university chemistry professors, are not able to answer that in a simple and convincing way. Our role in the world is not clear even for ourselves. We are in a chronically identity crisis, which is certainly felt by our students, especially at the end of their course. For these and other reasons, we feel that many of our chemistry undergraduates have a fragile self-esteem.

  How many teenagers are interested in chemistry? How many would see a career and a future in chemistry? How many of them "hate" chemistry? A symptom of these feelings is the relatively fewer candidates for chemistry courses compared to chemical engineering, a related career.

  It is our duty to change this image of chemistry in the society.  When it starts changing, a virtuous cycle will be established and chemistry will be valued and repositioned in the world.

  Based on several discussions we have been having on this issue, it seems to us that two chemistry professionals play a decisive role to build up the image of chemistry in the society: the high school chemistry teachers and the chemistry professionals who work for the private sector.

  High school chemistry teachers are the driving force towards a major change of the chemistry image and the young people's interest for this science. But, not rarely, we tend to neglect the students interested in the teaching career.

  The majority of high school students who decide for a chemistry career do so out of a high influence from their teachers. No doubt high school teachers are the most influential leaders to change the perception about chemistry in our society, for the best and for the worst. That is why we should give our future high school teachers special attention and demand from the Government better salaries and working conditions.

  Another very important professional is the chemist entrepreneur with a leader profile who will be the decision taker in companies or organizations. The market evolution has made companies seek for professionals with skills that go much beyond the technical knowledge, that is, professionals capable of solving problems, managing people and innovating. Companies are looking for leaders.

  Against this trend, in general, we are forming "employee-mind" chemists who will likely perform as mere technicians. The chemistry courses have apparently been unable to understand market evolution and show limited capacity to produce talented professionals to occupy leading positions, both in the public and the private sectors. Nowadays chemistry knowledge alone is not enough!

  Chemistry is an intrinsically introspective science as it deals with abstract mental models (electrons, atoms, molecules). Consequently, during the chemistry course, we tend to get immersed in this imaginary mental world of models and apart from the "real thing" and its issues. We have to make an effort to (re)connect the students to the competitive market and industries of a complex modern world and prepare them to become modern and multiqualified professionals. However, how to do so if the great majority of our university professors rarely interacts with the industrial sector or is aware of the intricacies of that world?

  Our chemists are a mirror for chemistry in our society. The lack of outstanding chemistry professionals in society ends up generating the fainted and distorted image mentioned before. The very limited presence of chemists in leadership and decision-taking positions also limits the opportunities of jobs and businesses in chemistry. We have to form a new generation of entrepreneurs to set up chemistry technology companies, provide jobs for our chemists, generate wealth, and very important, to be good examples of what chemistry can do for the world.

  Rethinking and changing the profile of our undergraduates will result in much more competent and competitive professionals in chemistry. Such strategically rethinking is not easy. We should look beyond the borders of our academy and break some of the frontiers. In a way, we should reinvent ourselves.

  
    Rochel Lago (UFMG)

      Ana Lucia Americano Barcelos Souza (UFMG)

      Aluir Purceno (UFMG)

      Flávia Gontijo (UFMG)
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  A SBQ promoveu, na 26RASBQ, uma mesa redonda intitulada "Química sem Fronteiras", da qual participamos e gostaríamos de compartilhar com os leitores do JBCS algumas reflexões que aí surgiram.

  Podemos dizer que nossas pesquisas em química hoje no Brasil, apesar de várias questões importantes a serem endereçadas, caminham bem. Vamos deixar então nossos  "papers" um pouco de lado, pois, para pensar em uma química sem fronteiras, temos que sair de nossas fronteiras acadêmicas.

  A química é uma ciência central, mas os profissionais de química que temos formado são, no geral, periféricos. Somos pouco atraentes como ciência e como opção profissional.

  Por que a química e os químicos têm uma imagem tão apagada na sociedade? O pior cenário ocorre nos casos em que a química é associada à poluição, ao tóxico e aos aspectos negativos do desenvolvimento. A química pode ser uma ciência muito interessante, bonita e atrativa. Essa face, entretanto, não é mostrada para o público em geral. Mesmo nós, pesquisadores que temos projetos instigantes e maravilhosos, de grande importância na fronteira da química, falhamos em passar esse encantamento para o público.

  O que faz um químico? Frequentemente, mesmo nós, professores de química da universidade, não somos capazes de responder essa questão de uma forma simples e contundente. Em muitos momentos, parecemos vacilar sobre exatamente qual o nosso papel no mundo. Vivemos uma crise de identidade, que é fortemente sentida por nossos alunos, especialmente ao término do curso. Por essas e outras razões, sentimos, de forma geral, que nossos profissionais de química recém-formados têm uma autoestima abalada. Basta conversar com nossos formandos.

  Quantos jovens adolescentes se interessam por química a ponto de ver aí uma carreira e um futuro? Quantos jovens "odeiam" química? Reflexo disso são as sempre comparativamente baixas relações candidato/vaga para os cursos de química, comparadas com uma carreira afim, a engenharia química.

  Temos que mudar essa imagem da química em nossa sociedade. Quando a imagem da química começar a mudar, iniciaremos um ciclo virtuoso que nos valorizará e nos reposicionará dentro do mundo.

  A partir das várias discussões que temos tido em torno desse tema, gostaríamos de chamar a atenção para a formação de dois profissionais de química que, em nossa opinião, têm papel estratégico para a imagem da química: os professores de química para o ensino médio e os profissionais químicos no setor privado.

  Professores de ensino médio são os grandes agentes de uma mudança maior na imagem da química e no interesse dos jovens por essa ciência. E não raro, nossos alunos de licenciatura, que um dia serão professores, são os que recebem menor atenção.

  A maioria dos alunos do ensino médio que decide estudar química teve forte influência de seus professores. Professores do ensino médio são, sem dúvida, os mais importantes formadores de opinião sobre a química, para o bem e também para o mal. Assim, temos que dar aos nossos alunos de licenciatura uma atenção especial e demandar, junto aos governos, melhores salários e condições de trabalho.

  Outro profissional muito importante é o químico com perfil empreendedor e de liderança que será o tomador de decisão em empresas e organizações. Com a evolução do mercado, as empresas têm buscado profissionais com competências que vão muito além do conhecimento técnico. Hoje, as empresas, de uma forma geral, querem profissionais com capacidade de resolver problemas, gerir pessoas e inovar; todos estão em busca de líderes.

  Na contramão dessa tendência, estamos, em geral, formando químicos com mentalidade de empregados que correm o risco de atuar como simples técnicos. Os cursos de química parecem não ter conseguido acompanhar as tendências do mercado moderno e mostram pouca capacidade de formar profissionais para ocupar posições de destaque, tanto no setor público quanto no setor privado. Saber só química hoje não basta!

  A química é uma ciência por natureza introspectiva, já que trabalha com modelos mentais abstratos (átomos, moléculas, etc.). O resultado disso é que, durante o curso de química, tendemos a nos distanciarmos cada vez mais do "mundo real" e de seus problemas. Temos que conectar nossos alunos a esse mundo real. Temos que preparar nossos alunos para serem profissionais modernos e multicapacitados, capazes de ocupar cargos de liderança nas indústrias. Mas como fazer isso, se a grande maioria de nossos professores universitários raramente interage com indústrias e desconhece os meandros desse mundo?

  Devemos nos preocupar com o elenco de habilidades pessoais que nossos químicos devem ter para se relacionarem no meio privado e se posicionarem como líderes em suas carreiras. O espelho da química em nossa sociedade são nossos profissionais. A ausência desses profissionais de destaque na sociedade acaba gerando a imagem apagada que mencionamos antes. A limitada presença de químicos em posição de liderança e tomada de decisão deixa de gerar muitas oportunidades de emprego e negócios em nossa área. Temos que formar químicos empreendedores que criarão empresas de tecnologia química e darão empregos para nossos alunos. Precisamos de empresas de tecnologia química que gerem riquezas, bem estar e que sejam excelentes exemplos do que a química pode fazer pelo mundo.

  Repensando a formação de nossos químicos, poderíamos proporcionar aos nossos alunos maiores empregabilidade, salários, autoestima e, ainda, melhores condições para ocuparem posições de destaque nas empresas. Esse repensar estratégico é difícil. Temos que olhar além das fronteiras de nossa química acadêmica. Temos que romper algumas dessas fronteiras e sair de nossa zona de conforto. Temos que, de certa forma, nos reinventarmos.

  
    Rochel Lago (UFMG)

      Ana Lucia Americano Barcelos Souza (UFMG)

      Aluir Purceno (UFMG)

      Flávia Gontijo (UFMG)
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  Sidney Aquino Neto; Adalgisa R. De Andrade*

  Departamento de Química, Faculdade de Filosofia Ciências e Letras de Ribeirão Preto, Universidade de São Paulo, 14040-901 Ribeirão Preto-SP, Brazil

   

  
    A busca contínua por fontes alternativas de energia, imposta por interesses econômicos e ambientais, tem motivado investigações sobre alternativas limpas e eficientes para a produção de energia. As células a combustível são uma estratégia potencialmente eficaz para a conversão de energia. As biocélulas a combustível constituem uma subclasse das células a combustível, que possuem grande potencial para aplicação em dispositivos de baixa potência (geralmente da ordem de micro a mili watts). Ao invés dos tradicionais catalisadores metálicos, as células a combustível biológicas empregam biomoléculas, tais como enzimas, microrganismos, ou organelas para converter energia química em energia eléctrica. As biocélulas a combustível oferecem várias vantagens frente às baterias tradicionais, incluindo o uso de componentes renováveis e não-tóxicos, seletividade de reação, flexibilidade de combustíveis, e a capacidade de operar em temperaturas brandas e pH neutro. De fato, estudos recentes têm demonstrado características promissoras destes dispositivos; no entanto, apesar dos vários avanços obtidos nesta área, alguns desafios ainda precisa ser enfrentados. Este trabalho de revisão tem como objetivo proporcionar aos leitores do Journal of the Brazilian Chemical Society uma visão geral das biocélulas a combustível enzimáticas, e o seu desenvolvimento desde a primeira descrição em 1964. Os resultados mais recente da literatura (incluindo a tecnologia implantável), além de uma perspectiva para futuras pesquisas nesta área também são apresentados.

  

   

  
    The continuous search for alternative energy sources, imposed by economic and environmental concerns, has motivated investigations into clean and efficient alternatives for energy production. Studies have shown that fuel cells are a potentially efficient strategy for energy conversion. Biofuel cells constitute a subclass of fuel cells with promising application in low-power devices (generally in the order of micro to milli watts). Instead of metallic catalysts, biological power sources employ biological molecules such as enzymes, organelles, or microorganisms to convert chemical energy into electricity. Biofuel cells offer several advantages over traditional batteries, including the use of renewable and non-toxic components, reaction selectivity, fuel flexibility, and ability to operate at lower temperatures and near neutral pH. Indeed, recent papers have demonstrated the promising characteristics of these devices; however, some challenges remains to be faced despite the several advances in this area. This review aims to provide the readers of the Journal of the Brazilian Chemical Society with an overview of enzymatic biofuel cells, their development since its first description in 1964, and the most recent outcomes. The latest papers in this field (including implantable technology) and an outlook for future research in this area are also presented.

    Keywords: biofuel cell, enzyme immobilization, sustainable energy source, green energy, electrocatalysis

  

   

   

  1. Introduction

  Economic and environmental factors along with the human consumption pattern (which heavily relies on nonrenewable fuel sources) have called for "clean" and efficient energy production processes. The increasing energy demand associated with the rapid growth of the world population has engaged authorities, governments, companies, and many research teams worldwide in developing viable processes to obtain efficient and sustainable energy. In this scenario, producing renewable energy may constitute a mean to relieve the worrying issue of global warming and provide new alternatives to the current energy consumption behavior.1 Currently, alternative fuel sources such as solar energy, hydrogen, biomass, biofuels, and fuel cells, are some of the most promising technologies available to generate energy,2 and many research groups have been devoted to the design of fuel cells over the last decades. These devices consist of a system that can generate electrical energy from electrochemical reactions involving chemical species oxidation and reduction.3 Characterized as a non-polluting and silent technology, this system converts chemical energy into electricity according to the mechanism illustrated in Figure 1. In general, traditional fuel cells use noble metal catalysts to generate electrons from fuel oxidation (typical fuels are hydrogen or small organic molecules such as methanol, ethanol, and glutaraldehyde, among others).3 After the oxidation step, an external circuit transfer the electrons to the cathode side where the electrons react with an oxidant molecule (usually oxygen), and generate electrical work as well as water and heat.

  
    

    [image: Figure 1. Representative scheme of the hydrocarbon]

  

  Different types of basic fuel cells exist, depending on the type of electrolyte and operation temperature. This technology offers considerable advantages over other processes, such as high conversion efficiency and generation of substantial power density.3 Although fuel cells yield good results, some factors limit their large-scale application: high cost and future scarcity of noble metal catalysts (e.g., platinum, employed as base catalyst in many fuel cell devices), issues regarding electrode passivation, and inability to oxidize some byproducts of the employed fuels.4 Furthermore, hydrogen production, purification, and storage (hydrogen is one of the fuels that is most often employed in traditional fuel cells) also poses major technical challenges.1

  An alternative to conventional fuel cells based on metal catalysts is to turn to biological fuel cells or biofuel cells. This device employs enzymes (enzymatic biofuel cell) or microorganisms (microbial fuel cell) as catalyst instead of the traditional noble metal catalysts.5 These devices constitute a system that can directly transform chemical energy into electricity through reactions involving biochemical steps, or even a system in which the activity of the cell (or part of it) stems from the action of biocatalysts.6 The connection between biology and electricity and the concept of a biofuel cell have been known since 1911,7 when MC Potter noted that a culture of the bacterium E. coli produced electricity in half-cell studies employing platinum electrodes. After a few decades, the interest in this technology increased; in the 1950s and 1960s, the central idea of the United States space program involved the use biofuel cells in two fronts: to treat waste originating from the aircraft and to obtain electricity from the treated waste.8 Motivated by the possible in vivo application of this device, Yahiro et al.9 were the first to describe a biofuel cell that used isolated enzymes on the surface of an electrode and to show that it was possible to produce electricity using the enzyme glucose oxidase (GOx). Since then, the number of publications in the area has increased.10 The main advantages of the biological fuel cells are: the use of clean and renewable catalysts (enzymes or microorganisms), the ability to operate at mild temperatures (20-40 ºC) and physiological pH conditions, and the possibility to use several fuels because enzymes and microorganisms offer diversity and specificity. Additionally, scaling up the use of biocatalysts tends to reduce production costs, which is not possible for non-renewable metallic catalysts. All these advantages point to an economically viable process, as judged from the growing research in this field all over the world.8, 11, 12 This review will be only focus on the enzymatic biofuel cell, aiming to provide the readers of the Journal of the Brazilian Chemical Society with an overview of this enzymatic device, their development since its first description in 1964, and the most recent outcomes. The latest papers in this field (including implantable technology) and an outlook for future research in this area will also be presented.

   

  2. Enzymatic Biofuel Cells

  2.1. Application, operation, and key performance parameters

  Half a century has elapsed since the first description that enzymes produce electric current.9 Over the last decade, the development of devices containing enzymes immobilized onto solid surfaces has increased fast,13-16 and has included large technology companies.17,18 Besides being potentially applicable as energy source in batteries, biofuel cells can be used in vivo; e.g., pacemakers, neurostimulators, drug carriers, and glucose sensors, among others, which is an attractive feature of this technology.8

  At this point, the first questions that arise are: (i) How can one obtain electrons from an enzyme-catalyzed reaction in a biofuel cell device? (ii) How is the energy produced in this process related to the bioelectrochemical reactions occurring on the surface of an electrode and to the electrons generated in these reactions? Equations 1 to 3 illustrate the electron production mechanism in an enzymatic bioanode that catalyzes ethanol oxidation via NAD+-dependent dehydrogenase:

  
    [image: Equation. 1]

  

  
    [image: Equation. 2]

  

  
    [image: Equation. 3]

  

  The operation of an enzymatic biofuel cell resembles the functioning of conventional fuel cell: first, a fuel undergoes an enzyme-catalyzed oxidation at the anode side. This reaction releases electrons that reach the cathode side through an external circuit. In the cathode, an oxidant (usually O2) is reduced, producing electrical work (Figure 2). In other words, the electric current flows according to a potential difference and, consequently, an enzyme-catalyzed reaction involving a fuel (substrate) generate power.

  
    

    [image: Figure 2. Schematic representation]

  

  An oxidoreductase enzyme can oxidize carbohydrates, alcohols, or even amino acids, and transfer electrons from the fuel to the electrode surface. Considering that enzymatic fuel cells generally employ the aforementioned fuels, it is possible to prepare anode-based electrodes by immobilizing different types of enzymes. For sure, glucose oxidase has been the most often employed enzyme since the first description of a biofuel cell. It's in vivo application is desirable because different human physiological fluids, such as blood, plasma, saliva, and tears, contain sugar.19, 20 Papers employing enzymes from hydrogen, ethanol, methanol, and Krebs cycle metabolisms also exist in the literature: hydrogenase,21 alcohol and aldehyde dehydrogenase,13, 22 cytochrome c,23 cellobiose dehydrogenase, and D-fructose dehydrogenase,24 pyruvate dehydrogenase, citrate synthase, aconitase, isocitric dehydrogenase, ketoglutarate dehydrogenase, fumarase, and malate dehydrogenase.25 Scientists are also testing others enzymes, depending on the target fuel.26 As for enzyme-based cathodes, laccase or bilirubin oxidase usually perform the oxygen reduction reaction.16,17,27-43

  The difference between the thermodynamic potential of the cathode and the anode (ΔEc-Ea) expresses the cell voltage, but this value can decrease by several orders of magnitude due to overvoltage (Δη). Δη results from (i) slow electron transfer occurring at both electrode sides; (ii) ohmic drop (ΣΩ), associated with all the resistances in the system (film diffusion, membrane, supporting electrolyte); and (iii) electrode wear out (Δ£), a parameter that reflects electrode degradation:

  Ecell = ΔEc-Ea – Δη – ΣΩ – Δ£

  The equation above provides important information about any enzymatic electrode. Maximizing the so-called thermodynamic potential window (Ec - Ea) yields better biofuel cell performance. Therefore, enzymatic biofuel cell researchers aims to prepare/achieve bioelectrodes that facilitate the catalyzed reactions, to increase the open cell voltage (OCV). Moreover, these researchers target better cell design and prototypes that can reduce the overall resistances, making electric current flow more easily through the system. To produce commercial devices, it is also necessary to keep Δ£ as low as possible. 

  Another crucial parameter associated with the performance of any fuel cell is the power density that this system provides. This parameter reflects the electron generation rate in the enzyme-catalyzed reactions. Unlike traditional fuel cells, which afford power densities of the order of milli to kilo watts, enzymatic biofuel cells generate power densities in the order of micro to some milli watts, which is sufficient for applications in some small electronic devices.17 The representative scheme in Figure 3 shows the power range of some of the alternative methods of energy production.8
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  Despite the various advantages and possible applications of enzymatic biofuel cells, to achieve an efficient practical device, it is necessary to consider some crucial factors when developing this type of system. The first major challenge is the fact that enzymes are proteins; therefore, these biomolecules display a weak three-dimensional structure that must be maintained, to ensure that its catalytic activity is reatained.5 Although enzymes are highly specific and efficient catalysts, they have limited lifetime in solution. Hence, their use in biofuel cells requires a critical step: immobilizing the enzyme onto an electrode surface.44 Achieving electrical contact between the enzyme and the electrode, is also fundamental, because this is one of the most important processes in the field of bioelectrochemistry. Achieving high electron transfer rate from the active site of an immobilized enzyme to the electrode surface is probably the most critical point when constructing an enzymatic biofuel cell.

  2.2. Enzyme immobilization

  Immobilizing biomolecules on solid surfaces is a matter of great scientific interest. Numerous possibilities exist when it comes to using enzymes in different biotechnological areas, particularly in the industrial and analytical fields.8,26 It is essential to develop and improve immobilization techniques, because this step will greatly influence bioelectrode efficiency and protein lifetime. Removing an enzyme from a three-dimensional environment (where the molecules of the substrate and products molecules easily enter and leave the catalytic site) to a solid surface requires methodologies that ensure retention of protein conformation and catalytic properties. Immobilization methodologies must also provide the enzyme with an adequate microenviroment that enables the protein to resist changes in temperature, pH, and solution composition, which often lead to protein denaturation or inactivation. Furthermore, the immobilization process must furnish a mechanically and chemically stable layer without forming a capacitive region on the electrode surface.13, 26 The presence of various functional groups in the protein structure allows for one to use different enzyme immobilization strategies. In general, immobilization methodologies include chemical and physical methods, depending on the type of interaction between the enzymes and the anchoring agent.

  Among chemical methodologies, which elicit direct binding of the enzymes to a solid support, the covalent linkage and cross-linking procedures are noteworthy.44,45 In the case of direct covalent bond between the enzymes and the solid substrate, the procedure generally involves modifying or functionalizing electrode surfaces, which can then covalently bind the enzymes. Researchers choose this design when preparing monolayer systems. In most methods, the amino groups of lysine residues constitute the main reactive groups, but this protocol can also employ carboxyl and sulfhydryl groups.45 Rüdiger et al.21 presented a good example of this strategy: they developed a method to covalently bind Ni-Fe hydrogenase to gold electrodes modified with a self-assembled 4-aminothiophenol monolayer. Klis et al.46 employed a similar protocol to immobilize laccase onto gold electrode by covalent binding the enzyme to self-assembled mercaptoundecanoic or mercaptopropionic acid monolayers. Researchers have also bound an enzyme molecule to an electrode surface via cross-linking agents such as glutaraldehyde. Baravik et al.47 described how they immobilized glucose oxidase in the form of a cross-linked composite prepared by electropolymerizing aniline-functionalized carbon nanotubes and thioaniline-modified glucose oxidase on a gold electrode modified with thioaniline monolayer. Despite being simple, this technique has not received much attention for biofuel cell purposes in recent years because the enzymatic activity usually decreases after immobilization.48 Sol-gel matrices have been used to manufacture both biosensors and bioelectrodes for enzymatic biofuel cells, where the proteins are encapsulated and directly connected to the electrode surface. The satisfactory results obtained with this methodology stem from the formation of a porous structure that contains several cavities. Lim et al.49 prepared nanostructured electrodes for glucose/O2 biofuel cell based on enzyme encapsulation along with carbon nanotubes into sol-gel silica matrices.

  Because physical protocols are generally simpler and more efficient regarding enzyme immobilization, researchers prefer them to procedures that involve the formation of chemical bonds. Accordingly, entrapment in microcapsules and polymer gels as well as adsorption protocols are more commonly used in enzymatic fuel cells.44,45 Heller's group showed that is possible to immobilize many enzymes into polymeric hydrogels containing an osmium redox center;16 the employed hydrogels generally consist of crosslinked redox polymers that swell in water and produce known redox hydrogels. Using redox hydrogels has many advantages: they can conduct electrons while retaining the most important features of typical hydrogels, such as conducting ions and allowing diffusion of substrate species such as glucose.50-53 Microencapsulation consists in trapping the enzyme molecules in the pores of a membrane. Minteer's research group successfully used this methodology to modify a Nafion® membrane and then immobilize dehydrogenase enzymes onto carbon surfaces.13,25,54-63 Treatment of the Nafion® membrane with tetrabutylammonium bromide afforded a favorable environment to immobilize biomolecules, maintained the physical properties of the unmodified membrane, reduced its acidity and increased the mass transport through the membrane. Similarly, Klotzbach et al.64,65 described how they immobilized dehydrogenase enzymes in chitosan modified with hydrophobic groups.

  One can efficiently immobilize several enzymes and proteins onto solid substrates using multilayer architectures on which biomolecules anchor by either physical (electrostatic) or covalent interactions. The first case uses the self-assembly technique (physical adsorption of biomolecules onto a substrate in a solution with optimized pH and ionic strength) at room temperature to retain their activity for a considerable time.66 This process involves sequential adsorption of oppositely charged material from a suitable solution that can be repeated according to the desired number of bilayers.67 Szamocki et al.37 reported the effective sequential immobilization of laccase and an osmium complex onto a mercaptopropane sulfonate-modified gold surface. Rengaraj et al.68 obtained a fully assembled membraneless biofuel cell at graphite electrodes. These authors used the layer-by-layer technique to achieve the anode and the cathode. They employed osmium complexes along with glucose oxidase and laccase to obtain the 3D electrocatalytic structures. Frasconi et al.69 reported on a self-assembled bioelectrode containing genetically engineered glucose oxidase and gold nanoparticles, to obtain multiple enzymatic layers. Aquino Neto et al.22 employed the electrostatic layer-by-layer technique to prepare bioanodes for ethanol/O2 biofuel cells. The authors tested both mono (alcohol dehydrogenase) and bienzymatic (ADH and aldehyde dehydrogenase) systems immobilized onto a carbon paper support along with polyamidoamine (PAMAM) dendrimers.

  2.3. Electron transfer processes

  The redox enzymes employed in biofuel cell studies are generally classified in three main groups, according to their electrical communication.51 The first group contains the redox center located in a peripheral area of the enzyme, so it can directly transfer electrons to or accept electrons from an electrode surface. This group includes the PQQ-dependent dehydrogenase enzymes. The second group bears a weakly bound cofactor (NAD+ or NADP+) that acts as a mediator at the redox center. This species can diffuse to the electrode surface and carry the electrons from the enzymatic catalysis. The third group involves enzymes with a strongly bound redox center, normally located inside the protein shell. Classification of the electron transfer between enzymes and electrode surfaces depends on the way electrons move from the enzyme catalytic site to the electrode surface.51 Direct processes are known as direct electron transfer (DET); processes requiring the assistance of a mediator molecule are designated mediated electron transfer (MET) (Figure 4).
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  2.3.1. Mediated electron transfer

  Bioanodes performing MET

  Considering that the majority of immobilized proteins cannot electrically communicate with the electrode surface by the DET mechanism,70 it is essential to use mediator molecules in many bioelectronic devices. The electrical communication between the enzyme redox center at the electrode surface in an enzyme-based biofuel cell regulates bioelectrocatalysis efficiency. However, the redox center of most oxidoreductases enzymes is generally buried inside the protein matrix, so the electrical communication with the electrode surface is hindered.71, 72 In an enzymatic biofuel cell, a mediator corresponds to a reversible redox species that facilitates electron transfer between the coenzyme and the electrode surface.5 Although MET-based bioelectrodes require additional species during biofuel cell preparation, MET is generally preferred over DET, because it can generate higher output power with often large orders of magnitude than the direct mechanism. The possibility of using commercially available enzymes, such as many NAD+- dependent alcohol dehydrogenases and FAD+- dependent alcohol dehydrogenases and FAD+- dependent glucose oxidase and dehydrogenases, is another advantage of this methodology. The mediator molecules can be either anchored onto the electrode surface (e.g., in the form of a polymeric film), free in solution, or even linked to the structure of the enzyme; it withdraws the electrons generated during the enzymatic catalysis and transports them to the electrode surface.8,72,73 These mediator species must be able to efficiently perform the enzyme/electrode connection, to rapidly react with the reduced form of the enzyme, and be soluble in both its reduced and oxidized forms, so that it can diffuse to the electrode/enzyme fast. Moreover, they should be non-toxic, stable, and biocompatible. 

  The efficiency of a mediator depends on its redox potential range, which should be as close to the redox pair of the enzymes as possible.19 When the electrode potential is higher than the redox potential of the mediator species, mediator oxidation occurs at the electrode surface; if the opposite situation is true, mediator reduction takes place. In these circumstances, the electrode provides a continuous electron flow for both the oxidized and reduced mediator species. In a practical MET mechanism, the potential of the mediator couple controls the system; consequently, the potential window of both mediators determines the OCV of a fully mediated enzymatic device. Considering this premise, the thermodynamic driving force of an MET biofuel cell lies between the redox potentials of the mediator species and the enzyme redox center; therefore, it must be different from zero.19 In other words, the redox potential of a mediator limits its application in enzymatic bioelectronics. The redox potential of this species must be as close as possible to the redox potential of the employed enzyme. Literature suggests that an enzymatic device would have optimal performance if the potential difference between the mediator and enzyme redox centers lay around 50 mV.16 The redox potential of this species must be as close as possible to the redox potential of the employed enzyme. Literature suggests that an enzymatic device would have optimal performance if the potential difference between the mediator and enzyme redox centers lay around 50 mV.16 Figure 5 illustrates the redox potential range of some of the most often employed metal-based mediators and of the oxidoreductase enzymes glucose oxidase, and laccase. These potentials may vary according to the enzyme structure, the organism from which is extracted, and the  pH, among other factors.
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  The redox potential of some of the enzymes that are generally used in biofuel cells lies around –0.35 V vs Ag/AgCl for glucose oxidase from Aspergillus Niger,74 0.58 V vs Ag/AgCl for laccase from Trametes Versicollor,75 and 0.67 V vs Ag/AgCl for bilirubin oxidase from Myrothecium Verrucaria.76 Literature shows that ferrocene (redox potential of 0.2 V vs Ag/AgCl)77 and quinone derivatives possess the desired characteristics to function as good enzymatic mediators.73 Osmium and ruthenium complexes, polypyrrole, phthalocyanine, organic dyes, and other molecules can also serve as mediators in enzymatic devices.78 Indeed, a variety of osmium and ruthenium complexes find application in enzymatic biofuel cells. By changing the substituents on the ligands of the complex, it is possible to modify their redox potential, which normally ranges from –0.17 to 0.79 vs Ag/AgCl.19,51,79-82

  Ohara et al.83 were one of the first to describe the use of an osmium-based redox mediator in enzymatic biofuel cells. Besides displaying unique electron diffusion coefficients, these redox hydrogel films were also permeable to water-soluble species, such as substrates and products of enzymatic reactions.51 These mediators provided efficient electrical connection between glucose oxidase and the electrode surface.83 Dónal Leech's research group extensively reported the use of osmiumbased complexes.84-89 Zafar et al.87 described a wide-range mediator containing ﬁve different osmium-based redox polymers that efﬁciently connected the oxidoreductase pyranose dehydrogenase with graphite electrodes. The prepared polymers covered a potential range from –0.270 to +0.160 mV vs Ag/AgCl.

  Rengaraj et al.84 prepared a complete enzymatic biofuel cell using glassy carbon and graphite electrodes modiﬁed with osmium redox polymers, crosslinked with poly (ethylene glycol) diglycidyl ether. By changing only the donor/receptor behavior of the substituting groups, the authors achieved an enzymatic device with large potential window. Recently, Ó Conghaile et al.85 reported a versatile approach to prepare bioanodes for mediated glucose/O2 biofuel cell. They immobilized glucose oxidase crosslinked in biofilms onto graphite electrodes containing different functionalized osmium complexes. In 5 mmol L-1 glucose, the bioelectrodes prepared with dimethoxy or dimethylsubstituted bipyridines provided glucose oxidation currents around 30 and 70 µA cm-2 at 0.2 and 0.35 V under pseudo physiological conditions, respectively. Nevertheless, the stability signals proved that the electrodes were inadequate for long-term operation.85

  Ferrocene has also been effectively employed as a mediator in enzymatic fuel cells. For example, bioelectrodes in the form of cylindrical pellets, prepared by mechanical compression of a mixture of graphite, glucose oxidase, and ferrocene, effectively wired the enzymes onto the electrode surface.90 The resulting membraneless glucose/O2 biofuel cell generated an OCV of 0.45 and a power density of 80 µW cm-2. Kim et al.91 prepared a glucose/O2 biofuel cell based on polypyrrole nanowires along with glucose oxidase and 8-hydroxyquinoline-5-sulfonic acid hydrate. This nanowire-type enzymatic biofuel cell exhibited higher power density compared with ﬁlm-type biofuel cells.

  The NAD-dependent dehydrogenases are one of the most employed enzymes in MET biofuel cell studies. These enzymes transfer electrons and protons to the oxidized form of the cofactor, to produce its reduced form, NADH.5 A key point to build an efficient mediated system employing NAD-dependent dehydrogenases is to regenerate the oxidized species (NAD+). Despite having a formal redox potential of –0.52 V vs Ag/AgCl, NADH oxidation overvoltage is around 1 V at glassy carbon electrodes and even higher at platinum surfaces.92-94 This energy barrier hinders the application of NAD-dependent dehydrogenases when a electrocatalyst system is not available. The literature contains many examples of compounds that can lower the overpotential of the NADH oxidation reaction, to make the reaction energetically favorable. 95-97 Indeed, electrocatalysts based on organic compounds such as quinones and phenazines reduce the NADH oxidation overpotential, enhancing the Ecell output.13,95 Among various phenothiazine derivatives, organic compounds such as methylene green, methylene blue, and neutral red efficiently oxidize NADH at lower potentials. They can also form stable films, such as poly-methylene green, on the electrode surface upon electropolymerization, facilitating electrode fabrication and affording long-term stability during biofuel cell studies.62,93

  We must emphasize that, in this type of bioelectrodes, the pair NAD+/NADH acts as the diffusional mediator system and the azines function as the electrocatalysts, to lower the NADH oxidation overpotential. On carbon paste electrodes, for example, methylene green (MG) has a formal redox potential toward NADH oxidation of –0.122 V vs Ag/AgCl, pH 7.98 This data represents a reduction in the overpotential of around 0.4 V, which enables their use in enzymatic fuel cells employing NAD-dependent enzymes. The Michaelis-Menten kinetics can describe the principle of the azine electrocatalytic activity toward NADH;5,99,100 i.e., the reaction mechanism indicates that NADH and methylene green form an intermediate compound followed by proton abstraction and subsequent NAD+ formation. The use of MG as a freely diffusing electrocatalyst for NADH catalysis imposes restriction to the fabrication of a stable bioelectrode;101 therefore, researchers have seeked immobilization techniques that provide stable layers of NADH catalyst. In the past decade, Minteer's group successfully employed MG as an electrocatalyst to regenerate NADH in a wide range of dehydrogenase-based biofuel cells.13,25, 54,58,59,62,102 Using the NADH electrocatalyst in the form of an electropolymerized film, Akers et al.13 obtained a high-current-density bioanode containing poly(methylene green) coated with a layer of tetrabutylammonium bromide salt-treated Nafion® and dehydrogenase enzymes. Klotzbach et al.65 employed the hydrophobically modified chitosan and Nafion® membranes to obtain enzyme modified electrodes for biofuel cell applications. Sokic-Lazic and Minteer also described the use of poly(methylene green) to prepare bioelectrodes on carbon platforms that mimic one of the main metabolic pathways in living cells, the citric acid cycle.54 More recently, Meredith et al.62 presented a methodology to co-immobilize dehydrogenase enzymes, different NADH electrocatalysts including MG, carbon nanotubes, and polymer hydrogels. The authors claimed that the so-called "one-pot" mixing and casting procedure effectively produced bioelectrodes that promote NADH oxidation at low overpotentials. Recently, our research group obtained good results employing MG as electrocatalyst for NADH oxidation in the form of a stable thin film layer in alcoholic biofuel cell using commercially available enzymes, NAD-dependent alcohol dehydrogenase, and aldehyde dehydrogenase.22,103 Forti et al.103 introduced the use of PAMAM dendrimers in an ethanol/O2 biofuel cell, by immobilizing alcohol dehydrogenase and PAMAM dendrimers onto a carbon cloth platform. Similarly, Aquino Neto et al.22 used a poly(methylene green) film to prepare bioelectrodes for ethanol/O2 biofuel cell the layer-by-layer assembly.

  Biocathodes performing MET

  Concerning MET bioelectrode systems for the cathode side, once again osmium-based compounds are the most often-employed redox species to electrically wire the enzymes (generally laccase and bilirubin oxidase) with the electrode surface.  Barrière et al.86 thermodynamically evaluated osmium and ruthenium-based mediators for laccase-catalyzed oxygen reduction. The targeted redox polymers displayed redox potentials around 0.40 and 0.63 V vs Ag/AgCl for the osmium and rutheniumbased polymer, respectively. Using poly(vinylimidazole) as the stabilizing agent for the redox species, the authors prepared the biocathodes on a glassy carbon surface along with laccase and the cross-linking agent polyoxyethylene bis(glycidyl ether).86 Gallaway et al.104 obtained biocathodes containing a series of osmium-based redox polymer mediators. To determine the optimum redox potential toward laccase from Trametes versicolor and maximize the power output of a hypothetical biofuel cell, these authors synthetized mediators covering a range of redox potentials from 0.11 to 0.85 V.104 Szamocki et al.37 presented another strategy to use osmium-based mediators: they immobilized the complexes at the bioelectrode surface along with the laccase enzyme from Trametes trogii using the layer-by-layer self-assembled technique. The catalytic oxygen reduction current increased linearly with the number of bilayers in the self-assembled bioelectrode, reaching a maximum catalytic current of 150 µA cm-2.37 More recently, Shen et al.105 fabricated biocathodes based on the laccase and electrodeposited thin ﬁlms containing Os(4,4'-dicarboxylic acid-2,2'-bipyridine)2 on carbon electrodes. The authors claimed that laccase was readily incorporated in the electrodeposited redox polymer through coordination between the enzyme amine and histidine groups. This system efﬁciently catalyzed the four-electron oxygen reduction to water at 0.58 V vs Ag/AgCl.

  One of the most often employed mediators in biocathode studies based on laccase immobilization is 2,2'-azino-bis (3-ethylbenzothiazoline)-6-sulfonic acid (ABTS). Several literature reports have pointed out that this compound efficiently mediates oxygen reduction to water. Palmore et al.34 presented one of the first reports on the use of a biocatalyst for a H2/O2-based biofuel using a fungal laccase and ABTS as redox mediator, in the cathode side, to effectively reduce dioxygen to water. Tsujimura et al.106 also described the electrochemical reduction of oxygen to water using ABTS and bilirubin oxidase as the biocatalyst at the cathode side; the authors achieved the targeted reaction at 0.4 V vs Ag/AgCl in pH 7.0 and ambient temperature. Smolander et al.107 published an interesting paper focusing on the dioxygen four-electron reduction through concomitant oxidation of the phenolic aromatic compound, to prepare printable laccase-based biocathodes. The half-enzymatic fuel cell tests, along with a Zn anode, furnished an OCV between 1.4 and 1.5 for the fresh samples and maintained an OCV in the range of 0.6 to 0.8 for three days. 107 More recently, Cardoso et al.108 described how a mediated electron transfer biocathode performed in a methanol/O2 biofuel cell. They employed PAMAM dendrimers to immobilize laccase along with ABTS entrapped into polypyrrole films. The electrochemical characterization tests confirmed that the electropolymerized polypyrrole film entrapped the ABTS molecules. Additionally, laccase-mediator system enhanced catalytic oxidation current as compared with the control sample containing lacase-PAMAM dendrimer only. The use of ABTS as mediator entrapped into the biocathode layers generated a power density around 25 µW cm-2.108

  Besides adding functional groups at conducting surfaces, covalent linkage leads to MET between the enzyme and the electrode surfaces. Covalently linked glucose oxidase and bilirubin oxidase as the anodic and cathodic catalyst, respectively, produced a biofuel cell with maximum power density of 13 µW cm-2 at 0.25 V.109 Table 1 summarizes some MET investigations on enzymatic biofuel cells.
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  2.3.2. Direct electron transfer

  Bioanodes performing DET

  Over 1300 oxidoreductases enzymes are known to date,111 and these enzymes are potentially applicable as biocatalysts in enzymatic biofuel cells. However, less than 100 of these enzymes can directly connect with solid substrates and transfer electrons from the enzyme active site to the electrode surface.70 Indeed, DET only occurs in enzymes that act as a molecular transducer; i.e., enzymes that can convert a chemical signal into an electric signal via charge transfer, in the presence of a stable redox species.112 In other words, in the DET mechanism, the enzymatic catalysis and the electrochemical reaction are not separate reactions, but a unique process where the electron functions as a second substrate.5 The tunneling mechanism of the electrons in a DET enzymatic system will depend on the enzyme structure, the redox center location, the enzyme orientation on the electrode surface, and the distance of the electron transfer.113 Hence, a good electron transfer rate between enzymes and electrodes will only be possible if all these conditions are met.114 One great advantage of this type of electron transfer process is that it eliminates the issues related to mediator species, avoiding performance losses that may arise from the potential difference between the enzymes and the mediator species. Moreover, DET enhances selectivity and mass transport rate at the electrode surface,20 facilitates bioelectrodes construction, and favors miniaturization of the enzymatic devices.112 Although researchers have increasingly targeted DET, the later process often leads to lower power values as compared with mediated systems. This happens because it is difficult to electrically connect a large amount of enzyme to obtain satisfactory power density values. Moreover, most of the enzymes that can accomplish this type of electron transfer (such as PQQ (pyrroloquinoline quinone)-dependent enzymes) are not commercially available, so laboratory extraction and purification steps are necessary to obtain these proteins.60

  DET between the enzymes and different electrode materials, such as carbon and gold, can occur by using different immobilization techniques and nanostructured materials that appropriately orient the anchored enzymes. In an attempt to enhance DET, Yan et al.115 described a glucose/O2 biofuel cell in which they designed the bioelectrodes architecture along with single-walled carbon nanotubes (SWCNTs), polyethylene blue, and glutaraldehyde as the cross-linking agent. The authors obtained high OCV (800 mV), catalytic reduction of O2 at 0.60 V, and oxidation of glucose at –0.15 V vs Ag/AgCl. Coman et al.116 fabricated and characterized glucose/oxygen DET bioelectrodes to operate in neutral buffer and human serum. The authors prepared the electrodes using Corynascus thermophilus cellobiose dehydrogenase and Myrothecium verrucaria bilirubin oxidase as anodic and cathodic biocatalysts, respectively. Polydopamine can adsorb to a wide variety of surfaces and serve as an adhesion layer to immobilize biological molecules. Wang et al.117 prepared multifunctional carbon nanotubes composites via dopamine oxidation at room temperature; their results evidenced high sensitivity for glucose oxidation. Strategies to build bioelectrocatalytic interfaces by electrochemically functionalizing the MWCNTs surface exist, and this creates a conductive matrix to immobilize the enzyme.118 Such approach provides an interface where glucose oxidase can perform direct electron transfer, affording a net current peak potential for the immobilized enzyme that lies close to the potential of the FAD/FADH2 pair (0.4 V vs Ag/AgCl).

  Apart from using CNTs, introducing metallic nanoparticles is also a good strategy to enhance electronic conduction through the electrode surface. Holland et al.119 applied site-specific gold nanoparticle conjugation in a glucose/O2 biofuel cell. They attached a genetically modiﬁed glucose oxidase enzyme containing a free thiol group near its active site to a maleimide-modiﬁed gold nanoparticle, to obtain direct electrical communication between the conjugated enzyme and an electrode surface. Wang et al.40 inserted metallic gold nanoparticles in the bioelectrode structure, to obtain a mediatorless sugar/oxygen biofuel cell operating in human physiological ﬂuids, such as blood and plasma. The authors registered a maximum current density of 40 µA cm-2 and an OCV of 680 mV in a sugar-containing neutral buffer. When the authors continuously operated the biofuel cell in physiological buffer for 12 h, they observed only a 20% drop in power density. The authors emphasized that the operational stability in the buffer was as good as the storage stability of the biocathode and the bioanode.40 Despite the large number of papers claiming DET between glucose oxidase and different functionalized electrode materiais (some of which are mentioned above), this situation is controversial and is still a subject of debate in the literature. Such discussion stems from the fact that DET due to bioelectrocatalytic glucose oxidation can be mistaken for other processes that might suggest the same behavior. Naturally MET due to FAD species that are not bonded to the enzyme active site, hydrogen peroxide mediation, or even FAD species released from denatured enzymes are some of the situations that may take place at the electrode surface and lead to erroneous interpretation of DET.20

  PQQ-dependent enzymes also provides direct electrical connection between proteins and solid surfaces. The cofactor of these enzymes consists of PQQ covalently linked to the protein structure, along with multiple heme-C complexes. The suggested action mechanism of these proteins indicates that substrate catalysis occurs at the PQQ active site; then, the electrons move on to the heme redox sites and finally to the electrode surface (Figure 6).120
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  This kind of electron transfer is feasible on different electrode surfaces employing PQQ-containing enzymes such as alcohol, lactate, and D-fructose dehydrogenase.121,122 The main sources of these enzymes are the bacteria Acetobacter, Gluconobacter, Pseudomonas, and Commamonas. It is generally preferable to extract and purify the enzyme from Gluconobacter, because these bacteria thrive in easily controlled conditions and in the presence of concentrated sugar solutions and low pH. These enzymes are not commercially available, so most papers describe their isolation from Gluconobacter sp. 33 and their further purification in the laboratory.60,70,123,124 Flexer et al.125 showed that PQQ-dependent glucose dehydrogenase from Acinetobacter calcoaceticus underwent DET at carbon cryogel electrodes. Treu et al.56 developed a method to first isolate and purify PQQ-dependent enzyme pyruvate dehydrogenase from Gluconobacter. They found that the purified PQQ-dependent enzyme underwent DET at carbon electrode surfaces, thus being applicable in a pyruvate biofuel cell.56 Aquino Neto et al.124 compared the performance of a DET bioanode containing both PQQ-dependent alcohol dehydrogenase and PQQ-dependent aldehyde dehydrogenase immobilized onto different modified electrode surfaces; these authors employed either a tetrabutylammonium-modified Nafion® membrane polymer or PAMAM dendrimers to immobilize the enzyme. Electrochemical characterization showed that the prepared bioelectrodes underwent DET on glassy carbon surface in both the presence and absence of MWCNTs. A self-assembled bioelectrode prepared on gold surfaces modified with dendrimers afforded similar redox potential, indicating that both methodologies provided an environment that favored DET in the PQQ-dependent enzymes. The biofuel cell tests confirmed that the DET process was easy, and that the performance enhanced in the presence of carbon nanotubes. These electrode modifications represent effective methods to immobilize quinohemoproteins on electrode surfaces and obtain direct electrical connection. Literature papers also exist on glucose/O2 biofuel cell using PQQ-dependent enzymes, where the PQQ-dependent glucose dehydrogenase covalently binds to SWCNTs.126 Cyclic voltammetry of the enzymes immobilized onto the modified carbon electrode evidenced two redox peaks related to the PQQ cofactor of the enzyme. The authors demonstrated not only direct electron transfer but also biocatalytic activity toward glucose. In other words, they obtained a molecular-size electronic nanowire between the active site of the enzyme and the carbon microelectrode surface.126

  Biocathodes performing DET

  Despite the difficulty in achieving electric connection between the active sites of the enzymes and electrode surfaces, many cathode-based materials are found on literature, in which the immobilized oxidoreductase enzymes are able to undergo DET. Gupta et al.42 presented a gas-diffusion electrode based on bilirubin oxidase and hydrophobized carbon black. The authors claimed an oxygen reduction reaction onset potential around 0.55 V vs Ag/AgCl. 
    Besides, the prepared device maintained an OCV around 0.65 V, which was close to the redox potential of the enzyme. Vaz-Dominguez et al.127 covalently bound laccase from Trametes hirsuta basidiomycete to graphite electrodes previously modiﬁed with aminophenyl derivatives. In the absence of redox mediators, the authors achieved catalytic current toward oxygen reduction around 500 µA cm-2, which suggested that the T1 Cu catalytic center of the enzyme was appropriately oriented. Furthermore, the prepared biomaterial displayed high operational stability and resisted inhibition by chloride. 

  Using carbon nanotubes to achieve better enzyme attachment/orientation and consequently higher DET efficiency is probably the most often employed strategy to prepare cathode materials. Many literature papers have dealt with this nanomaterial to study biofuel cells. The goal of functionalizing the carbon nanotubes surface with different active groups is to induce interactions with the catalytic site of the target enzymes via covalent bonds or hydrophobic interactions. Lau et al.128 prepared Teflon®/MWCNTs composites modified with tethered crosslinkers, which can covalently bind to the targeted biocatalysts, to give a gas-diffusion device. Nazaruk et al.129 applied a hybrid biofuel cell consisting of a Zn anode and laccase/SWCNTs to catalytically reduce oxygen. The highly efficient anode material furnished a biofuel cell with a power density of almost 1 mW cm-2; the hybrid system gave an OCV of 1.5 V. Martinez-Ortiz et al.130 described 4-(2-aminoethyl) benzoic acid-functionalized graphite electrodes in which the benzoic acid moiety interacted with the laccase T1 site and induced a DET environment between the T1 site and the graphite electrode surface. The authors also prepared a semi-enzymatic fuel cell using a zinc anode and the functionalized graphite electrodes with a substrate-like molecule, to obtain high electron transfer rate and a power density of 1.1 mW cm-2 at 0.41 V.130 Anthracene-modified CNTs also constitute scaffolds for DET in enzymatic oxygen reduction. Stolarczyk et al.131 compared the efficiency of SWCNT cathodes modified with phenyl, naphthyl, and terphenyl moieties. This set of electrodes reached the onset of oxygen reduction at ca. 0.60 V vs Ag/AgCl and generated a current density of 200 µA cm-2 at 0.2 V. Meredith et al.61 prepared a biocathode by mixing anthracene-modified nanotubes along with laccase immobilized with a modified-Nafion® membrane. In the tested conditions, a compartmentless enzymatic device using a DET fructose dehydrogenase anode produced an OCV of 707 mV, a maximum power density of 34.4 µW cm-2, and a maximum current density of 201.7 µA cm-2.61 Table 2 summarizes some DET studies on enzymatic biofuel cells.
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  2.4. Bioelectrode characterization

  Electrochemical techniques

  Electrochemistry focuses on the relationship between the chemical and electrical effects of a target process.133 Among the various available electrochemical techniques, enzymatic biofuel cell studies generally use cyclic voltammetry, polarization curves, and impedance measurements to gain better insight into the enzymatic system. Researchers employ these techniques to evaluate both semi-cell and complete biofuel cell and to asses mediator species by voltammetry and amperometry. Cyclic voltammetry is a simple and fast technique to initially characterize the reversibility of redox processes occurring on an enzymatic-based device. Normally, analysis of the voltammetric profile of a given system furnishes information about anodic and cathodic processes and gives the amount of electrons transferred in each case.133 Electrochemical characterization reveals how mediator species behave in enzymatic biofuel cells performing MET; (i.e., in cells where the enzymes do not establish direct contact with the electrode surface). As discussed earlier, the thermodynamic driving force of an MET biofuel cell lies on the difference between the redox potentials of the mediator species and the enzyme redox center. Hence, electrochemical characterization, which generally relies on the cyclic voltammograms of the targeted species, helps one to obtain better electronic shuttle between the enzymes and the electrode surface. Many literature papers on enzymatic biofuel cells employ this electrochemical tool to characterize different mediator species such as osmium and ruthenium-based complexes, ferrocene, and organic dyes with distinct voltammetric behavior.5, 16, 86 When the enzymes are in direct electric contact with the electrode surface, the electrochemical profile refers to the catalytic redox process of a particular biomolecule. Several literature examples have used cyclic voltammetry to confirm the direct electrochemistry of redox proteins and different electrode materials, such as carbon and gold.124, 134-136 At this point, it is worth highlighting the need to improve the electrochemical characterization of the active site of the enzyme. Indeed, this can promote better catalytic activity and electron transfer rate within the biodevice. Such feat constitutes a future goal in protein engineering, and shall help mimic active sites instead of regular biocatalysts on the electrode surface.137

  The most often employed electrochemical tool in enzymatic biofuel cells is the power curve. Such curve displays the potential or the current profile as a function of the power density of a given system; it simplifies the most significant result expected from a fuel cell; i.e., the generation of electrons. Osman et al.10 elegantly described the whole process occurring in a power curve, from the OCV to zero. In general, this curve includes three steps: the first potential decrease corresponds to activation overpotential; the second decline refers to the ohmic drop; and the third process results from mass transport effects.10 Recently, electrochemical impedance spectroscopy has also received considerable attention in the field of bioelectrodes characterization, mainly because it is sensitive and non-destructive.138-140 This technique clarifies many of the electrical properties of a biological device and the resistances involved in a biofuel cell, specifically in the case of the electron-transfer processes occurring on both the anode and the cathode sides. Such situations are critical during the fabrication of prototypes, because all the internal resistances of the operating device will directly affect the system power.141

  Spectrophotometry, fluorescence and electronic microscopy

  The Michaellis-Menten model provides one of most relevant qualitative descriptions of the relationship between enzymes and substrates. This model is widely used in enzymatic kinetic characterization studies, and the function extracted from the curve of reaction rate vs substrate amount is a rectangular hyperbola.142 Not all the enzymes fit the Michaellis-Menten model, even though cannot be considered a standard mechanism for all enzymatic reactions, it is useful in most cases. Using statistical calculations, the Michaellis-Menten equation furnishes both the maximum susbtrate conversion rate and the wellknown Michaellis-Menten constant, Km, which indicates the enzyme specificity toward a given substrate. Another parameter of great importance in enzymatic kinetics is the turnover number (Kcat), which provides the maximum number of substrate molecules that is converted to product per active site of enzyme per unit of time. Considering that all these kinetic data are normally determined for the enzyme in solution, an intersting way to obtain more clues about how the immobilization procedure affects the enzyme is to determine the kinetic parameters using the immobilized enzyme itself. This kind of assay can be very helpful to compare the effectiveness of the different enzyme methodologies and to calculate the amount of enzyme that remains active after application of different protocols. Considering the immobilization effect, literature data have suggested that the kinetic behavior of an immobilized enzyme follows a particular pathway or retains the same substrate affinity after the anchoring procedure.143, 144 This assay simply involves immersing the substrates containing the immobilized enzymes inside a cuvette and then follow the absorbance changes due to conversion of the substrate or oxidation or reduction of the cofators (such as the very often employed NAD+ and ABTS).143-145

  In studies involving enzymatic biofuel cells, fluorescence measurements help assess how the enzyme and the support interact. These measurements also provide information about enzyme occupation, distribution, and stability.5 The interaction between dehydrogenase enzymes and hydrophobically modified chitosan is a good example of how the fluorescence technique aids bioelectrode characterization. Lau et al.146 investigated the microenvironment of the immobilized enzyme malate dehydrogenase.  These authors bound the fluorophore acrylodan to the enzyme structure and measured the fluorescence emission in the immobilized state. The fluorescent emission of the probe shifted towards the red as a result of increased dipole moment, indicating that the local environment became more hydrophilic. The authors claimed that appropriate modification of the enzyme microenvironment could enhance both the enzymatic activity and power density.146 Konash et al.147 studied how different fluorophore species interact with the enzyme alcohol dehydrogenase and immobilizing agents. These authors demonstrated that this fluorescence technique coupled with polarization and confocal microscopy was potentially applicable to visualize the polymer structure as well as the distribution of the incorporated species. Therefore, it is a very useful characterization tool to investigate how enzymes interact with polymeric matrixes.

  The surface morphology of bioelectrodes has also been the target of much research. For this purpose, the main techniques employed in enzymatic biofuel cells are the physicochemical methodologies known as BET and Langmuir isotherms. X-ray diffraction analysis and scanning electron microscopy images (usually performed to evaluate film formation and thickness) are also described elsewhere. Isotherms normally help investigate bioelectrodes based on porous structures; they also provide the coverage profile.148 Reports on the composition and morphology of bioelectrodes based on hydrogenase and functionalized MWCNTs,149 as well as papers on the microstructure of the polypyrrole film containing entrapped ABTS molecules exist in the literature, too.108

  2.5. Nanomaterials applied in bioanode structure and cell design

  Advances in nanoscience and nanotechnology have enabled scientists to develop novel micro and nano electrodic materials. Moreover, immobilization methodologies can help improve both the biosensors and biofuel cells.150 To solve one of the main limitations of enzymatic biofuel cells; i.e., the low efficiency of the electron transfer between the active site of the enzyme and the electrode surface, new trends in biofuel cell catalysts design include incorporating materials at the nanoscale, such as carbon nanotubes, nanofibers, nanocomposites, as well as metallic nanoparticles, in the bioelectrode structure. The use of nanotechnology to develop bioelectrodes for enzymatic biofuel cells has recently received much attention.10 Nanostructured materials are an optimal environment to immobilize macromolecules: they provide larger surface area for enzyme immobilization, besides enhancing the efficiency of kinetic processes and allowing incorporation of higher enzyme load. Furthermore, the presence of these nanomaterials in the bioelectrode structure significantly enhances the bioelectrode electroactivity and provides efficient electrical contact between the enzyme active site and the electrode surface.10 Nanomaterials also improve diffusional processes and reduce the redox potential of many mediator species used in MET enzymatic devices.137 The sum of these contributions tends to significantly raise the output power density values furnished by a biofuel cell, besides increasing the lifetime of the immobilized enzyme.20

  Carbon nanotubes (CNT) have attracted considerable attention from the scientific community since their discovery in 1991. Their dimensions and extraordinary electronic, thermal, and mechanical properties have encouraged several studies, which showed that the presence of CNT significantly improves material properties.117, 151 The high CNT electrical conductivity and its biocompatibility allows for their use as electrode constituent, so they are a promising material for enzymatic biofuel cells. CNT can favor both DET (by decreasing the electron transfer distance) and MET (by introducing redox molecules that assist the electron transfer process in CNT via functionalization or electropolymerization).20,117,150,151 To preserve the conformational structure of immobilized enzymes, anchoring protocols employing CNT generally involve non-covalent interactions instead of chemical procedures. Hence, adsorption methods based on the hydrophobic interactions between the enzymes and CNT are usually employed.151 Furthermore, chemical modification of CNT with carboxylic acid groups, to obtain better dispersion, increases their biocompatibility through coupling with the amine groups of the enzyme.152, 153 Enzymatic biofuel cells containing CNT have primary been developed on two fronts – associated with metal nanoparticles or polymers. A synergistic effect arises from the combination of CNT and polymers, culminating in increased mechanical stability, enhanced electrical conductivity, and three-dimensional structure with high electroactive area. Both compounds have the ability to strongly interact with biomolecules, furnishing a highly conductive porous matrix. This feature favors diffusional processes and prevents enzyme loss, thus affording multifunctional materials.136, 154-157

  Likewise, metallic nanoparticles have also drawn the attention of researchers in various fields, including bioelectrochemistry. The most important characteristics of this material include increased surface area per volume, excellent electron transport, and high catalytic power. In the case of enzymatic biofuel cells, the incorporated metallic nanoparticles act as electron "carriers" between the enzyme and the solid substrate, improving the bioelectrocatalytic process. This undoubtedly constitutes the major advantage of incorporating metallic nanoparticles along with biomolecules. Furthermore, enzymes and nanoparticles have similar sizes, so it is possible to reduce the electron transfer distance without affecting the enzyme activity.158 Therefore, combining nanoparticles that exhibit unique electronic and catalytic properties with biomaterials that display incomparable catalytic and specificity behavior can furnish high-performance hybrid nanobiomaterials.26 The literature brings different possibilities to incorporate metal nanoparticles in systems containing biomolecules. Most papers have focused on the preparation of hybrid bioelectrodes containing gold and platinum nanoparticles.26 Gold nanoparticles present high biocompatibility and excellent conductivity; metallic platinum has similar properties, as well as excellent electrocatalytic power.159 Amperometric glucose sensors and sugar/O2 enzymatic biofuel cells are good examples of incorporation of platinum nanoparticles along with biomolecules.137,160 The literature brings good examples on the preparation of biosensors and mediatorless enzymatic biofuel cells based on glucose and fructose oxidation, along with gold nanoparticles.40,137,161,162

  2.6. Implantable enzymatic biofuel cells

  The possible applications of enzymatic biofuel cells cover low-power portable devices; their use as battery for implantable devices is the ultimate aim. Enzymes normally operate in physiological conditions, catalyzing complex reactions in many organisms, so applying them in implantable devices makes much sense.19 Since the first description of electricity generation as the sole result of glucose oxidase catalysis,9 scientists have seeked application of biofuel cells in cardiac pacemakers (used to regulate the cardiac rhythm by applying small electrical charges to the myocardial tissue) that employ glucose as fuel. Currently pacemakers operate with a lithium-iodine battery at a power output around 10 µW, which represents an energy density of 1 W h mL-1. The lifetime of these pacemakers is higher than 10 years.163-165 The advantage of an implantable enzymatic biofuel cell is that it would continuously furnish electricity, because it could be possible to continuously replace the substrate.19 Despite the lower power density generated by implantable biofuel cells, which normally lies in the range of some microwatts, these cells can satisfactorily provide the required energy inside many living organisms. At this point, the biological stability of the employed enzyme is the major drawback and is obviously the parameter that requires the most attention for practical purposes. Mass transfer issues also matter in an implantable enzymatic device. The output power depends on the amount of fuel, because substrate concentration in fluids is normally very low. The electrical connection and the surgical procedures involved in battery implantation also demand attention. Finally, the toxicity of some compounds employed in an enzymatic fuel cell, such as osmium-based mediators, must be overcome, so that viable implantable devices can be achieved.19 An excellent review by Barton et al.19 has covered good examples of implantable enzymatic devices, such as the preparation and characterization of a DET glucose/O2 biofuel cell operating in human serum presented by Coman et al.116 The complete biofuel cell supported on rods of spectrographic graphite electrodes reached a power density of 4 µW cm-2 and an OCV of 0.58 V. Implantable technology is challenging, and obtaining electrical power from a small living organism is even more difficult. Cinquin et al.166 fabricated a functional implantable glucose/O2 biofuel cell working in the retroperitoneal space of freely moving rats. The innovation of this work lay on the simple mechanical confinement of various enzymes and redox mediators. Sales et al.167 also prepared an implantable enzymatic fuel cell in a living rat. The authors conducted assays under physiological conditions using glucose from the rat blood as the anodic fuel and dissolved oxygen as the oxidizing agent in the cathode side.167 Rasmussen et al.168 implanted an enzymatic biofuel cell based on trehalose oxidation and oxygen reduction in a living insect. The authors designed the bioelectrodes on the basis of a bienzymatic trehalase/ glucose oxidase in the anode side; the cathode material consisted of bilirubin oxidase grafted along with osmium complexes on thin carbon fibers. Halamkova et al.169 employed PQQ-dependent glucose dehydrogenase and laccase as biocatalysts immobilized on a buckypaper (nanostructured composition consisting of densely packed CNTs). The cross-linking agent (1-pyrenebutanoic acid succinimidyl ester) connected the enzymes to the CNT via covalent binding with amine groups of lysine residues. The implanted biofuel cell gave an OCV of 530 mV and maximum power density around 30 µW cm-2, which was comparable to values obtained for other systems implanted in rats and rabbits. MacVittie et al.170 implanted biocatalytic electrodes into the hemolymph between the exoskeleton and the stomach of an American lobster; employing immobilized PQQ-dependent glucose dehydrogenase in the anode compartment and a laccase-based cathode in a buckypaper conductive support, the authors produced the desired energy. Southcott et al.171 demonstrated an implantable biofuel cell operating under conditions that mimicked the human physiology for a continuously operating pacemaker. A buckypaper support was employed as electrode material to immobilize PQQ-dependent glucose dehydrogenase and laccase on the anode and cathode respectively, along with 1-pyrenebutanoic acid succinimidyl ester. The prepared pacemaker produced a profile of electrical pulses similar to those usually registered with a commercial device operating on the basis of standard lithium-based battery.171 Implantable enzymatic biofuel cells can also function as power supply for electronic contact lenses. Falk et al.172 reported a DET-based biofuel cell that generated significant electrical energy in the human lachrymal liquid. Cellobiose dehydrogenase and bilirubin oxidase worked as the anodic and cathodic bioelements, respectively. The authors claimed an OCV of 0.57 V, a power density of about 1 µW cm-2, and an operational half-life of over 20 h.

  2.7. Enzymatic biofuel cell development and recent outcomes

  Fuel cells employing enzymes as the main catalysts have emerged from the desire to obtain well defined and specific reactions on the surface of an electrode.8 Although the first description to obtain electricity from a biological species dates from 1911,7 only in 1964 did Yahiro et al.9 demonstrate the first example of an enzymatic device. Figure 7 illustrates how enzymatic biofuel cells evolved since the first descriptions.

  
    

    [image: Figure 07]

  

  For a long time, glucose remained as the standard fuel in enzymatic biofuel cell studies, motivated mainly by the possibility of applying it as pacemaker battery in vivo. In the first work on glucose, the authors demonstrated that two flavoenzymes, glucose oxidase and d-amino acid oxidase, produced electricity. Although this system gave low current density, the glucose/O2 assay using platinum as cathode in contact with air provided OCV in the range of 300-350 mV.9 In the 1970s, just a few reports dealt with biofuel, most descriptions involved mainly metallic electrodes. For example, the work of Rao et al.173 aimed to achieve glucose oxidation for possible application in implantable electronic devices. Yeh et al.23 presented an example of enzymatic electrochemistry when they described the reversible electron transfer characteristics of cytochrome c9 by electrically contacting it with indium oxide electrodes. Plotkin et al.174 reported on a methanol-based biofuel cell with an OCV of 0.3 V when they employed bacterial methanol dehydrogenase along with ethosulfate phenazine as the redox mediator. In the 1980s, Aston and Turner175 published a review paper concerning both biofuel cells and biosensor devices, thus reviving the interest in connecting biological systems with electrochemical devices. Many elegant papers were published in the 1990s, among which the report of Palmore et al.176 stands. These authors used three dehydrogenase enzymes in cascade, to completely oxidize methanol. Willner and Katz177 described a membraneless biofuel cell employing PQQ and microperoxidase.

  In the beginning of the 21st century, biofuel cell researchers began to attempt to obtain microdevices for implantable technology. Katz and Willner178 prepared an electroswitchable enzymatic biofuel cell based on glucose and cytochrome oxidase in a Cu+2/Cu0-polyacrylic acid hybrid matrix. Professor Adam Heller, a great enthusiast for the bioelectrochemistry field, greatly contributed to knowledge about enzymatic biofuel cells. This review will highlight some of these contributions hereafter. Professor Heller designed a tiny enzyme-based biofuel cell for micro-sized implantable medical devices. The bioelectrodes consisted of two electrocatalysts with 7-µm diameter deposited on carbon fiber electrodes in a polycarbonate support.15 The anode side comprised glucose oxidase covalently bound to a reducing-potential copolymer based on osmium complexes along with a laccase-based cathode. Such bioelectronic device furnished 600 nW at 37 ºC, which was enough to power small silicon-based microelectronics. Mano et al.179 prepared a miniature biofuel cell to operate in a physiological buffer. These authors obtained the bioelectrodes by immobilizing the redox enzymes with the respective redox hydrogel mediators on a carbon fiber support. For a similar bioelectrode configuration, the same authors described an implantable miniature biofuel cell operating in grape, which produced 2.4 µW at 0.52 V.32 In another paper, these authors reported another miniature biofuel cell employing osmium-based mediators; they achieved a power density of 2.68 mW mm-2 at 0.78 V. 180 Employing a highly efficient cathode prepared with laccase and an osmium-based redox mediator, Soukharev et al.181 obtained a miniature membraneless glucose/O2 biofuel cell that operated at high voltage, 0.88 V, and produced 350 µW cm-2.

  Despite the many reports dealing with glucose/O2 biofuel cells, research teams have also targeted alcoholic-based biofuel cells. Topcagic and Minteer59 described a biofuel cell based on alcohol dehydrogenase and bilirubin oxidase for ethanol oxidation at the anode and oxygen reduction at the cathode, respectively. Results showed a 30-day lifetime, power density of 0.46 mW cm-2, and OCV in the range of 0.68-0.83 V. Our research team has also prepared bioanodes for ethanol/O2 biofuel cell by immobilizing alcohol dehydrogenase and PAMAM dendrimers onto a carbon cloth platform via passive adsorption or the layer-by-layer technique.22, 103

  Most studies in the biofuel cell literature employ only a single enzymatic system, with a fuel oxidation step involving one or two electrons. However, researchers have also focused on enzymatic biofuel cells dealing with complete substrate oxidation, to take full advantage of the energy density of the substrate. Palmore et al.176 designed the first multi-enzymatic biofuel cell system to oxidize methanol; they immobilized the enzymes alcohol, aldehyde, and formate dehydrogenases onto graphite electrode as the anode and used it along with a platinum cathode. Sokic-Lazic and Minteer54 reported on an enzymatic biofuel cell mimicking the citric acid cycle, which is the main metabolic pathway that living cells employ to convert carbon fuels. The authors immobilized dehydrogenase enzymes on carbon electrode in cascade and verify increased current density according to the number of enzymes. This same group also mimicked the Krebs's cycle: they prepared bioanodes with dehydrogenases in cascade to completely oxidize pyruvate.55 Immobilization of sequential dehydrogenase enzymes in cascade to complete oxidize lactate in a lactate/air biofuel cell has also been described.25

  Another interest in the development of enzymatic biofuel cells is protein engineering, which affords biocatalysts with a specific design or desired characteristic. To this end, scientists have employed several strategies to rationally design redox enzymes.182, 183 Protein engineering can provide changes in the structural framework improving substrate access to the active site via proper orientation of the enzyme at the electrode surface,184 direct introduction of some redox mediators into the enzyme structure,185 and enhancement of enzyme stability,186 among other strategies. Campbell et al.187 coassembled bifunctional protein building blocks, to create multifunctional biomaterials. The authors prepared multifunctional hydrogels that efficiently catalyzed dioxygen reduction to water at neutral pH using both a metallopolypeptide (which displays cross-linking functionality) and a modified polyphenol oxidase (a small laccase genetically engineered to exhibit cross-linking functionality). The prepared material also allowed the bioelectrocatalytic system - enzyme and redox mediator - to act as the physical structure of the hydrogel, making it applicable in a wide range of systems.187 Despite the high applicability of PQQ-dependent glucose dehydrogenase in enzymatic biofuel cells, mainly due to its oxygen tolerance and high catalytic efficiency, this enzyme is not stable in the long term. Yuhashi et al.186 reported engineering of this enzyme in a glucose/O2 cell, and the results pointed to enhanced stability of the bioelectrodes prepared with the mutant enzyme. Another paper dealing with a hybrid bioelectrode described a site-speciﬁc attachment of a genetically modiﬁed glucose oxidase. It was possible to obtain a free thiol group near this active site, with gold nanoparticles performing DET with the electrode surface.119

  Confirming the growing interest in enzymatic biofuel cells over the past decades, several important review papers exist in the literature, some of which we highlight here. In 2004, Barton et al.19 presented a complete overview of immobilization techniques, applications, peculiarities, and differences as compared with biosensors with emphasis on MET processes. In 2006, Bullen et al.8 reviewed works published between 1994 and 2006, focusing mainly on performance parameters such as power density, OCV, and development to that date. In 2007, Minteer et al.12 highlighted the practical application parameters of enzymatic biofuel cells, such as stability and lifetime, besides future trends in the development of this device. In 2008, Cooney and Minteer5 reviewed the electron transfer processes, the aspects related to bioelectrodes configuration, and characterization techniques. In 2010, Ivanov et al.188 discussed the bioelectrode preparation methodologies, and modeling as well as aspects that still limit the commercial application of this bioelectronics device. In 2011, Osman et al.10 presented the recent progress in the development of enzymatic biofuel cells, as well as advances in new electrodic materials, immobilization methods, nanostructuring, and aspects related to the construction of these devices from an engineering viewpoint. Still in 2011, Opallo and Bilewicz189 presented the latest aspects regarding the development of nanostructured bioelectrodes, also focusing on catalysis of the oxygen reduction reaction. In early 2012, Yang et al.26 reviewed aspects associated with the immobilization of enzymes onto electrode surfaces, whereas Falk et al.20 presented a mini review that discussed DET processes in enzymatic devices.

  Enzymatic biofuel cells provide a means to obtain clean and renewable energy, so they have gained growing scientific and technological importance in recent years. Indeed, many studies have attested to the promising features of this device. For sure, many have been the achievements in the field of implantable technologies, as stressed in the previous topic; at this point, some recent outcomes deserve to be highlighted. In 2009, Sony® Electronics Corporation introduced the first prototype of a biobattery based on a glucose/O2 biofuel cell, to provide energy for low-power portable devices.17, 18 The developed passive-type biofuel cell displayed a multi-stacked structure and was able to generate 100 mW with a total bioelectrode area of 80 cm3. The maximum power density was 1.45 mW cm-2 at 0.3 V, the OCV was 0.8 V, and the short-circuit current density was 11 mA cm-2. The multi-stacked structure provided sufficient energy to continuously operate a Walkman and a radio-controlled car for 2 h.17 Trying to improve two of the most rate-limiting steps in enzymatic bioelectronics (especially in miniaturized devices); i.e., electron transfer rate and mass transport of substrates, Gao et al.190 prepared engineered porous microwires as electrode support for enzymatic biofuel cells. They obtained this support by a coagulation spinning process. The CNTs furnished a highly porous structure to immobilize the enzyme and a much higher ratio of available redox polymer centers. The miniature membraneless glucose/oxygen MET biofuel cell was able to generate 740 µW cm-2 at 0.57 V. Zebda et al136 published another remarkable paper on high-power glucose-based biofuel cell, in which they employed compressed carbon nanotube electrodes to efficiently wire the enzymes. Both the bioanode and biocathode were based on three-dimensional CNTs mechanically compressed with the glucose oxidase and laccase, respectively. The authors also added catalase to the mixture, to diminish peroxide contamination. When associated, the bioelectrodes delivered a high power density of up to 1.3 mW cm-2 and an open circuit voltage of 0.95 V in the mediatorless biofuel cell test. This same group claimed an operational power density of about 1 mW cm-2 in the case that the cell operated for one month under physiological conditions.136

  Hybrid biofuel cells employing zinc as the anodic material are also a possibility to obtain high power density devices.129 This biofuel cell is generally constructed by using a zinc bar or wire as electron source along with a biocathode based on laccase or bilirubin oxidase to catalytically reduce oxygen. This type of biofuel cell dismisses the need for compartmentalization and membrane separation; also, it can work in direct contact with the environment. Jensen et al.191 described a type of zinc biobattery that can power a 1.5 V household device for 38 days. The Zn/O2 biofuel cell device, prepared in the absence of any mediators, yielded 0.44 mW cm-2 at 0.5 V. Stolarczyk et al.132 reported other impressive power density and OCV values employing a DET cathode using SWCNT modified with anthracene and anthraquinone species: 1.5 V and 2 mW cm-2, respectively. Using a hybrid biobattery, Zloczewska et al.192 achieved an OCV of 1.75 V and generated a maximum power density of 5.25 mW cm-2 at 0.4 V.

   

  3. Conclusion and Future Outlook

  A few years ago, one could say that the applicability of the enzymatic biofuel cell as an alternative energy source was questionable or a dream that would be difficult to come true. Nowadays, although metallic-based fuel cells still stand out in terms of research and power output, the use of enzymes to efficiently convert energy from chemical substrates to electricity has increased. These systems still need to meet the requirements of practical commercial application, though. Significant improvements in terms of enzyme immobilization, power density, stability, cost of the employed materials, and issues related to the electron transfer between enzymes and electrode surfaces still need to be achieved. Over the last years, there has been many outcomes both in terms of MET and direct electronic connection between enzymes and electrode surfaces. These efforts have increased the number of papers describing enhanced electron shuttle through different electrode surfaces. Moreover, elegantly designed bioelectrodes have also been reported to enable direct electrical connection between several enzymes and solid supports.

  To achieve higher power density output, the use of hybrid zinc-based biobattery has emerged as an interesting strategy to obtain high power devices. Indeed, this possibility has been a goal in the recent specialized literature. In terms of protein engineering, despite the many advances seen in the past years and even though some good results in enzymatic biofuel cells using mutant enzymes have been achieved, challenges still exist in this field. Fundamental studies on protein structure-function relationships are still necessary to obtain better electron transfer rate and substrate conversion at electrode surfaces. Considering implantable technology, this area has witnessed many advances, including the promising results in terms of the generated current density. However, the in vivo use of enzymatic biofuel cells still requires further investigation, especially with regard to operational stability tests, to attend to the desirable durability. Developing hybrid nanocatalysts containing enzymes, carbon nanotubes, and metallic nanoparticles is another strategy employed to prepare high-performance enzymatic biofuel cells. In this kind of bioelectrode architecture, it is always important to consider the maintenance of the characteristics that make biofuel cells devices environmentally and economically attractive, i.e., the costs of the prepared device and the amount of non-renewable compound must be borne in mind. Whereas, researchers focused on understanding the chemistry of enzymes on electrode surfaces, current efforts are more directed towards the development of methodologies and materials integrated with the biocatalysts. This trend aims to maximize enzyme distribution, abandoning a classic two-dimensional condition to obtain a three-dimensional structure with highly ordered biocatalysts in a high-performance biomaterial. Finally, standardizing stability and operation tests is crucial to obtaining consistent data on enzymatic activity retention over long periods. Hence, in the near future, besides investigating performance parameters researchers of enzymatic biofuel cells must also consider interface engineering; i.e., they must evaluate the prepared biomaterials in prototype devices, to better visualize them under operational conditions.
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    Duas lactonas bicíclicas com anéis gem-dimetilciclohexano (δ-bromo-γ-lactona e δ-iodo-γ-lactona) foram utilizadas como substratos para biotransformação por células inteiras de várias estirpes fúngicas (cinco Fusarium strains, Nigrospora oryzae, Syncephalastrum racemosum, Stemphylium botryosum e Cunninghamella japonicae Acremonium sp). Alguns dos microorganismos selecionados (principalmente cepas Fusarium) transformam estas lactonas por desalogenação hidrolítica em cis-(–)-2-hidroxi-4,4-dimetil-9-oxabiciclo[4.3.0]nonano-8-ona. A conversão do substrato foi igual ou próxima de 100%, mostrando que o método permite a remoção completa do átomo de halogênio da molécula, substituindo-o por um grupo hidroxila. As estruturas de todos os substratos e produtos foram estabelecidas com base nos seus dados espectrais. A hidroxilactona obtida como resultado da biotransformação foi examinada por sua atividade biológica contra bactérias, leveduras e fungos. Este composto inibe o crescimento de alguns microorganismos testados.

  

   

  
    Two bicyclic lactones with gem-dimethylcyclohexane rings (δ-bromo-γ-lactone and δ-iodo-γ-lactone) were used as substrates for biotransformation by whole cells of several fungal strains (five cepas Fusarium, Nigrospora oryzae, Syncephalastrum racemosum, Stemphylium botryosum, Cunninghamella japonica and Acremonium sp). Some of the selected microorganisms (mainly Fusarium strains) transformed these lactones by hydrolytic dehalogenation into cis-(–)-2-hydroxy-4,4-dimethyl-9-oxabicyclo[4.3.0]nonan-8-one. The conversion of the substrate was equal or close to 100%, showing that this method allows for the complete removal of the halogen atom from the molecule, replacing it by a hydroxy group. The structures of all substrates and products were established on the basis of their spectral data. Hydroxylactone obtained as a result of biotransformation was examined for its biological activity against bacteria, yeasts and fungi. This compound inhibits the growth of some tested microorganisms.

    Keywords: lactones, biotransformations, hydrolytic dehalogenation, Fusarium species, antimicrobial activity

  

   

   

  Introduction

  Halogenated organic compounds are commonly used in agriculture as herbicides, insecticides or artificial fertilizers, in medicine as antibiotics and also in chemistry as solvents or intermediates.1 Many of these compounds are used during a variety of industrial processes and may pollute our environment, including water and air, as they are difficult to degrade naturally. It is therefore important to find methods that can neutralize these compounds. For many years, different bacteria have been used to transform halocompounds into other compounds, and there are many reports on the transformation of haloalkanes,2-4 halogenated ethenes5 and halogenated aromatic compounds1,6,7 by bacteria. Another enzyme widely used to utilize halocompounds is cytochrome P-450.8,9 In our laboratory, we work with microorganisms that are able to degrade halogenated compounds including halolactones.10-13

  Hydroxylactones can be obtained by means of chemical synthesis14-18 or by biotransformation of saturated or unsaturated lactones.19,20 Chemical synthesis of hydroxylactones usually yields one lactone or a mixture of lactones with specific structure. However, microorganisms may produce other compounds that are impossible to obtain synthetically when the hydroxy group is in an inactive place of the molecule19,20 or in another site (for example, equatorial instead axial) in relation to the lactone ring.12,13,21

  Here, we present further examples of biohydroxylation of bromolactone and iodolactone with a gem-dimethylcyclohexane ring. These lactones were chosen because in the previous studies we found that the location of gem-dimethyl groups in the cyclohexane ring significantly affected the structure of the biotransformation products. In the case of saturated lactones with gem-dimethyl groups at C-4, microorganisms were able to introduce a hydroxy group at C-3 in equatorial position.19 In turn, the saturated lactone with the gem-dimethyl moiety at C-3 would yield two products with hydroxy group at C-2 or C-6, both in equatorial position.20 It is worth noting that in this case, there was a change in cyclohexane ring conformation. Similar situation was observed during biotransformation of halolactones with gem-dimethyl moiety at C-5 or C-4 (with additional methyl group at C-6) when the hydroxy group was introduced in place of a halogen atom. However, the orientation of a hydroxy group dependeds on the position of gem-dimethyl groups. In the first case, a hydroxy group was introduced in an axial position, and the conformation of cyclohexane ring was maintained. The presence of gemdimethyl groups at C-4 resulted in an introduction of a hydroxy group in an equatorial position and also a change in cyclohexane ring conformation.11,12

   

  Experimental

  Analysis

  The progress of all reactions and the purity of isolated products were checked by thin layer chromatography (TLC) on silica gel-coated aluminum plates (DC-Alufolien Kieselgel 60 F254, Merck), and by gas chromatography (GC) analysis which was carried out on a Hewlett Packard HP 5890 instrument using the HP-5 column (cross linked methyl silicone gum, 30 m × 0.32 mm × 0.25 µm) using the following conditions: injector 150 ºC, detector (FID) 300 ºC, column temperature: 100 ºC (hold 1 min), 100-200 ºC (rate 10 ºC min-1), 200-300 ºC (rate 50 ºC min-1) and 300 ºC (hold 1 min). The structures of the obtained compounds were also confirmed by gas chromatography-mass spectrometry (GC-MS) analysis using Varian Saturn 2000 instrument (EI ionization) with the HP-1 column (cross-linked methyl silicone gum, 25 m × 0.32 mm × 0.52 µm) under the following conditions: injector 200 ºC, detector 300 ºC, column temperature: 120 ºC (hold 2 min), 120-300 ºC (rate 20 ºC min-1) and 300 ºC (hold 3 min). The enantiomeric excess of the products obtained from biotransformation were determined by GC analysis using the chiral column CP-cyclodextrin-B-325 (30 m × 0.25 mm × 0.25 µm). The temperatures during these GC analyses were as follows: injector 200 ºC, detector (FID) 250 ºC, column temperature: 140 ºC (hold 45 min), 140-200 ºC (rate 20 ºC min-1) and 200 ºC (hold 1 min). Preparative column chromatography on silica gel (Kieselgel 60, 230-400 mesh) was used for the purification of the products of the chemical synthesis and biotransformation.

  1H and 13C nuclear magnetic resonance (NMR) spectra were recorded in a CDCl3 solution on a Bruker Avance DRX 300 spectrometer. The assignments of 13C NMR chemical shifts were made by means of C/H correlation heteronuclear multiple quantum coherence (HMQC). Infrared spectra were determined using an FTIR Thermo-Mattson IR 300 spectrometer. Optical rotations were measured on an Autopol IV automatic polarimeter (Rudolph).

  Materials

  The substrates for biotransformation were two racemic halolactones 2 and 3, which were synthesized from a known γ,δ-unsaturated acid 1.15 The new bromolactone 2 was obtained by bromolactonisation of acid 1 using N-bromosuccinimide (NBS) in tetrahydrofuran (THF). The known iodolactone 3 was obtained by iodolactonisation of acid 1 according to the procedure described earlier.15 Here, we describe the synthesis and spectral data of these compounds, and the use of these data for studying the changes in the molecules during biotransformation.

  2-Bromo-4,4-dimethyl-9-oxabicyclo[4.3.0]nonan-8-one (2)

  Acid 1 (2.3 g, 0.014 mol) was dissolved in 30 mL of THF, and then N-bromosuccinimide (NBS, 5.2 g, 0.029 mol) was added. This mixture was stirred for 24 h at room temperature and then water was added (30 mL). The product was extracted with diethyl ether (3 × 30 mL). The combined ethereal fractions were washed with saturated NaHCO3 solution (20 mL), brine (20 mL) and dried with anhydrous magnesium sulphate. The crude product was purified on silica gel (hexane:acetone, 3:1) yielding 2.5 g (74%) of bromolactone 2 with the following physical and spectral properties: mp 59-60 ºC; 1H NMR (300 MHz, CDCl3) δ 1.00 and 1.06 (two s, 6H, (CH3)2C-4), 1.30 and (two m, 2H, CH2-5), 1.76 (dd, 1H, J 14.3, 10.7 Hz, H-3 axial), 1.96 (dd, J 14.3, 4.2 Hz, 1H, H-3 equatorial), 2.29 (dm, 1H, J 13.6 Hz, one of CH2-7), 2.68-2.79 (two m, one of CH2-7 and H-6), 4.18 (ddd, 1H, J 10.7, 6.5, 4.2 Hz, H-2), 4.72 (dd, 1H, J 6.5, 6.3 Hz, H-1); 13C NMR (300 MHz, CDCl3) δ 29.58 (C-10), 30.55 (C-9), 31.72 (C-4), 32.53 (C-6), 35.52 (C-7), 38.37 (C-5), 43.79 (C-3), 46.69 (C-2), 85.04 (C-1), 175.53 (C-8); IR (KBr) νmax/cm-1 2960, 1783, 1371, 1173, 999; EI-MS m/z (%) 248 [M + H], 167 [M-HBr], 167 (100), 149 (17), 123 (20), 95 (28), 81 (19), 55 (24), 39 (36).

  2-Iodo-4,4-dimethyl-9-oxabicyclo[4.3.0]nonan-8-one (3)

  1H NMR (300 MHz, CDCl3) δ 1.00 and 1.03 (two s, 6H, (CH3)2C-4), 1.36 (m, 2H, CH2-5), 1.86 (dd, 1H, J 14.3, 12.2 Hz, H-3 axial), 2.05 (dd, 1H, J 14.3, 4.2 Hz, H-3 equatorial), 2.32 (m, 1H, H-6), 2.70 (m, 2H, CH2-7), 4.19 (ddd, 1H, J 12.2, 7.8, 4.2 Hz, H-2), 4.83 (dd, 1H, J 7.8, 7.2 Hz, H-1); EI-MS m/z (%) 294 [M + H], 167 [M-HJ], 167 (100), 149 (21), 123 (50), 107 (54), 95 (28), 81 (31), 69 (45), 55 (24), 39 (57).

  Microorganisms

  The fungal strains used in all biotransformation reactions came from the collection of the Institute of Biology and Botany, Medical University, Wrocław (Poland): Nigrospora oryzae AM8, Fusarium culmorum AM10, Fusarium avenaceum AM11, Fusarium tricinctum AM16, Fusarium semitectum AM20, Syncephalastrum racemosum AM105, Fusarium solani AM203, Stemphylium botryosum AM279, Cunninghamella japonica AM472 and Acremonium sp. AM545. All these strains are available at the Department of Chemistry, Wrocław University of Environmental and Life Sciences. The fungi were cultivated on Sabouraud's medium containing 5 g of aminobac, 5 g of peptone, 40 g of glucose and 15 g of agar dissolved in 1 L of distilled water at 28 ºC and stored in refrigerator at 4 ºC.

  Biotransformation

  Screening procedure

  The fungal strains used for biotransformation were cultivated at 25 ºC in Erlenmeyer flasks containing 100 mL of a medium (3 g glucose and 1 g peptobac in 100 mL of water). After 4 days, 10 mg of the substrate dissolved in 1 mL of acetone were added to each culture flask. Incubation of the shaking cultures with the substrate was continued for 7 days. After 3, 5 and 7 days of incubation, the products of biotransformation were extracted with dichloromethane (15 mL), and analyzed by TLC (silica gel, hexane:acetone 3:1) and GC (HP-5 column).

  Preparative biotransformations

  Halolactone 2 or 3 (100 mg) were dissolved in 10 mL of acetone and dispensed into 10 Erlenmeyer flasks containing the four day cultures of fungal strains prepared as described in the screening procedure. The microorganisms selected during the screening transformations were incubated with the substrates for 7 days, then, the product mixtures were extracted with dichloromethane (3 × 40 mL). The organic solutions were dried (MgSO4) and the solvent was evaporated in vacuo. Column chromatography (silica gel, hexane:acetone 3:1) was used to obtain pure product (hydroxylactone 4), the unreacted substrate and the fungal metabolites. The physical and spectral data of hydroxylactone 4 (2-hydroxy-4,4-dimethyl-9-oxabicyclo[4.3.0]nonan-8-one) are presented below: mp 80-81 ºC; 1H NMR (300 MHz, CDCl3) δ 0.92 and 0.94 (two s, 6H, (CH3)2C-4), 0.98 (dd, 1H, J 13.8, 12.9 Hz, one of CH2-5), 1.18 (dd, 1H, J 12.6, 12.3 Hz, one of CH2-3),  1.42 (dd, 1H, J 13.8, 6.4 Hz, one of CH2-5), 1.63 (dd, 1H, J 12.6, 5.0 Hz, one of CH2-3), 2.23 (d, 1H, J 16.7 Hz, one of CH2-7), 2.58 (ddd, 1H, J 13.0, 6.4, 6.3 Hz, H-6),  2.75 (dd, 1H, J 16.7, 6.3 Hz, one of CH2-7), 3.92 (ddd, 1H, J 12.3, 5.0, 3.9 Hz, H-2), 4.58 (t, J 3.9 Hz, 1H, H-1); 13C NMR (300 MHz, CDCl3) δ 24.01 (C-10), 31.63 (C-4), 32.31 (C-9), 33.29 (C-6), 38.38 (C-7), 39.45 (C-5), 41.18 (C-3), 67.08 (C-2), 80.86 (C-1), 176.20 (C-8); IR (KBr) νmax/cm-1 3333, 2958, 1778, 1164, 1070; EI-MS m/z (%) 185 [M + H], 168 [M-H2O], 168 (49), 150 (18), 125 (24), 109 (21), 105 (21), 98 (47), 85 (100), 81 (30), 69 (64), 55 (39), 41 (67), 39 (64).

  Bioassay

  The following strains of bacteria were used: Micrococcus flavus C1, Bacillus cereus C3, Escherichia coli C1, Bacillus subtilis B5, Pseudomonas fluorescens W1, yeast: Debaryomyces hansenii K12a, Saccharomyces cerevisiae SV30, Yarrowia lipolytica ATCC 20460, Schizosaccharomyces pombe C-1, Rhodotorula rubra C-9 and filamentous fungi: Aspergillus niger XP, Fusarium linii 3A, Penicillium sp., Alternaria sp. These strains came from the own collection of the Department of Biotechnology and Food Microbiology, University of Environmental and Life Sciences. The bacterial cultures were carried out for 48 h in a liquid broth containing 15 g of dry bullion (Biocorp) and 10 g of glucose dissolved in 1 L of distilled water. Yeast and fungi were cultured in YPG medium (10 g of yeast extract, 10 g of bacteriological peptone and 10 g of glucose dissolved in 1 L of distilled water) for 48 and 96 h, respectively. The effects of hydroxylactone 4 on the growth of microorganisms were tested in a microbiological apparatus Bioscreen C (Automated Growth Curve Analysis System, Lab Systems, Finland). The working volume in the wells of the Bioscreen plate was 300 µL, comprising 280 µL of culture medium, and 10 µL of cell or spore solution (final density 1 × 106 cells mL-1). Hydroxylactone 4 was dissolved in 10 µL dimethyl sulfoxide and used at a final concentration of 0.1% (m/v). The temperature was controlled at 30 ºC (bacteria, yeasts) and 25 ºC (filamentous fungi), the optical density of the cell suspensions was measured automatically at 560 nm at regular intervals of 30 min, for 2-4 days. The cell cultures were placed on a continuous shaker. Each culture was performed in 3 replications.

  The data were analyzed using a spreadsheet software (Excel 97) and the means for the triplicates of each culture medium type were calculated. The mean values were used to generate the growth curves for each investigated strain, constituting a function of the incubation time and the culture medium absorbance. The resulting microbial growth curves were compared to control cultures in the medium supplemented with dimethyl sulfoxide.

   

  Results and Discussion

  The substrates for transformation were two racemic halo-γ-lactones (2, 3) that included a gem-dimethylcyclohexane ring. γ,δ-Unsaturated acid 1 was used to obtain two lactones: iodo-γ-lactone 316 and the novel bromo-γ-lactone 2. Lactone 2 was obtained using N-bromosuccinimide in tetrahydrofurane (Scheme 1).
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  The structure of bromo-γ-lactone 2 was determined on the basis of its spectral (1H NMR and IR) data. The absorption bands at 1783 cm-1 on IR spectra confirmed the presence of a γ-lactone ring in the molecule. The similarity between spectral data (1H NMR) of bromolactone 2 and the previously obtained iodolactone 315 suggests that their structures are similar, both lactones have the same skeleton. The analysis of 1H NMR spectra of bromolactone 2 showed that the coupling constants of H-1 with H-2 (J 6.5 Hz), H-2 with H-3 axial (J 10.7 Hz) and H-2 with H-3 equatorial (J 4.2 Hz) are similar to coupling constants of iodolactone 3: J 7.8 Hz (H-1 with H-2), J 12.1 Hz (H-2 with H-3 axial) and J 4.2 Hz (H-2 with H-3 equatorial), respectively. This indicates that in both molecules, the cyclohexane ring exists in the chair conformation, H-1 and H-2 protons are in trans diaxial positions, and H-2 proton and lactone ring are cis oriented in relation to the axial methyl group at C-4 (Scheme 3).
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  In the first step of biotransformation, ten fungal strains of local origin were tested for their ability to transform halolactones: Nigrospora oryzae AM8, Fusarium culmorum AM10, Fusarium avenaceum AM11, Fusarium tricinctum AM16, Fusarium semitectum AM20, Syncephalastrum racemosum AM105, Fusarium solani AM203, Stemphylium botryosum AM279, Cunninghamella japonica AM472 and Acremonium sp. AM545. The progress of transformations was monitored by means of standard techniques (TLC and GC). The results of the biotransformation screening are shown in Table 1.
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  The best degree of conversion (100%) was observed when bromolactone 2 was incubated with Fusarium semitectum AM20 (entry 5) and Acremonium sp. AM545 (entry 10). Interestingly, the same microorganisms converted the second substrate, iodolactone 3 to a lesser extent (79 and 38%, respectively). The reverse situation was observed for Fusarium tricinctum AM16 (entry 4). This fungus preferred hydroxylation of iodolactone (79 %), bromolactone was transformed only in 15%. The other three fungal strains: Fusarium culmorum AM10 (entry 2), Fusarium avenaceum AM11 (entry 3) and Fusarium solani AM203 (entry 7) transformed both substrates with comparable efficiency (between 66 and 96%). The screening procedure assessed only the conversion degree. Both substrates (bromolactone 2 and iodolactone 3) were converted into the same product (Scheme 2).

  In the next step, the fungal strains selected during the screening transformations were chosen for preparative biotransformation. These were mainly Fusarium species and Acremonium sp. that effectively converted the substrates into a product (over 66% efficacy). The results of this step are shown in Figures 1 and 2.
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  The above data indicate high substrate specificity. Fungal strains clearly preferred bromolactone 2, this substrate was fully converted in two cases (Fusarium semitectum AM20 and Acremonium sp. AM545) and in 81.7 to 94.3% in three other cases, while iodolactone 3 was transformed with lower yield (55.9-79.7%).

  The structure of the obtained product was established on the basis of its spectral data. The IR spectra showed that the γ-lactone ring was retained in the product during the biotransformation (absorption bands at 1778 cm-1). A strong and broad band found at 3333 cm-1 suggested the presence of a hydroxy group in the molecules.

  Previous analyses of bromolactone 2 and iodolactone 3 structures showed that H-1 and H-2 protons were in trans diaxial positions, the bromine or iodine atom was in the equatorial position and trans oriented in relation to the C–O bond, and the axial methyl group was at C-4.

  The analysis of NMR (1H,13C COSY (correlation spectroscopy) and HMQC) spectra of the hydroxylactone 4 that was obtained microbiologically and bromolactone 2 allowed for the identification of differences between both molecules. The coupling constants of H-1 with H-2 (J 3.9 Hz), H-2 with H-3 axial (J 12.3 Hz) and H-2 with H-3 equatorial (J 5.0 Hz) indicated that the molecule of hydroxylactone 4 exists in a chair conformation. The coupling constants observed for the H-2 proton suggested its axial position, and for the H-1 proton indicated its equatorial position. Additionally, in the case of hydroxylactone 4, it can be observed that the axial H-2 proton is cis oriented in relation to the equatorial H-1 proton and the axial methyl group at C-4. However, the C–O bond of the lactone ring is trans oriented to the axial methyl group at C-4. These data suggested that bromine or iodine atom was replaced with a hydroxy group in a mechanism resembling the SN2 mechanism. In the obtained product 4, the hydroxy group should be in an axial position. Spectral data showed, however, that the hydroxy group occupied an equatorial position and conformation of the cyclohexane ring was altered. This change can be explained by a tendency of the molecule to minimize energetically unfavorable 1,3-diaxial repulsions between the hydroxy group at C-2 and the axial methyl group at C-4 (Scheme 3).

  Similar situations involving the change in hydroxylactone conformation as a result of biotransformation were observed in earlier experiments using similar substrates.11-13

  During previous syntheses, the structural analogous of hydroxylactone 4 were obtained.14,21 These methods allowed us to obtain a hydroxylactone in which the cyclohexane ring was in the boat conformation, and lactone ring was in trans position in relation to the axial methyl group at C-4. The hydroxy group at C-2 occupied the equatorial position and was located in the trans position relative to the C–O bond of the lactone ring.

  In the case of hydroxylactone 4, the cyclohexane ring is in the chair conformation. The H-2 proton is in axial position, and the H-1 proton is in equatorial position. The equatorial hydroxy group at C-2 is cis oriented in relation to the C–O bond of the lactone ring and trans oriented relative to the axial methyl group at C-4.

  For all hydroxylactones obtained from halolactones during the preparative biotransformations, their optical purity was determined in order to investigate the ability of microorganisms to transform the chosen substrates into the new products, and to test the product enantiospecificity. The results are shown in Tables 2 and 3.

  
    

    [image: Table 2. Results of preparative]

  

  
    

    [image: Table 3. Results of preparative]

  

  In all cases, the formation of (–) isomer of hydroxylactone 4 was preferred, unfortunately the enantiomeric excess was very low (3.4-19.4%). Even in the case of low degree of conversion (55.9%) of iodolactone 3 by F. avenaceum AM11 (entry 2), the enantiomeric excess was low (18.6%). On the other hand, the best result was obtained for F. solani AM203 (entry 5), despite the fact that in this case, 72.5% of iodolactone 3 were converted into hydroxylactone (Figure 2).

  Considering the fact that naturally occurring hydroxylactones have different biological properties including fungicidal and bactericidal,22-25 we decided to test the obtained hydroxylactone 4 in this respect. Bioassays performed on selected strains of bacteria, yeasts and fungi are given in Tables 4-6 and in Figures S15-S21 in the Supplementary Information (SI) section.
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  The gathered data support the conclusion that the best results with hydroxylactone 4 on total growth inhibition was observed for the two strains of M. flavus C-1 (Table 4 entry 1) and Alternaria sp. (Table 6 entry 4). For five other strains of B. cereus and P. fluorescens W-1 (Table 4 entry 2 and 5), D. hansenii K12a and S. cerevisiae SV30 (Table 5 entry 1 and 2) and also Penicillium sp. (Table 6 entry 3), delay of the growth of the microorganism was observed.

   

  Conclusions

  All fungal strains used for the bioconversion of bromolactone 2 and iodolactone 3 transformed them into the same hydroxylactone 4 with a very high regioselectivity because the OH group was always introduced in the equatorial C-2 position. Halolactones were transformed by fungal strains with a good yield, mainly into the (–) isomer of hydroxylactone 4. It should be noted that, in the case of bromolactone, two microorganisms (F. semitectum and Acremonium sp.) were able to complete the substrate dehalogenation. In addition, the performed biological tests proved that hydroxylactone 4 inhibited the growth of certain microorganism strains.

   

  Supplementary Information

  Supplementary Information (figures containing IR, 1H, COSY, HMQC and 13C NMR spectra, GC-MS chromatograms, figures illustrated the effect of hydroxylactone 4 on the growth of the microorganisms) is available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    Poder calorífico de misturas de biodiesel dos ésteres metílicos de colza (RME) e soja (SME) foram determinados usando um calorímetro de combustão de alta precisão. A dependência dos valores calóricos com a temperatura e pressão no intervalo (273-373) K e (1 a 200) bar foram derivados para misturas de RME e SME de biodiesel B100. Foram propostas equações práticas para o cálculo da correção da temperatuta para poder calorífico, considerando a composição, temperatura e pressão.

  

   

  
    Calorific values of rapeseed methyl ester (RME) and soybean methyl ester (SME) biodiesel blends have been determined by using of the high-precision combustion calorimeter. Temperature and pressure dependences of the calorific values in the range (273 to 373) K and (1 to 200) bar have been derived for the RME and SME biodiesel blends B100. Practical equations for calculating of the thermal correction for calorific values taking into account the composition, temperature, and pressure have been proposed.

    Keywords: rapeseed methyl ester, soybean methyl ester, energy of combustion, temperature and pressure dependence

  

   

   

  Introduction

  The foreseeable depletion of fossil fuel resources and the increasing environmental benefits of the renewable fuels have attracted a lot of interest to biodiesel in the recent time. Its crucial advantages are due to renewable sources as well as due to non-toxicity and biodegradability. Biodiesel is renewable, non-toxic, biodegradable, and it can be used directly in most engines without specific modification. Biofuels have different heating (calorific) values and these differences impact the engine performance. The calorific values are commonly obtained from the combustion calorimetry at the standard conditions and the reference temperature 298 K. However, the reality is that fuels are used at significantly different T and P conditions. In this work we have developed a thermodynamic procedure based on the combustion results for calculation of calorific values of biodiesel fuels at different the temperatures and pressures. This procedure has been implemented in the final results of the European Union project "ENG09-Metrology for Biofuels"

   

  Experimental

  Chemicals

  Samples of the RME (rapeseed methyl ester) and SME (soyabeen methyl ester) biodiesel blends refereed to the specification B100 (pure biofuel) were supplied by Shell Oil Deutschland GmbH. These samples were used as the reference materials in the frame of the EURAMET (Europian Association of National Metrology Institutes) Joint Research Project "ENG-09 Biofuels". Molar compositions of RME and SME are given in Table S1 of the Supplementary Information (SI).

  Combustion calorimetry

  An isoperibol bomb calorimeter was used for the measurement of energy of combustion of RME and SME blends. Our preliminary experiments have shown an incomplete combustion when burned in open crucible. In order to achieve completeness of combustion we used commercially available polyethylene bulbs (Fa. NeoLab, Heidelberg, Germany) of 1 cm3 as sample containers. The sample was transferred from the stock bottle into the polyethylene bulb with a syringe and the sealed according to a procedure described previously.1 The combustion products were examined for carbon monoxide (Dräger tube) and unburned carbon, but none was detected. Six to seven successful experiments were performed for each blend (see Tables S2 to S4). The energy equivalent of the calorimeter εcalor was determined with a standard reference sample of benzoic acid (sample SRM 39j, N.I.S.T.). Correction for nitric acid formation was based on the titration with 0.1 mol dm−3 NaOH (aq). The atomic weights used were those recommended by the IUPAC Commission.2 The sample masses were reduced to vacuum, taking into consideration the known density of the samples. For converting the energy of the actual bomb process to that of the isothermal process, and reducing to standard states, the conventional procedure was applied.3 Values of the standard specific energies of combustion Δcuº, together with the necessary auxiliary quantities, are given in Tables S3 and S4.

   

  Results and Discussion

  The calorific value is commonly related to the change of the internal energy due to the combustion process according to the following chemical reaction:

  
    [image: Equation. 1]

  

  Because of composition of biodiesel blends is usually ill defined composition, the general formula CaHbOc becomes impractical for an anchoring of thermodynamic procedures to the chemical compositions. It seems to be more practical when the chemical formula was normalized by the carbon index "a" (see equation 1). For example, the biodiesel mixture of the general formula CaHbOc divided by "a" provided the normalized formula CHb/aOc/a. For the sake of brevity we introduced the simplified spelling of ratios as follows: b/a = B and c/a = C. With this abbreviation the combustion reaction (see equation 1) was re-written as follows:

  
    [image: Equation. 2]

  

  Using of equation 2 instead of the equation 1 makes thermodynamic modeling procedure for biodiesel blends principally possible and in addition even easier due to reducing of a number of parameters required for the calculations of calorific values.

  The temperature and pressure dependence of the calorific value (internal energy of combustion Δcuº) is determined according to the fundamental dependences of thermodynamic functions as an exact differential:4

  
    [image: Equation. 3]

  

  This equation consists of two contributions: the temperature dependence of the calorific value with the thermal correction ΔΔcuº (T) and the pressure dependence of the calorific value with the contribution ΔΔcu (P). We shall describe development of these two contributions separately.

  The first contribution in the right side of equation 3 is the temperature dependence of internal energy which is also defined as the isochoric heat capacity (ΔcCºv):4

  
    [image: Equation. 4]

  

  Values of ΔcCº for gases O2 and CO2,5 and the liquid water,6 which are participants of the reaction (2) are available from the literature. Unfortunately the experimental data on the isochoric heat capacity of the complex biodiesel mixtures are absent in the open literature. Surprisingly, the data on methyl oleate and the methyl linoleate (main components of biodiesel) which could help as the model compounds to derive the missing isochoric heat capacity values for biodiesel are also absent in the literature. In order to get any reasonable estimate relevant to biodiesel blends we used the experimental ΔcCvº-data for the methyl stearate as the compound most structurally close to the biodiesel blends. The heat capacity at constant pressure for methyl stearate was reliable measured by van Bommel et al.7 by using the adiabatic calorimetry. Obviously, the methyl stearate represents only the saturated esters present in biodiesel. Thus for the unsaturated esters we need to apply an additional contribution to the heat capacity in order to take into account the double bond in the alkyl chain. Quantitatively this contribution can be easily assessed from comparison of heat capacities of pairs of similarly shaped saturated and unsaturated liquid hydrocarbons: n-hexadecane,8 1-hexadecene,9 n-dodecane,8 and 1-dodecene.10 The difference in heat capacities should represent the contribution due to introduction of the double bond into the alkyl chain of esters. We have found that the specific isobaric heat capacities of saturated hydrocarbons were of (2 to 4) % higher than those for unsaturated. This observation was also assigned for the esters containing double bonds. Provided that methyl oleate can be considered as the main representative of unsaturated esters in biodiesel blends we suggested the methyl oleate as the model compound for estimation of heat capacities of biodiesel relevant compounds.

  The available in the temperature range (320 to 350) K experimental data for heat capacities of the liquid saturated ester methyl stearate (model compound) were fitted with the linear equation:

  
    [image: Equation. 5]

  

  Equation 5 we used to estimate heat capacities in the temperature range (273.15 to 373.15) K for the saturated esters present in the biodiesel blends. For practical purposes we converted the available in the literature7 molar heat capacities Cºpm (J K−1 mol−1) of the liquid methyl stearate to the specific heat capacity in J K−1 g−1 (Table 1, column 2). In order to derive specific heat capacities for methyl oleate (as a model for unsaturated esters) we scaled with the factor of 0.97 the Cºpm values of methyl stearate (Table 1, column 3). As a matter of fact the specifications for RME and SME blends revealed that methyl oleate predominates in the B100 compositions. Thus we assumed that the heat capacity of methyl oleate (Table 1, column 3) in a good approximation could be ascribed to the biodiesel samples B100.

  
    

    [image: Table 1. Heat capacities of the model]

  

  The isobaric heat capacities Cºp derived in Table 1, column 3 have to be re-calculated into the isochoric heat capacity, ΔcCºv, in order to apply them in equations 3 and 4. Relation between isochoric and isobaric heat capacity is well established in the thermodynamics by the following equation:4,11

  
    [image: Equation. 6]

  

  where αp, is the isobaric thermal expansion, K−1; kT, is isothermal compressibility, Pa−1; ρ, is the density, g m−3; T, is the temperature, K. In equation 6 the difference (Cºp – Cºv) is given in J K−1 g−1.

  Equation 6 can be easily applied for calculations of isochoric heat capacities of esters and blends relevant to biodiesel provided that sufficient amount of experimental data on temperature dependences of the transport properties – αP, kT, and ρ are available. Unfortunately amount of the precise experimental data for pure esters and biodiesel blends are restricted. In order to encompass transport properties for the broad variation of the biodiesel mixtures some generalization was required. For example, it has turned out, that the experimental densities for long-chained pure esters and different biodiesel blends are similar within 2% regardless on plants used for biodiesel production.12,13 Fluctuations of the thermal expansion coefficients, αP, have been also observed at the same level of 2%. These findings have simplified application of equation 6 for biodiesel blends. We fitted the available temperature dependences of volumetric properties12,13 for blends by equations 7 and 8 and assumed that these equation are valid for the B100 biodiesel blends within the assessed uncertainty of ( ± 2 % ):
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  In contrast to the density and the thermal expansion coefficient, which are easily available from experiment, the determination of the isothermal compressibility, kT, is thwarted with complications. This property is usually derived directly from the pressure dependence of density at high pressures. But an alternative way to obtain the isothermal compressibility is to measure the speed of sound and to calculate kT -values according to equation:4,11

  
    [image: Equation. 9]

  

  where w, is the speed of sound in the investigated sample, m s−1; Cºp, is the isobaric heat capacity (in our case in J K−1 kg−1).The experimental data on speed of sound measurements for biodiesel blends available in the literature14 have revealed that the speed of sound in methyl ester biodiesel blends insignificantly depends on the composition of biofuels. Fluctuations of the speed of sound measured in different blends were not larger than 1 % and the corresponding kT -values derived according to equation 9 were reproducible within 2 %. In order to simplify data treatment with equation 9 we fitted the literature data14 for the temperature dependences of speed of sound for different blends with the following linear equation:

  
    [image: Equation. 10]

  

  Volumetric properties of biodiesel blends derived with Eqs. 7-9 were now used in equation 6 to obtain the temperature dependence of (Cºp – Cºv) difference (see Table 1, column 4). The final values of the isochoric specific heat capacity estimated from combination of equation 6 and equation 5 are listed in Table 1, column 5. These values we used in equation 4 in order to derive the temperature dependence of calorific values for biodiesel.

  As a matter of fact, calculations with equation 4 are commonly used for individual compounds, but they could provide ambiguous results for blends, because according to the combustion reaction for biodiesel (equation 2) the temperature correction of the calorific value ΔΔcuº(T) is dependent on the elemental composition of the mixture. Following, the temperature dependence have to be unique for each type of biodiesel blend. In order to develop equation 4 suitable for different types of B100 biodiesel blends we have suggested to specify the range of typical compositions with parameters B(H) = (1.75 to 2.00) and C(O) = (0 to 0.12) according to equation 2. We also restricted the temperature range of T = (273.15 to 373.15) K where the difference of isochoric heat capacities ΔcCvº of combustion reaction 2 participants has a practical meaning. With these limitations we evaluated and fitted the ΔcCvº values by the following:

  
    [image: Equations. 11]

  

  where nH, is the number of H atoms in the formula of biodiesel (B in equation 2); nO, is the number of O atoms in the formula of biodiesel (C in equation 2); T, is the temperature in K; ΔcCv º, is the isochoric heat capacity difference for the combustion process, J K−1 g−1. Integration of equation 4 with the heat capacity difference derived according equation 11 provided the thermal correction ΔΔcuº (T)

  
    [image: Equation. 12]

  

  Equation 12 was considered to be the final expression for the first contribution to the general equation 3 responsible for the temperature dependence of the calorific value. For validation of equation 12 we used the results of our combustion experiments (see Table S1 to S3) with the biodiesel blends RME and SME B100 with the certified composition (see Table 2 and Figure 1). It was apparent from these tables that the maximal deviation between smoothed values and direct calculations was not larger than 1.5 J g−1.
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  The maximal value of the thermal correction ΔΔcuº (T) was at the level of 150 J g−1 or about 1%. Such deviations were considered as acceptable taking into account that the experimental uncertainties of calorific values measured according to DIN 51900 in the certified laboratories were at the level of (± 140 J g−1). Following we suggest equation 12 for estimation of the thermal correction (the first term in the equation 3) for the calorific values of the B100 biodiesel blends.

  The pressure dependence ΔΔcu (P) of calorific values is described by the second term in the right side of equation 3. We used the Maxwell equations and basic thermodynamic rules to convert this term into the following form:

  
    [image: Equations 13]
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  In this way the pressure dependence of the calorific values was completely described by using the values of the thermal expansion and isothermal compressibility of the participants of combustion reaction (2). For practical use we modified equation 14 by introducing terms available from the experiment:

  
    [image: Equation. 15]

  

  Assuming the ideal behavior of the gaseous participants (CO2 and O2) of the combustion reaction 2 at the standard conditions and moderate temperatures, the pressure derivative of internal energies of gaseous species was equal to zero. Such assumption was tested to be sufficient within the experimental uncertainties of calorific values. Moreover, the pressure dependence of calorific values is mainly stipulated by the properties of the liquid species in the combustion reaction 2: the biodiesel blend and the liquid water. Values of thermal expansion and isothermal compressibility required for equation 15 can be estimated with equations 7-10. Similar to the procedure developed for equation 6 we restricted the variation of biodiesel blends composition to typical parameters B(H) = (1.75 to 2.00) and C(O) = (0 to 0.12) according to equation 2. We also used the temperature range of T = (273.15 to 373.15) K and pressure range (1 to 200) bar. The evaluated values of Δc(kTV) and T·Δc(αpV) were fitted by following equations:

  
    [image: Equation. 16]
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  where nH, is the number of H atoms in the formula of biodiesel (B in equation 2); nO, is the number of O atoms in the formula of biodiesel (C in equation 2); T, is the temperature in K. With these equations, the final correction for the pressure dependence of calorific value was:

  
    [image: Equation. 18]

  

  where P, is the pressure in bars (1 bar is used as standard pressure).

  For validation of equation 18 we used the experimental data (see Table S5 ESI and Figure 2) for B100 biodiesel blends with the certified composition. The estimated with equation 18 values were in acceptable agreement with the experiment within 0.2 J g−1. It was apparent from the analysis of data collected in Table S5 ESI that for the pressure correction the compressibility term is insignificant at pressures lower than few kbar. At pressure of 200 bar the maximal value of compressibility term doesn't exceed 0.2 J g−1. This value is of four orders lower than uncertainties of calorific values measured with the combustion calorimetry. This fact has tempted to simplify equation 18 by removing of the first term in equation 18 and in the reduced form we obtained:
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  The simple equation 19 was tested to be precise enough for calculation of the pressure dependence of the calorific values for B100 biodiesel blends.

  Combination of equations 12 and 19 has allowed to take into account both the temperature dependence ΔΔcuº (T) and the pressure dependence ΔΔcu (P) of the calorific value in the conditions (273 to 373) K and (1 to 200) bar important for the practical application of the biodiesel blends.

   

  Conclusion

  In this work we have developed the temperature and pressure correction for the calorific values based on the experimental thermodynamic property – the internal energy of combustion Δcuº, which had the negative sign. However, traditionally the calorific values are discussed with the positive sign (having the same absolute value). For conventional application of equations 12 and 19 for estimation of the calorific values of biodiesel blends, corrections ΔΔcuº (T) and ΔΔcu (P) have to be used with the opposite sign.
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  Supplementary data is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    A metagenômica independente de cultura é um meio atraente e promissor para explorar pequenas moléculas bioativas únicas de esponjas marinhas que abrigam micro-organismos simbiontes não cultiváveis. Foi realizada uma triagem funcional da biblioteca metagenômica da esponja marinha japonesa Discodermia calyx. O fracionamento bio-guiado do extrato cultivado em placas do clone bactericida pDC113 produziu onze ciclodipeptídeos: Ciclo([image: Carácter 1] -Thr- [image: Carácter 2] -Leu) (1), Ciclo([image: Carácter 3] -Val- [image: Carácter 4] - Pro) (2), Ciclo([image: Carácter 5] - Ile- [image: Carácter 6] -Pro) (3), Ciclo([image: Carácter 7] -Leu- [image: Carácter 8] -Pro) (4), Ciclo([image: Carácter 9] -Val- [image: Carácter 10] -Leu) (5), Ciclo([image: Carácter 11] -Leu- [image: Carácter 12] -Ile) (6), Ciclo( [image: Carácter 13]-Leu - [image: Carácter 14] -Leu) (7), Ciclo([image: Carácter 15] - Phe- [image: Carácter 16] - Tyr) (8), Ciclo([image: Carácter 17] -Trp- [image: Carácter 18] -Pro) (9), Ciclo([image: Carácter 19] -Val- [image: Carácter 20] -Trp) (10) e Ciclo([image: Carácter 21] - Ile- [image: Carácter 22] -Trp) (11). Eles são os primeiros ciclodipeptídeos isolados a partir de uma biblioteca metagenômica. A análise sequencial indicou que os ciclodipeptídeos isolados não foram sintetizados por peptídeo sintetases não ribossomais e não havia indícios significativos de sintetases ciclodipeptídicas.

  

   

  
    Culture-independent metagenomics is an attractive and promising approach to explore unique bioactive small molecules from marine sponges harboring uncultured symbiotic microbes. Therefore, we conducted functional screening of the metagenomic library constructed from the Japanese marine sponge Discodermia calyx. Bioassay-guided fractionation of plate culture extract of antibacterial clone pDC113 afforded eleven cyclodipeptides: Cyclo([image: Carácter 23]-Thr- [image: Carácter 24]-Leu) (1), Cyclo([image: Carácter 25] - Val- [image: Carácter 26] -Pro) (2), Cyclo([image: Carácter 27] -Ile- [image: Carácter 28] -Pro) (3), Cyclo([image: Carácter 29] -Leu- [image: Carácter 30] -Pro) (4), Cyclo([image: Carácter 31] -Val- [image: Carácter 32] -Leu) (5), Cyclo([image: Carácter 33] -Leu- [image: Carácter 34] -Ile) (6), Cyclo([image: Carácter 35] - Leu- [image: Carácter 36] -Leu) (7), Cyclo([image: Carácter 37] -Phe- [image: Carácter 38] -Tyr) (8), Cyclo([image: Carácter 39] - Trp- [image: Carácter 40] -Pro) (9), Cyclo([image: Carácter 41] -Val- [image: Carácter 42] -Trp) (10) and Cyclo([image: Carácter 43] -Ile- [image: Carácter 44] -Trp) (11). To the best of our knowledge, these are first cyclodepeptides isolated from metagenomic library. Sequence analysis suggested that isolated cyclodipeptides were not synthesized by nonribosomal peptide synthetases and there was no significant indication of cyclodipeptide synthetases.

    Keywords: cyclodipeptides, diketopiperazines, metagenomics, marine sponge

  

   

   

  Introduction

  Marine sponges are rich and important sources for a broad range of secondary metabolites. Many of these biologically active compounds could be produced by symbiotic bacteria.1 However, the vast majority of the sponge microbial community remains uncultured on laboratory conditions.2 Functional metagenomics, exploring uncultured environmental microorganisms by extracting genomic DNA directly from samples without any culture or isolation steps, has been proven to be a practical approach to search for unique bioactive small molecules from interesting resources, such as soil3,4 and marine sponges.5 Therefore, searching for bioactive small molecular compounds from metagenomic library of marine sponges is promising and attractive.

  The marine sponge Discodermia calyx (D. calyx), containing calyculins6 as the major cytotoxic compounds and calyxamides7 as the cytotoxic cyclic peptides, would be an attractive source of metagenomic library for functional screening of small molecules. Recently, four porphyrin pigments8 and three antibacterial β-hydroxyl fatty acids9 were identified from positive clones by functional screening from metagenomic library of this marine sponge. This implicated that the metagenomic library of this sponge would be worthy of further study. Therefore, we conducted the antibacterial screening of the metagenomic library of the marine sponge, D. calyx, which resulted in the detection of eleven cyclodipeptides (CDPs) from plate culture of active clone pDC113.

   

  Results and Discussion

  The metagenomic library of the marine sponge D. calyx, containing 2.5 × 105 clones harboring ca. 40 kb insert DNA, was constructed and screened for antibacterial activity using the two-layer overlay method. An active clone, pDC113, was detected by the clear inhibition zone against Bacillus cereus (B. cereus) on Luria-Bertani (LB) agar medium.

  Bioassay-guided fractionation by Sephadex LH-20 column chromatography yielded two active fractions obtained from the EtOH extract of 50 plate (Ø 150 mm, 100 mL plate-1) cultures of pDC113, along with a chloramphenicol containing active fraction. Both active fractions were further purified by reverse phase high performance liquid chromatography with diode array detector (RP-HPLC-DAD) to afford seven compounds (1-7) from F8 (Figure 1) and four compounds (8-11) from F14 (Figure 2). All other HPLC eluting fractions f1-f4 except for compounds 1-11 were collected and fractionated by time (0-10 min, 10-20 min, 20-30 min, 30 min) and showed no antibacterial activity against B. cereus. Therefore, antibacterial activities of both F8 and F14 can be ascribed to the isolated compounds. Besides, the plate culture of the negative control (strain EPI300 carrying the pCC1FOS fosmid vector) was also fractionated and the corresponding fractions showed no antibacterial activity, suggesting that active compounds might be specific to clone pDC113. In addition, comparison of the production of cyclodipeptides 1-7 from clone pDC113 and negative control showed that cyclodipeptides 1-7 were only produced by clone pDC113 (Supplementary Information Figure S1). This indicated that cyclodipeptides 1-7 were clone-specific.
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  The identification of CDPs 1-11 (Figure 3) was based on the analysis of nuclear magnetic resonance (1H NMR, 13C NMR, 1H-1H COSY, HMQC, HMBC of compound 4 and 1H NMR, 13C NMR, and 1H-1H COSY of others) spectra (Figures S2-S37) and electrospray ionization mass spectrometry (ESI-MS) data (Table 1 and Figure S38). The dipeptide structures were evident from the observation of characteristic 13C signals of two amide carbonyl groups (CONH, δC 165-172) and 1H signals of two α-protons (δH 3.5-4.2). Proline as a common counterpart of compounds 2-4 and 9 was easily deduced from the presence of broad methylene multiplets (δH 1.7-3.7). The NMR spectra clearly showed that valine, isoleucine, leucine and tryptophan were another counterpart in compounds 2-4 and 9, respectively. The presence of threonine, tyrosine and phenylalanine residues in other compounds was also clear based on the NMR data. To verify the diketopiperadine ring (DKP, Figure 4) formation, the HMBC spectrum of the major compound 4 (4.24 mg) (Table 1) was measured in CDCl3(Figure 5 and Figure S8). The HMBC signals H-3 to C-1, H-8 NH to C-6 and C-7, H-6 to C-1 were strong evidences of the cyclic system of compound 4. The HMBC correlations of other CDPs were not detected due to the scarcity of materials. However, the NMR data in accordance with the MS data (Table 1) can elucidate the structures of 1-11 as Cyclo(Thr-Leu) (1),10 Cyclo(Val-Pro) (2),11 Cyclo(Ile-Pro) (3),12 Cyclo(Leu-Pro) (4),13 Cyclo(Val-Leu) (5),11 Cyclo(Leu-Ile) (6),10 Cyclo(Leu-Leu) (7),10 Cyclo(Phe-Try) (8),14 Cyclo(Trp-Pro) (9),15 Cyclo(Val-Trp) (10) and Cyclo(Ile-Trp) (11).
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  The configurations of CDPs 2, 3, 4, and 5 were determined by chiral-phase gas chromatography (GC) analysis of amino acids. Retention times (min) of standard amino acids were as follows: [image: Carácter 45] -Leu (10.0), [image: Carácter 46] -Leu (11.3), [image: Carácter 47] -Val (6.2), [image: Carácter 58] -Val (11.8), [image: Carácter 49] -Ile (8.3), [image: Carácter 50] -Ile (8.9), [image: Carácter 51] -Pro (8.8), [image: Carácter 52]-Pro (9.2). Thus, after hydrolysis, the presence of [image: Carácter 53] -Val (6.2) and [image: Carácter 54] -Pro (9.2) in compound 2, [image: Carácter 55] -Ile (8.3) and [image: Carácter 56] -Pro (9.3) in compound 3, [image: Carácter 57] -Leu (10.0) and [image: Carácter 58] -Pro (8.9) in compound 4, [image: Carácter 59]-Val (6.1) and [image: Carácter 60] -Leu (10.0) in compound 5 were confirmed. Stereochemistry of other compounds was suggested by optical rotation values (Table 1) comparing with reported data: Cyclo( [image: Carácter 61] -Thr- [image: Carácter 62] -Leu) (1),10 Cyclo([image: Carácter 63] -Leu- [image: Carácter 64] -Ile) (6),10 Cyclo( -Leu- [image: Carácter 65] -Leu) (7),10 Cyclo([image: Carácter 66] - Phe- [image: Carácter 67] -Tyr) (8),16 Cyclo( [image: Carácter 68] -Trp- [image: Carácter 69] -Pro) (9),17 Cyclo([image: Carácter 70] -Val- [image: Carácter 71] -Trp) (10)18 and Cyclo([image: Carácter 72] -Ile- [image: Carácter 73] -Trp) (11).19

  CDPs occur in numerous natural products and are often found alone or embedded in larger, more complex architectures in a variety of natural products from fungi, bacteria, marine sponges, plants, and mammals.20 Due to their significant and diverse biological activities, such as antimicrobial,21,12 antitumor,21,22 antifouling,13 antiprion,23 antioxidant,10 Quorum sensing signals,24 immunosuppressive and anti-inflammatory activities, there has been an increasing interest in natural CDPs in recent years. Most CDPs isolated from natural sources were in the [image: Carácter 74][image: Carácter 75] form. Interestingly, [image: Carácter 76] -Proline existed in compound 2 and 4. There were also some reports of and [image: Carácter 77][image: Carácter 78] enantiomers as natural products12,13 and showed very strong activity against the pathogen Vibrio anguillarum (MIC, 0.03-0.14 mg mL-1).12 There was no consistency in the biological activity of the [image: Carácter 79][image: Carácter 80] -enantiomers, which depended on the assay systems.13,25,26

  CDPs are catalyzed by two kinds of reported enzymes: nonribosomal peptide synthetase (NRPS) and small cyclodipeptide syntheases (CDPSs), a newly defined family of class-I aminoacyl-tRNA synthetase-like enzymes.27

  Maiya and Li reported a bimodular NRPS enzyme FtmPS that used [image: Carácter 81] -tryptophan and [image: Carácter 82] -proline as substrates to synthesize cyclodipeptide brevianamide F from the fumitremorgin gene cluster of Aspergillus fumigatus.28 Ding et al. also identified a bimodular NRPS named notE (2241 aa) based on the whole genome sequence of a marine-derived Aspergillus sp.29 However, sequence analysis of clone pDC113 showed that there was no Adenylation (A) domain (required in an NRPS module), through blast research or NRPS predictor of 42 open reading frames (ORFs) encoded in 43.32 kb (Table 2). This indicated that the isolated CDPs were not synthesized by NRPS.
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  Subsequently, we compared the 42 ORFs to reported CDPSs to check whether there were any ORFs sharing homology with CDPSs. CDPSs used aminoacyl-tRNAs as substrates to synthesize the two peptide bonds of various CDPs.30 Until now, there were nine CDPSs using [image: Carácter 83] amino acids reported.31 However, only three of them (AlbC, Rv2275 and YvmC-Blic) have been fully elucidated including the crystallographic structures. AlbC (239 aa) was firstly reported to form cyclo([image: Carácter 84] -Phe- [image: Carácter 85] -Leu) in the biosynthesis of albonoursin from Streptomyces noursei32 through ping-pong catalytic mechanism.30 Rv2275 (289 aa) synthesized Cyclo([image: Carácter 86] -Tyr- [image: Carácter 87] -Tyr) in the first step of biosynthesis of mycocyclosin.33 YvmC (249 aa) formed [image: Carácter 88][image: Carácter 89] cyclodileucine in the biosynthetic pathway of pilcherrimin.34 Interestingly, the CDPSs shared only moderate sequence similarity (19-27% sequence identity). Sequence alignment of nine reported CDPSs showed only seven conserved residues at positions Gly35, Ser37, Gly79, Tyr128, Tyr178, Glu182 and Tyr202 (AlbC numbering) and shared only three catalytic residues (Ser37, Tyr178 and Glu182).30,31 Therefore, we aligned the 42 ORFs in clone pDC113 with reported CDPSs to check whether any ORF contained the nine conserved regions or the three catalytic residues (Ser37, Tyr178 and Glu182). Unfortunately, there was no potential ORF candidate either sharing all conserved regions or the three catalytic residues of reported CDPSs. Through sequencing alignments it was difficult to discover significant indications of potential candidate ORFs related to CDPSs involving in the biosynthesis of isolated cyclodipeptides.

  The isolated CDPs were not biosynthesized by NRPS and there were no obvious potential CDPSs candidates through sequence analysis of the insert DNA of clone pDC113. It had high possibility that they were biosynthesized by new enzymes encoded by new genes. This result favors the most attractive theoretical potential of metagenomics – to be powerful for the finding of new genes with enhanced chances. The cyclodipeptides producing clone pDC113 were detected and the insert DNA of pDC113 was sequenced and analyzed. Although there were no indications of the potential CDPSs candidates, there is high possibility to discover the functional genes from 42 ORFs encoded in 43.32 kb by subcloning and mutation. The isolated CDPs 1-11 were combination of l and d amino acids residues. Identification of the functional genes involving in the biosynthesis of isolated CDPs is currently under investigation.

   

  Conclusions

  Eleven CDPs (1-11) were isolated by bioassay-guided fractionation from LB agar plate culture of positive clone pDC113 screened from metagenomic library of marine sponge D. calyx. To the best of our knowledge this is the first report of CDPs from metagenomic library. Based on the protein BLAST of the sequence, the biosynthesis of the isolated CDPs, some of which containing d-proline residue, was not through NRPS. Sequencing alignments of 42 ORFs to reported CDPSs indicated that there was no significant potential ORF candidate related to CDPSs. It was highly possible that they were biosynthesized by novel enzymes encoded by interesting genes. This result will surely be helpful for discovering new genes by attractive metagenomics. Subcloning and mutation are under investigation to search for the functional genes.

   

  Experimental

  General experimental procedures

  1H and 13C NMR spectra were recorded on a JEOL ECX-500 spectrometer in DMSO-d6, CD3OD and CDCl3. 1H and 13C NMR chemical shifts were reported in parts per million and referenced to solvent peaks (ppm): δH 2.50 and δC 39.50 for DMSO-d6; δH 3.31 and δC 49.00 for CD3OD; δH 7.26 and δC 77.16 for CDCl3. Optical rotations were measured on a JASCO DIP-1000 digital polarimeter.

  Construction and screening of the metagenomics library

  The marine sponge D. calyx was collected by hand using SCUBA from a depth of approximately 10 m off Shikine-jima Islands in Japan. Samples were kept frozen at –80 ºC until use. The total sponge DNA was extracted and purified as previously described.8 The library was constructed according to the manufacturer's protocol. In brief, the purified DNA larger than 35 kb was blunt-ended with an End-It DNA End-Repair Kit (Epicentre, Madison, WI), and ligated into the pCC1FOS fosmid vector (Epicentre). Then, this vector was packaged with a MaxPlax Lambda Packaging Extract (Epicentre) and transfected into Escherichia coli EPI300-T1R (Epicentre). Mixtures were plated on the LB agar containing 12.5 µg mL-1 of chloramphenicol and grown cells were collected. Two-layer top agar diffusion method35 with B. cereus as test bacterium was used for screening the antibacterial clones by observation of inhibition zones.

  Production and isolation of CDPs by bioassay-guided separation

  The active clone was cultured on LB agar plates (Ø 150 mm) supplemented with chloramphenicol (12.5 µg mL-1) at 30 ºC for 3 days. The LB agar containing cells was extracted with EtOH overnight. The resulting mixture solution of EtOH and water was filtered and evaporated in vacuo to remove the EtOH. The resulting water solution (about 500 mL) was extracted with same volume of ethyl acetate three times. The active ethyl acetate extract (1.0 g) was subsequently separated by Sephadex LH-20 gel filtration chromatography eluting with MeOH. Except the chloramphenicol containing fraction, two active fractions F8 and F14 were subjected to semi-preparative RP-HPLC-DAD separation (linear gradient with a mixture of H2O and MeCN, both containing 0.05% TFA. 0-20 min, 5-35% MeCN; 20-28 min, 35-56% MeCN; 28-29 min, 56-100% MeCN; and 29-32 min, 100% MeCN. Column: Cosmosil 5C18-PAQ-Waters, 10 × 250 mm, 2.5 mL min-1 . DAD profiles were measured with a Shimadzu HPLC System: LC-20AD and SPD-20A Prominence Diode Array Detector.). Eleven CDPs were finally isolated.

  Antibacterial assay

  Standardized agar disc diffusion test using B. cereus as a test bacterium was used for bioassay guided separation. LB agar plates (Ø 90 mm) containing overnight cultured B. cereus were freshly prepared and divided into four or six quadrants, with a disc paper (6 mm, Tokyo Roshi Kaisha, Ltd) carrying samples (2 mg paper-1 for crude extract or 100 µg paper-1 for fractions) or positive control chloramphenicol (2 µg paper-1) on each quadrant. The plates were incubated at 37 ºC for 12-16 h. Inhibition zone around the paper was observed as indication of anti-B. cereus activity.

  Determination of the configurations of CDPs by chiralphase GC

  Amino acid analysis of CDPs was performed on a Shimadzu GC-MS-QP 2010 plus gas chromatograph mass spectrometer (GC-MS).7 In brief, the compound (100 µg) was hydrolyzed with 6 mol L-1 HCl (500 µL) at 110 ºC for 24 h, treated with 5-10% HCl/MeOH (500 µL) at 100 ºC for 30 min and then dried under nitrogen gas before being treated with trifluoroacetic anhydride (TFAA)/CH2Cl2 (1:1, 500 µL) at 100 ºC for 5 min. Finally, each reaction mixture was dried under nitrogen gas, dissolved in CHCl2 and 1 µL was injected for GC analysis. The chiral-phase GC analysis of the N-trifluoroacetyl (TFA)/methyl ester derivatives was performed using a CP-Chirasil-D-Val column (Alltech, 0.25 mm × 25 m; N2 as the carrier gas; program rate 50-200 ºC at 4 ºC min-1). Standard amino acids were also converted to the TFA/Me derivatives by the same procedure. Retention times (min) were compared.

  DNA sequencing and analysis

  DNA sequencing was performed with a Genome analyzer II (Illumina). Small gaps were closed by primer walking on an ABI 15 PRISM 3100 Genetic Analyzer (Applied Biosystems). Analysis of the ORFs was performed using Geneious Pro 5.5.6, in combination with FramePlot 2.3.2 (http://www0.nih.go.jp/~jun/cgi-bin/frameplot.pl) Blast analysis and NRPS predictor.

   

  Supplementary Information

  Supplementary information (Figure S1-S38) is available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    Supplementary Information

    Comparative data of cyclodipeptide 1-7 production in clone pDC113 and negative control (NC, strain EPI300 carrying pCC1FOS fosmid vector)

    The respective 2 plates of pDC113 and NC were cultured in the same conditions (30 ºC, 3d) and subjected to the same extraction and separation procedures and finally using same volume of MeOH to dissolve the LH-20 cyclodipeptides fraction before injection (both 5 µL) to RP-HPLC-DAD. HPLC analysis was performed on ODS column (Cosmosil 5C18 PAQ waters, 4.6 × 250 mm) with a mixture of H2O and MeCN, both containing 0.05% TFA: 0-20 min, 5-35% MeCN; 20-45 min, 35-100% MeCN; and 45-55 min, 100% MeCN, 0.8 mL min-1. DAD profiles were measured with a Shimadzu HPLC System: LC-20AD and SPD-20A Prominence Diode Array Detector.
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    Liquid chromatography-mass spectrometry (LC-MS, Agilent 1100 series-Bruker Esquire 4000) analysis was performed on ODS column (TSK-Gel ODS-80Ts, 4.6 × 150 mm) with a mixture of H2O and MeCN, both containing 0.1% acetic acid: 30-100% MeCN 30 min; 100% MeCN 10 min, 0.2 mL min-1. Detected wavelength: 280 nm. Positive ESI.
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    A lagarta parda Thyrinteina arnobia (Lepidoptera: Geometridae), é considerada no Brasil uma importante praga de plantas nativas, como Psidium guajava, e exóticas, como espécies de Eucalyptus. Neste trabalho é relatado o isolamento dos componentes feromonais de T. arnobia, através de técnicas de extração de glândulas e micro-extração em fase sólida (SPME) de fêmeas virgens. As amostras coletadas foram analisadas por cromatografia a gás acoplada a um detector eletroantenográfico (CG-EAD) e espectrometria de massas (CG-EM). Foram observadas duas respostas eletroantenográficas em antenas de machos de T. arnobia e as análises por CG-EM sugeriram a estrutura do 3,4-epoxi-6,9-eneicosadieno como componente majoritário. A síntese racêmica deste epoxidieno foi realizada em 10 etapas com rendimento global de 28%. Foram também sintetizados os quatro estereoisômeros do epoxidieno a partir dos respectivos epoxiálcoois enantiomericamente enriquecidos.

  

   

  
    The eucalyptus brown-looper Thyrinteina arnobia (Lepidoptera: Geometridae) is considered an important pest in Brazilian native plants, e.g. Psidium guajava, and exotic plants, such as Eucalyptus species. In this work we describe the isolation of the pheromone components of T. arnobia, using glands extract and solid phase micro extraction (SPME) of virgin females. The samples were analyzed by gas chromatography with an electroantennographic detector (GC-EAD), and mass spectrometry (GC-MS). Two reproducible electroantennographic responses were elicited in the male antenna of T. arnobia and one of them was identified as 3,4-epoxy-6,9-heneicosadiene by CG-MS. The racemic synthesis of this epoxydiene was carried out in 10 steps and 28% overall yield. The four stereoisomers of the epoxydiene were also synthesized employing the corresponding enantiomeric enriched epoxyalcohols.

    Keywords: electroantennography, Thyrinteina arnobia, sex pheromone, 3,4-epoxy-Z6,Z9- heneicosadiene, asymmetric synthesis

  

   

   

  Introduction

  The eucalyptus brown looper, Thyrinteina arnobia (Lepidoptera: Geometridae) is the most harmful of the Eucalyptus pests in Brazil and causes severe losses in the wood production through defoliation.1 Several strategies have been tried and considerable effort spent on the study of this insect behavior2 and development of methods to control this pest, specially employing biological control.3 However, no practical and environmentally acceptable manner has been found.4 Control is made very difficult by the huge area of plantations and by the height of the trees.

   Insect pest management, monitoring and control programs utilizing sex pheromones as behavior modifying chemicals have become important for several insect groups, particularly moths.5 Ando et al. reported that hydrocarbons with a homoconjugated polyene system and the monoepoxy derivatives are important components of sex pheromones produced by several geometrid moths.6

  Therefore, we have investigated the sex pheromone composition of T. arnobia, analyzed electrophysiological responses of co-specific males and developed an efficient synthetic route for the preparation of the possible major pheromone component in regard to the applicability in integrated pest management.

   

  Results and Discussion

  The isolation of the T. arnobia pheromone components was carried out using two different techniques: gland extract and solid phase micro extraction (SPME) of virgin females.7 The samples were analyzed by gas chromatography using electroantennographic detector (GC-EAD), and two compounds elicited strong and reproducible antennal responses (Figure 1). We have performed the co-injection of the female gland extract with a mixture of hydrocarbon standards in order to determine the Kovats retention index.8 There were found the values of 2264.7 and 2265.5 for the compounds with retention time (rt) = 14.47 and 14.55 min, respectively. GC-MS analysis showed an m/z = 306 for the major component (rt: 14.5 min). Thus, based on the carefully comparison with the MS data from the literature9,10 and in the Kovats retention index we proposed that the major component would be the 3,4-epoxy-6,9-heneicosadiene (1). Due to the very low concentration of the minor component (retention time: 14.4 min) in the extract it was not possible to propose its chemical structure; however it seems to be an isomer of compound 1.

  
    

    [image: Figure 1. GC-EAD response of T. arnobia]

  

  In order to contribute with the identification of the pheromone components, we have synthesized a mixture of the three positional isomers of epoxyheneicosadiene from linolenic acid in 5 steps as described by Ando et al.6 GC-MS and GC-EAD analyses corroborated the hypothesis that the epoxydiene 1 would be one of the possible pheromone component.

  Epoxydiene 1 was described by Wong et al. as sex attractant for Geometrid and Noctuid moths.11 Millar et al. have synthesized two stereoisomers of epoxydiene 1 and other related epoxydienes,9 which are sex attractants of different insect species of the Geometridae family.12

  In order to prepare a sufficient amount of compound 1 to confirm the structure of pheromone major component, and carry out electroantennographic bioassays as well as field tests, we proposed a convergent synthetic route, where the key step is the coupling of epoxytriflate 2 with diyne 3.13 Diyne 3 was prepared by the reaction of 3-bromo-1-trimethylsilyl-1-propyne (7) with 1-tridecyne (9) (Scheme 1),14 which were straightforward prepared and are also commercially available. The diyne 3 is quite unstable even at low temperature; therefore, it has to be freshly prepared by deprotecting compound 10 just before the coupling reaction.

  
    

    [image: Scheme 1. Synthesis of diyne 3]

  

  Compound 2 was prepared starting from commercially available Z-2-penten-1-ol (11),15,16 and then the synthesis of racemic 1 was accomplished by the reaction of the corresponding acetylide of diyne 3 with epoxytriflate 2,17 followed by hydrogenation of the triple bonds (Scheme 2). It is worth to note that we have also tried the coupling reaction of diyne 3 with the 1,2-epoxy-3-tosylate using n-BuLi and BF3.OEt2 without success.13,16 GC-MS analysis of synthetic epoxydiene 1 was identical to the major component isolated from T. arnobia females.
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  To accomplish the stereoselective version, all stereoisomers of epoxyalcohol 12 were also synthesized employing two different methodologies. The Sharpless asymmetric epoxidation18,19 of Z- and E-2-penten-1-ol (11) delivered the corresponding epoxyalcohols 12 in 70-76% yield and 80-90% ee (Scheme 3, Table 1).

  
    

    [image: Scheme 3. Synthesis of the four stereoisomers]

  

  
    

    [image: Table 1. Synthesis of the four stereoisomers]

  

  Recently, we have reported a new organocatalyst 14 for the asymmetric epoxidation of enals in green conditions.23 We then applied this methodology for the synthesis of (R,R)- and (S,S)- 12 starting from trans-pentenal with good yields (79% and 81%), and excellent diastereoisomeric ratio (anti:syn 93:7) and enantiomeric excess (95% and 96%, respectively) followed by an in-situ reduction with NaBH4 (Scheme 4). Having in hands the stereoisomers of epoxyalcohol 12 in their enantioenriched forms, the four stereoisomers of epoxydiene 1 were prepared in the same range of yield, following the same route described for the synthesis of the racemic epoxydiene.
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  Racemic cis-epoxydiene 1 was employed in an EAG experiment with T. arnobia male antennae. Mean depolarizations achieved in response to the test compound are shown in Figure 2. Electroantennographic responses were significantly higher than that for the control (hexane). This result indicates that T. arnobia male adults recognize the synthetic compound 1.

  
    

    [image: Figure 2. Mean EAG]

  

  Batista-Pereira2 observed that some T. arnobia females exhibited calling behavior and mated in the first hour immediately after emergence. These observations could indicate that it would start to produce pheromone before adults emerge from the pupae, i.e., in the stage of pupae. In order to evaluate this hypothesis, we used the technique of SPME in an attempt to collect the possible bioactive compounds emitted by the pupae.

  The experiments of GC-EAD with dynamic headspace extraction of volatiles of female pupae of T. arnobia showed electrophysiological activity in the antenna of male co-specific. The pupae dynamic headspace had a single response, possibly related to the major compound 1 of the pheromone blend, i.e., presented the same retention time (14.5 min) of second bioactive peak of EAD of T. arnobia females gland extracts. The experiments were repeated, obtaining consistently the same results.

  There are some reports about pheromones produced by pupae. Inoue and Hamamura extracted sex pheromone from female pupae of Bombyx mori.24 It was found that the sex pheromone was detected at the final stage of pupa, 1 to 2 days prior to the adult emergence, and it was only located in the abdominal tip of the pupa. Studies with the pine sawfly pheromone, precursor 3,7-dimethyl-2-pentadecanol (diprionol),5 was realized by GC in different body parts of virgin female Neodiprion sertifer.25 About one-third of the total amount (approx. 10 ng per female) was found in each of head and thorax, abdominal segments 1-3, and the remaining abdomen. Diprionol was also found in the respective parts of pupae, but in lower amounts.

  This research also showed the extreme sensitivity of T. arnobia antenna to the pheromone blend. This statement becomes evident when analyzing the responses of the FID and the antenna. Although the amount of the pheromone components was below the detection limit of FID, the antenna always showed electrophysiological response, revealing the great power of detection of the antenna. In the literature a correlated case was described, in which the elucidation of the pheromone was performed only based on the retention time provided by the antenna, and then checking the response of the antenna to standard compounds.26

  In conclusion, very efficient racemic and asymmetric synthesis of 3,4-epoxy-Z6,Z9-heneicosadiene (1) were carried out in 10 steps and 28% overall yield. The racemic compound has shown EAG responses against male T. arnobia antennae. The four stereoisomers of epoxydiene 1 will be employed in EAD experiments and field tests in order to determine the absolute configuration of the natural product and prove its biological role as component of T. arnobia pheromone blend.

   

  Experimental

  General Remarks

  Unless otherwise noted, all commercially available reagents were purchased from Aldrich Chemical Co. Reagents and solvents were purified when necessary according to the usual procedures described in the literature. The IR spectra refer to films and were measured on a Bomem M102 spectrometer. 1H and 13C NMR spectra were recorded on a Bruker ARX-200 (200 and 50 MHz, respectively) and DRX-400 (400 and 100 MHz, respectively) spectrometers. Mass spectra were recorded on a Shimadzu GCMS-QP5000. HPLC chromatograms were obtained on a Shimadzu apparatus, LC-10AT Pump, SPD-10A UV-Vis Detector, SCL-10A System Controller, using a Chiralpak AD-H (4.6 mmØ × 250 mmL, particle size 5 µm) or a Chiralcel OD-H or OD (4.6 mmØ × 250 mmL, particle size 5 µm). Optical rotations were measured with a Perkin-Elmer Polarimeter, Mod. 241, at 589 nm, 30 ºC or Polartronic H, Schmidt Haensch, at 589 nm, 23 ºC. Melting point was obtained on a MQAPF-301 apparatus. High-resolution mass spectra were recorded on a Bruker -AutoFlex Speed, MALDI-TOF/TOF MS (λ = 355 nm, f = 500 Hz, matrix HCCA, calibration standard TPP, PEG 600). Analytical thin-layer chromatography was performed on a 0.25 mm film of silica gel containing fluorescent indicator UV254 supported on an aluminum sheet (Sigma-Aldrich). Flash column chromatography was performed using silica gel (Kieselgel 60, 230-400 mesh, E. Merck). Gas chromatography was performed in a Shimadzu GC-17A with H2 as carrier gas and using a DB-5 column.

  Insects: T. arnobia specimens were obtained from the Insect Bioassay Laboratory at the Federal University of São Carlos, SP, Brazil where they were reared on artificial diets.4 established in the Insect Bioassay Laboratory at the Federal University of São Carlos, SP, Brazil. Pupae were sexed and placed individually in plastic vials (6 cm × 6 cm ID) for emergence of adults. Male and female pupae were maintained in a growth chamber at 25 ± 1 ºC and 60 ± 5 % r.h., in a 12:12 L:D photoperiod.

  Pheromone Extraction: During peak calling activity, about fourth hour of the 1st scotophase,2 abdominal tips with pheromone glands of virgin female moths were removed, placed into a 2.0 mL vial and extracted for 30 min with pentane (100 µL). The extract was transferred to a clean conical dark microvial with Teflon®-lined screw caps, concentrated under a stream of N2, and stored at –20 ºC until analyzed. Five extracts of pheromone glands were prepared containing 24, 30, 30, 31 and 36 glands respectively, which varied with the availability of calling females within a particular batch.

  Collection of pheromone by dynamic SPME: Solid phase microextraction (SPME; Supelco) was used to collect pheromone compounds emitted by virgin female moths. The SPME fiber (100 µm polydimethylsiloxane coating) was conditioned before use at 250 ºC for 10 min in a GC injector. Virgin female moths were placed in an aeration chamber (7.0 cm × 5.5 cm Ø) fitted with a glass inlet tube and an outlet tube. The apparatus was flushed with charcoal-purified air at 5-10 mL min-1 (through the inlet tube) with the SPME fiber placed in the outlet tube of the vial to collect the emitted volatiles overnight. In analogous fashion, pupae were placed in an aeration chamber (6.0 cm × 1.8 cm Ø, air flow at 2.5-3.0 mL min-1) and pheromone from the effluvia was collected by dynamic SPME.

  Electroantennography: Antennae of 1-2 day old male moths were used for electroantennographic experiments (EAG) and electroantennographic detection (EAD) in a Syntech electroantennography system.27 Each antenna was pulled from the head with forceps and a few segments were cut off at the base and the tip.7 The antenna was then fixed between two stainless steel electrodes by pushing the base and tip into droplets of an electrically conductive gel (Spectra 360® electrode gel) applied to the metal electrodes. The antennal responses were amplified and recorded with a data acquisition controller and software EAG.

  EAG experiments were performed in order to elucidate the selectivity of the antennal receptors of T. arnobia. The EAG response was evaluated as follows: the volatile compounds or control were released from Pasteur pipettes containing a piece of filter paper (ca. 0.8 cm2) previously impregnated with 10 µL of a freshly prepared 100 mg mL-1 solution of synthetic epoxydiene 1 in hexane, after the solvent had evaporated. The puff containing the test compound was delivered into a continuously humidified and purified air stream (1.2 L min-1) passing for 0.3 seconds through the impregnated filter paper in the pipettes. Control stimulation was made at the beginning and the end of each series of EAG experiments. EAG amplitudes in response to the test compound were expressed in relation to the responses to the control (hexane), because of the large differences in overall sensitivity between individual antennae, and to compensate the decline in antennal sensitivity during a measuring session. In this normalization procedure, the responses to the control were defined as 100%. The values obtained between two calibration references (controls) were calculated by linear interpolation between those references values. The Syntech EAG software calculated the normalized values automatically. The epoxydiene 1 was tested on 10 antennae each of male T. arnobia. The mean normalized responses of the different compounds were submitted to ANOVA for statistical analysis and compared by the Tukey test (P < 0.05).

  2-[(3-Trimethylsilylprop-2-yn-1-yl)oxy]tetrahydro-2H-pyran (5)28

  To a solution of tetrahydro-2-(2-propynyloxy)-2Hpyran (4) (4.752 g, 33.94 mmol) in dry THF (34.0 mL) was added a 2.5 M solution of n-BuLi in hexanes (20.4 mL, 50.9 mmol) at -78 ºC under N2. The mixture was stirred 15 min, and then TMSCl (5.529 g, 50.9 mmol) was added. The temperature was left to rise to rt and after 4 hr a 10% aqueous solution of HCl (30 mL) was added at 0 ºC. After separation of the phases, the aqueous phase was extracted with ethyl acetate (3 × 30 mL). The combined organic layers were dried over Na2SO4. After concentration, the residue was purified by column chromatography (hexane/ethyl acetate 9:1) to afford compound 5 in 87% yield (6.258 g, 29.52 mmol). IR (film) νmax/cm-1: 2956; 2175; 1249; 1130; 1029; 842; 759.1H NMR (200 MHz, CDCl3): δ 0.17 (s, 9H), 1.55-1.83 (m, 6H), 3.47-3.58 (m, 1H), 3.84 (ddd, 1H, J 11.6, 8.4, 3.1), 4.25 (d, 2H, J 4.1), 4.82 (t, 1H, J 3.4).13C NMR (50 MHz, CDCl3): δ 101.55, 96.73, 90.79, 61.87, 54.77, 30.22, 25.37, 18.98, -0.06 (3C). GC-MS (70 eV) m/z (%): 211 M-H, 1) 173 (11), 111 (37), 101 (49), 85 (100), 73 (75), 55 (61).

  3-Trimethylsilyl-prop-2-yn-1-ol ( 6)29

  In a flask containing methanol (4.0 mL) and Amberlyst-15 (0.025 g) under N2, compound 5 (0.250 g, 1.17 mmol) was added dropwise at 0 ºC. The mixture was stirred at 40 ºC for 8 hr, then the resin was filtered, and washed with ethyl acetate (10 mL). A 10% aqueous solution of HCl (10 mL) was added and the organic layer was extracted with ethyl acetate (3 × 10 mL), and dried over Na2SO4. After concentration, the residue was purified by column chromatography (hexane/ethyl acetate 9:1) to afford compound 6 in 96% yield (0.143g, 1.12 mmol). IR (film) νmax/cm-1: 3367, 2960, 2175, 1251, 1041, 842. 1H NMR (200 MHz, CDCl3): δ 0.18 (s, 9H), 1.82 (s, 1H), 4.27 (s, 2H).13C NMR (50 MHz, CDCl3): δ 103.85, 90.67, 51.62, -0.24 (3C).GC-MS (70 eV) m/z (%): 128 (M+, 1), 113 (100), 85 (93), 75 (66), 61 (68).

  3-Bromo-1-trimethylsilylprop-1-yne ( 7)30

  To a solution of triphenylphosphine (9.735 g, 37.11 mmol) in dry dichloromethane (46.0 mL) under N2, bromine (5.438 g, 34.03 mmol) was added at 0 ºC. After 30 min, when the solution color changed from orange to white, compound 6 (3.960 g, 30.93 mmol) was slowly added. The mixture was stirred for 1 h, and then it was washed with water (3 × 30 mL) and a 10% aqueous solution of HCl (2 × 20 mL).The aqueous layer was extracted with ethyl acetate (3 × 20 mL), and then the combined organic layers was dried over Na2SO4 and concentrated in vacuum. The residue was purified by column chromatography, using hexane as eluent, to afford compound 7 in 70% yield (4.125 g, 21.6 mmol). IR (film) νmax,/cm-1: 2957, 2180, 1251, 1204, 1041, 844, 760. 1H NMR (200 MHz, CDCl3): δ 0.18 (s, 9 H), 3.90 (s, 2 H).13C NMR (50 MHz, CDCl3): δ 99.97, 92.12, 14.51, –0.42 (3C).GC-MS (70 eV) m/z (%): 192 (1), 190 (1), 177 (100), 175 (93), 149 (78), 147 (69), 123 (14), 111 (28), 96 (26), 83 (32), 66 (19), 53 (35).

  Tridec-1-yne (9)31

  To a solution of lithium acetylide-ethylenediamine complex 85% (1.174 g, 12.75 mmol) in dry THF (25.5 mL) and HMPA (4.25 mL), 1-bromoundecane (8) (2.00 g, 8.50 mmol) was slowly added at -78 ºC under N2. The temperature was raised to rt and the mixture was stirred for 8 hr. Then a 10% solution of HCl (10 mL) was added. The organic layer was separated and the aqueous phase extracted with ethyl acetate (3 × 10 mL). The combined organic layers were dried over Na2SO4. After concentration, the residue was purified by column chromatography using hexane as eluent to afford compound 9 in 96% yield (1.468 g, 8.16 mmol). IR (film) νmax/cm-1: 3313, 2925, 2854, 2119, 1465, 628. 1H NMR (200 MHz, CDCl3): δ 0.88 (t, 3H, J 6.8), 1.27 (bs, 18H); 1.91 (t, 1H, J 2.6), 2.16 (dt, 2H, J 6.8, 2.6). 13C NMR (50 MHz, CDCl3): δ 84.52, 67.93, 31.91, 29.63 (2C), 29.53, 29.35, 29.14, 28.77, 28.53, 22.66, 18.38, 14.02. GC-MS (70 eV) m/z (%): 123 (1), 109 (14), 95 (45), 81 (100), 67 (55), 55 (65).

  1-Trimethylsilyl-hexadeca-1,4-diyne (10)

  To a mixture containing previously dried cesium carbonate (1.792 g, 5.5 mmol), sodium iodide (0.823 g, 5.5 mmol), dry copper (I) iodide (1.047 g, 5.5 mmol), DMF (11.0 mL), and tridecyne (9) (1.010 g, 5.5 mmol), bromide 7 (1.050 g; 5.5 mmol) was slowly added under N2 at 0 ºC. After 24 h at rt, a saturated solution of ammonium chloride (20 mL) was added. The organic layer was separated and the aqueous phase extracted with ethyl acetate (3 × 30 mL). Combined organic layers were dried over Na2SO4 and concentrated. The residue was purified by column chromatography using hexane as eluent to afford compound 10 in 70% yield (1.116 g, 3.8 mmol). IR (film) νmax/ cm-1: 2925, 2183, 1625, 1249, 1012, 842. 1H NMR (200 MHz, CDCl3): δ 0.16 (s, 9H), 0.88 (t, 3H, J 6.6), 1.27 (bs, 18H), 2.15 (tt, 2H, J 6.8, 2.4), 3.17 (t, 2H, J 2.4).13C NMR (50 MHz, CDCl3): δ 105.20, 84.47, 80.98, 73.26, 31.90, 29.62 (2C), 29.55, 29.33, 29.15, 28.05, 28.69, 22.26, 18.70, 14.05, 10.82, -0.13 (3C).GC-MS (70 eV) m/z(%): 275 (5), 247 (1), 217 (4), 177 (10), 131 (25), 117 (18), 83 (28), 73 (100), 59 (82).

  Hexadeca-1,4-diyne (3)9 

  To a solution of diyne 10 (0.418 g, 1.44 mmol) in methanol (2.8 mL) and DMF (0.7 mL), potassium fluoride was added (0.167 g, 2.8 mmol). The mixture was stirred at 40 ºC for 3 h, and then water (10 mL) was added. The organic layer was separated and the aqueous phase extracted with ethyl acetate (3 × 10 mL). Combined organic layers were dried over Na2SO4 and concentrated. The residue was purified by column chromatography using hexane as eluent to afford compound 3 in 99% yield (0.309 g; 1.42 mmol). IR (film) νmax/cm-1: 3313, 2923, 1718, 1465, 640. 1H NMR (200 MHz, CDCl3): δ 0.88 (t, 3H, J 6.8), 1.26 (bs, 18H), 2.05 (t, 1H, J 2.6), 2.15 (tt, 2H, J 6.8, 2.6), 3.14 (q, 2H, J 2.6). 13C NMR (50 MHz, CDCl3): δ 81.34, 79.00, 72.98, 68.27, 31.93, 29.63 (2C), 29.53, 29.35, 29.15, 28.88, 28.70, 22.69, 18.69, 14.09, 9.56. GC-MS (70 eV) m/z (%):175 (1), 161 (2), 147 (6), 133 (19), 119 (36), 105 (50), 91 (100), 67 (46), 55 (53).

  3,4-Anhydro-1,2-dideoxypentitol (12)

  Alcohol 11 (0.502 g; 5.8 mmol) was diluted in dry methylene chloride (5.8 mL). Then a solution of MCPBA (1.307 g, 7.5 mmol) in dry methylene chloride (7.5 mL) was added at 0 ºC and N2. The mixture was stirred for 2 h at rt, then a saturated solution of sodium carbonate (10 mL) was added. After separation of the phases, the aqueous phase was extracted with ethyl acetate (3 × 20 mL). The combined organic layers were washed with saturated solution of sodium metabisulfite (2 × 10 mL) and dried over Na2SO4. After concentration, the residue was purified by column chromatography (hexane/ethyl acetate 7:3) to afford epoxyalcohol 12 in 98% yield (0.576 g, 5.7 mmol). IR (film) νmax/cm-1: 3413, 2962, 2923, 2850, 2360, 2341, 1791, 1731, 1558, 1463, 1259, 1074, 800. 1H NMR (200 MHz, CDCl3) δ: 1.05 (t, 3H, J 7.5), 1.60-1.70 (m, 2H), 2.95-3.05 (m, 1H), 3.12-3.24 (m, 1H), 3.60-3.73 (m, 1H), 3.77-3.91 (m, 1H).13C NMR (50 MHz, CDCl3) δ 60.42, 58.24, 57.13, 21.07, 10.44. GC-MS (70 eV) m/z (%): 83 (0.5), 71 (1), 59 (100), 41 (85).

  3-epoxialcohol 12 via Sharpless epoxidation:19

  In a flask containing molecular sieves 4 Å (100 mg), anhydrous dichloromethane (20 mL) was added under argon and cooled to −20 ºC then diisopropyl tartrate (0.083 mL, 0.49 mmol) and Ti(OiPr)4 (0.095 mL, 0.33 mmol) were added. The mixture was stirred for 20 min then TBHP (2.51 mL, 12.96 mmol, 5.5 M in dry toluene) was added. After 20 min a solution of E- or Z-pent-2-en-ol (6.48 mmol, 0.65 mL) in anhydrous dichloromethane (5 mL) was added dropwise. The mixture was stirred for 24 h at −20 ºC, then a saturated solution of Na2SO3 (5 mL) was added and stirred for 1 h at rt. The resulting suspension was washed with dichloromethane (30 mL) and filtered over celite. The solution was then cooled to 0 ºC and an aqueous solution of NaOH (30%, 4.5 mL) was added and the resulting mixture stirred for 30 min. The organic layer was extracted with dichloromethane (3 × 20 mL) and dried with anhydrous Na2SO4. The solvent was evaporated under vacuum and the crude product was purified by flash column chromatography in silica gel and hexane:ethyl acetate (8:2) as eluent.

  (2S,3R)-12: [α]D30 -10.0 (c 1.0, CH2Cl2), lit.20: [α]D21 –11.8 (c 1.7, CH2Cl2). (2R,3S)-12: [α]D30 +10.7 (c 1.0, CH2Cl2), lit.21: [α]D21 +11.9 (c 2.0, CHCl3). 1H NMR  (400 MHz, CDCl3): δ 1.05 (t, 3H, J 7.6); 1.48-1.66 (m, 2H); 2.98-3.04 (m, 1H); 3.14-3.20 (m, 1H); 3.68 (dd, 1H, J 12.0, 4.0); 3.83 (dd, 1H, J 11.8, 6.8). 13C NMR (100 MHz, CDCl3): δ 60.24; 58.17; 56.93; 20.81; 10.43. MS (relative intensity %): m/z 83 (0,5); 71 (1); 59 (100); 41 (85).

  (2S,3S)-12: [α]D30 –24.9 (c 1.0, EtOH), lit.22: [α]D21 –31.3 (c 0.56, EtOH). (2R,3R)-12: [α]D30 +25.5 (c 1.0, EtOH). 1H NMR (400 MHz, CDCl3): δ 1.02 (t, 3H, J 7.6); 1.55-1.66 (m, 2H); 2.93-2.98 (m, 2H); 3.60-3.68 (m, 1H); 3.89-3.96 (m, 1H). 13C NMR (100 MHz, CDCl3): δ 61.76; 58.12; 57.02; 24.59; 9.79. MS (relative intensity %): m/z 83 (0.5); 71 (1); 59 (100); 41 (85).

  (2R,3R)- and (2S,3S)-12 via organocatalysis:23

  In a 5 mL vial, the catalyst (R)- or (S)-14 (107 mg, 10 mol%, 0.2 mmol) was dissolved in ethanol and distilled water (3.0 mL, 1.0 mL), followed by addition of trans-2-pentenal (167 mg, 2.0 mmol) and H2O2 (35% aqueous solution, 0.5 mL, 6.0 mmol). The resulting mixture was stirred for 16 h. Water (7 mL) was added and extracted with diethylether (3 × 30 mL). The organic phase was dried over MgSO4 and concentrated. The residue was dissolved in methanol (14 mL), cooled to 0 ºC and followed by addition of NaBH4 (0.201 g, 5.3 mmol). After 20 min, the reaction was quenched by water (15 mL), extracted with diethylether (3 × 20 mL), dried over MgSO4 and concentrated. The epoxyalcohol was obtained in 79-81% yield (95-96% ee and 93:7 rd), as colorless oil after flash chromatography using hexane and ethyl acetate 9:1.

  (2R,3R)-12: [α]D23 +21.00 (c 0.0003, ethyl acetate). (2S,3S)-12: [α]D23 –21.97 (c 0.0003, ethyl acetate). HPLC analysis of the corresponding benzoate derivatives of (2R,3R)- and (2S,3S)-12, using chiral OD-H column (λ = 254 nm), hexane:ethanol (98:2 ratio) as eluent (1.0 mL min-1), showed 95% and 96% ee, respectively. 1H NMR (CDCl3, 400 MHz): δ 4.06 (dd, 1H, J 12.0, 4.0, syn), 3.91 (d, 1H, J 12.0, anti), 3.78 (dd, 1H, J 12.0, 8.0, syn), 3.62 (d, 1H, J 12.0, anti), 3.19-3.14 (m, 1H, syn), 2.97-2.93 (m, 2H, anti), 2.85-2.81 (m, 1H, syn), 1.96 (bs, 2H, anti and syn), 1.66-1.58 (m, 2H, anti), 1.29-1.25 (m, 2H, syn), 1.07-0.98 (m, 3H, anti), 0.89-0.84 (m, 3H, syn).13C NMR (CDCl3, 100 MHz): δ 61.77, 58.17, 57.05, 24.59, 9.80.

  3,4-Anhydro-1,2-dideoxy-5-O-(trifluoroacetyl)pentitol (2)32

  To a solution of epoxyalcohol 12 (0.500 g, 4.89 mmol), 2,6-lutidine (0.577 g, 5.38 mmol), in dry dichloromethane (15.0 mL), triflic anhydride (1.517 g, 5.38 mmol) was added at –60 ºC under N2. After 1 hr, the mixture was neutralized with a 10% aqueous solution of HCl. The organic layer was separated and aqueous phase extracted with dichloromethane (3 × 20 mL). Combined organic layers were dried over Na2SO4 and concentrated in vacuum. The residue was purified by column chromatography using hexane : dichloromethane (6 : 4) as eluent to afford compound 2 in 98% yield (1.142 g, 4.88 mmol). IR (film) νmax/ cm-1: 2978, 1415, 1210, 1144, 943, 616. 1H NMR (200 MHz, CDCl3): δ 1.08 (t, 3H, J 7.3), 1.45-1.72 (m, 2H), 3.08 (dt, J 1H, 6.6, 4.1), 3.30 (dt, 1H, J 7.1, 4.3), 4.50 (dd, 1H, J 11.0, 7.0), 4.69 (dd, 1H, J 11.0, 3.8). 13C NMR (50 MHz, CDCl3): δ 121.80, 115.45, 102.93, 74.86, 57.94, 52.58, 21.17, 10.31. GC-MS (70 eV) m/z (%):191 (31), 99 (69), 85 (72), 69 (100), 61 (95).

  2-ethyl-3-heptadeca-2,5-diyn-1-yloxirane (13)

  To a solution of freshly prepared diyne 3 (0.077 g, 0.35 mmol) in dry ethyl ether (0.85 mL) at –78 ºC and under N2, a 1.0 M solution of n-BuLi in hexanes (0.36 mL, 0.36 mmol) was slowly added. The mixture was stirred for 1 hr, and then a solution of racemic epoxytriflate 2 (0.074 g, 0.31 mmol) in dry THF (0.32 mL) was added dropwise. The temperature was raised to –45 ºC and after 6 h, a saturated solution of ammonium chloride (5.0 mL) was added. The organic layer was separated and aqueous phase extracted with ethyl ether (3 × 10 mL), dried over Na2SO4 and concentrated in vacuum. The residue was purified by column chromatography using hexane:dichloromethane (6:4) as eluent to afford compound 13 in 80% yield (0.077 g, 0.25 mmol). 1H NMR (200 MHz, CDCl3): δ 0.88 (t, 3H, J 6.7), 1.07 (t, 3H, J 7.5), 1.26 (bs, 20H), 2.15 (tt, 2H, J 6.8, 2.4), 2.54 (ddd, 1H, J 5.1, 2.7, 2.4), 2.62 (ddd, 1H, J 5.1, 2.4, 2.7), 2.92 (dd, 2H, J 6.3, 2.4), 3.13 (m, 2H).13C NMR (50 MHz, CDCl3): δ 80.77, 76.86, 75.24, 73.87, 58.06, 55.13, 31.88, 29.60 (2C), 29.50, 29.30, 29.12, 28.88, 28.73, 22.64, 20.91, 18.68 (2C), 14.02, 10.44, 9.72.GC-MS (70 eV) m/z (%): 302 (M+, 4), 273 (15), 245 (1), 231 (1), 217 (1), 203 (2), 175 (11), 161 (22), 147 (34), 133 (33), 109 (72), 81 (100), 67 (37), 55 (75).

  2-ethyl -3-[(2Z,5Z)-heptadeca-2,5-dien-1-yl]-oxirane (1)9,10 

  To a solution of diyne 13 (0.010 g, 0.03 mmol) and quinoline (0.002 g) in dry THF (0.30 mL) under H2, 10% Pd/CaCO3 (0.003 g) was added. The mixture was stirred for 1 h, and then was filtered over silica gel and washed with ethyl ether (2 × 10 mL).The organic layer was neutralized with a 10% solution of HCl, extracted with ethyl ether (3 × 10 mL), dried over Na2SO4 and concentrated in vacuum. The residue was purified by column chromatography using hexane : dichloromethane (6 : 4) as eluent to afford racemic epoxydiene 1 in 96% yield (0.009 g, 0.029 mmol). IR (film) νmax /cm-1: 3011, 2957, 2924, 2853, 1465, 1379, 818, 803, 720. 1H NMR (400 MHz, CDCl3): δ 0.88 (t, 3H, J 6.8), 1.05 (t, 3H, J 7.6), 1.26-1.34 (bs, 18H), 1.48-1.65 (m, 2H), 2.05 (q, 2H, J 6.8), 2.22 (dt, 1H, J 14.4, 6.8), 2.41 (dt, 1H, J 14.4, 6.4), 2.80 (t, 2H, J 6.0), 2.90 (dt, 1H, J 6.4, 4.4), 2.95 (dt, 1H, J 6.4, 4.4), 5.29-5.50 (m, 4H).13C NMR (100 MHz, CDCl3): δ 130.85, 130.74, 127.21, 124.19, 58.35, 56.60, 31.95, 29.69 (4C), 29.37, 29.35,27.64, 27.30, 26.26, 25.83, 22.71, 21.08, 14.13, 10.64. GC-MS (70 eV) m/z (%): 306 (M+, 0.7), 277 (0.5), 248 (0.5), 234 (5), 220 (2), 205 (0.5), 191 (0.5), 161 (1).166 (1), 151 (2), 135 (5), 121 (8), 107 (11), 93 (35), 79 (100), 67 (50), 55 (1).

  Synthesis of enantiomeric enriched epoxydiene 1

  In a flask under N2 atmosphere, freshly prepared 1,4-hexadecadiyne 3 (0.218 g; 1 mmol) was dissolved in dry THF (4 mL).Then a solution of n-BuLi in hexane (2.01 M; 0.44 mL; 0.9 mmol) was slowly added at –78 ºC. The resulting brown solution was stirred for 30 min a –78 ºC. Freshly prepared enantiomeric enriched epoxytriflate 2 (0.351 g; 1.5 mmol) in dry THF (2 mL) was slowly added and the resulting slightly yellow solution was stirred for 90 min a –78 ºC. Then a saturated solution of NH4Cl (4 mL) was added and the mixture was allowed to warm until rt and extracted with a mixture of hexane/ethyl ether (1:1) (3 × 20 mL). The combined organic layers were washed with saturated solution of NH4Cl (20 mL) and dried with anhydrous MgSO4. The solution was concentrated under vacuum and the crude product was employed in the following step without further purification.

  A flask containing the Lindlar catalyst (5% Pd in CaCO3 with Pb) (0.027 g) and freshly distilled quinoline (35 µL, 0.3 mmol) was submitted to vacuum for 15 min. Then a solution of freshly prepared epoxydiyne 13 (0.272 g, 0.9 mmol) in dry THF (1mL), degasified using an ultrasound bath, was added. The mixture was stirred under H2 atmosphere at rt and the progress of the reaction was followed by TLC. After 1 h the starting material was fully consumed, and then the mixture was filtered over celite 545, washing with ethyl ether (30 mL). The organic layer was dried over anhydrous MgSO4 and concentrated in the rotaevaporator without heating. The crude product was purified by flash column chromatography in silica gel using hexane/dichloromethane 95:5 as eluent. The stereoisomers of epoxydiene 1 were obtained in 50-63% yield over two steps.

  (2S,3R)-1: [α]D23 +2.6 (c 0.004, CH2Cl2), lit.9 [α]D23 +2.6 (c 2.74, CH2Cl2), (2R,3S)-1: [α]D23 –7.4 (c 0.002, CH2Cl2), lit.9 [α]D23 –2.4 (c 2.92, CH2Cl2). 1H NMR (400 MHz, CDCl3): δ 0.88 (t, 3H, J 6.8); 1.05 (t, 3H, J 7.2); 1.26-1.34 (bs, 18H), 1.48-1.65 (m, 2H); 2.05 (q, 2H, J 8.4); 2.20-2.24 (m, 1H); 2.39-2.41 (m, 1H); 2.80 (t, 2H, J 6.8 Hz); 2.87-2.98 (m, 1H); 2.95 (dt, 1H, J 6.4, 4.4); 5.26-5.58 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 130.83; 130.74; 127.20; 124.20; 58.34; 56.57; 34.69; 31.94; 29.69 (2C); 29.65; 29.57; 29.35; 27.31; 26.20; 25.84; 24.33; 22.70; 21.09; 14.11; 10.62. MS (relative intensity %): m/z 306 (0.7); 277 (0.5); 248 (0.5); 234(5); 220 (2); 205 (0.5); 191 (0.5); 161 (1); 166 (1); 151 (2); 135 (5); 121 (8); 107 (11); 93 (35); 79 (100); 67 (50); 55 (1).

  From Sharpless epoxidation: (2R,3R)-1: [α]D23 +11.5 (c 0.002, CH2Cl2), (2S,3S)-1: [α]D23 –3.55 (c 0.004, CH2Cl2). From organocatalysis: (2R,3R)-1: [α]D23 +4.79 (c 0.015, CH2Cl2), (2S,3S)-1: [α]D23 –5.35 (c 0.015, CH2Cl2). 1H NMR (400 MHz, CDCl3): δ 0.88 (t, 3H, J 6.8); 0.99 (t, 3H, J 7.6); 1.26-1.34 (m, 18H), 1.48-1.65 (m, 2H); 2.05 (q, 2H, J 8.4); 2.24-2.30 (m, 1H); 2.40-2.42 (m, 1H); 2.67-2.75 (m, 2H); 2.79 (t, 2H, J 6.8); 5.26-5.58 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 131.04; 130.68; 127.29; 123.73; 59.54; 57.66; 31.94; 29.69 (2C); 29.69; 29.65; 29.57; 29.36; 29.34; 27.30; 25.79; 25.03; 22.70; 21.09; 14.11; 9.88. MS (relative intensity %): m/z 306 (0.7); 277 (0.5); 248 (0.5); 234(5); 220 (2); 205 (0.5); 191 (0.5); 161 (1); 166 (1); 151 (2); 135 (5); 121 (8); 107 (11); 93 (35); 79 (100); 67 (50); 55 (1).

   

  Supplementary Information

  Supplementary data (GC-EAD, GC-MS, NMR and FTIR spectra) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Figure S1: GC-EAD of male T. arnobia antennae with the mixture of epoxydienes 1, 1' and 1". 

    Figures S2-S19: Stereoisomers of epoxyalcohol 12 obtained by Sharpless epoxidation. 

    Figures S20-S23: Stereoisomers of epoxyalcohol 12 obtained by organocatalytic epoxidation. 

    Figures S24-S28: Racemic epoxytriflate 2 

    Figures S29-S34: Racemic epoxydiyne 13 

    Figures S35-S49: Racemic epoxydiene 1 

    Figures S50-S69: Stereoisomers of epoxydiene 1 obtained by Sharpless epoxidation 

    Figures S70-S74: Stereoisomers of epoxydiene 1 obtained by organocatalytic epoxidation 

    Figure S75: MS of the gland extract of T. arnobia virgin females

    Unless otherwise noted, all commercially available reagents were purchased from Aldrich Chemical Co. Reagents and solvents were purified when necessary according to the usual procedures described in the literature. The IR spectra refer to films and were measured on a Bomem M102 spectrometer. 1H and 13C NMR spectra were recorded on a Bruker ARX-200 (200 and 50 MHz, respectively) and DRX-400 (400 and 100 MHz, respectively) spectrometers. Optical rotations were measured on a Perkin-Elmer 241 polarimeter. Mass spectra were recorded on a Shimadzu GCMS-QP5000. HPLC chromatograms were obtained on a Shimadzu apparatus, LC-10AT Pump, SPD-10A UV-Vis Detector, SCL-10A System Controller, using a Chiralpak AD-H (4.6 mmØ × 250 mmL, particle size 5 µm) or a Chiralcel OD-H or OD (4.6 mmØ × 250 mmL, particle size 5 µm). Optical rotations were measured with a Perkin-Elmer Polarimeter, Mod. 241, at 589 nm, 30 ºC. Melting point was obtained on a MQAPF-301 apparatus. High-resolution mass spectra were recorded on a Bruker - AutoFlex Speed, MALDI-TOF/TOF MS (λ = 355 nm, f = 500 Hz, matrix HCCA, calibration standard TPP, PEG 600). Analytical thin-layer chromatography was performed on a 0.25 mm film of silica gel containing fluorescent indicator UV254 supported on an aluminum sheet (Sigma-Aldrich). Flash column chromatography was performed using silica gel (Kieselgel 60, 230-400 mesh, E. Merck). Gas chromatography was performed in a Shimadzu GC-17A with H2 as carrier gas and using a DB-5 column.
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    Eletrodo de diamante foi usado para avaliar a interação dos nucleotídeos guanosina monofosfato (GMP) e adenosina monofosfato (AMP) com os pesticidas clorpirifós, metamidofós e monocrotofós. Observaram-se alterações nas correntes e potenciais de picos dos voltamogramas dos nucleotídeos na presença dos pesticidas dependendo da concentração de pesticida (de 5,0 × 10-7 a 5,0 × 10-5 mol L-1) e do tempo de interação (de 1 min a 4 h). Isto é provavelmente devido à ligação dos pesticidas às bases nitrogenadas presentes nos nucleotídeos, o que poderia levar a problemas na replicação do DNA e nas funções biológicas de nucleotídeos. Os pesticidas apresentaram maior interação com AMP que com GMP. Estudos sobre a interação de DNA 50 µg mL-1 com os pesticidas (de 30 min até 4 h, e de 1,0 × 10-6 a 6,0 × 10-5 mol L-1) não revelaram picos relativos à abertura da dupla hélice ou desenrolamento do DNA.

  

   

  
    Diamond electrode was used to evaluate the interaction of the nucleotides guanosine monophosphate (GMP) and adenosine monophosphate (AMP) with the pesticides chlorpyrifos, methamidophos and monocrotophos. Changes were observed in the currents and peak potentials of the nucleotide voltammograms in the presence of the pesticides, with dependence on the pesticide concentration (from 5.0 × 10-7 to 5.0 × 10-5 mol L-1) and the interaction time (from 1 min to 4 h). This is probably due to binding of the pesticides to the nitrogenous bases present in the nucleotides, which could lead to problems in the DNA replication and biological functions of nucleotides. The pesticides showed stronger interaction with AMP than with GMP. Studies of the interaction of 50 µg mL-1 DNA with the pesticides (from 30 min to 4 h and from 1.0 × 10-6 to 6.0 × 10-5 mol L-1) did not reveal any peaks relating to double helix opening or DNA unwinding.

    Keywords: organophosphorus pesticides, DNA nucleotides, diamond electrode, DNA damage, binding molecules

  

   

   

  Introduction

  Environmental pollution caused by pesticides and their metabolites is a major ecological and health problem. Residues of these compounds can be present in natural waters, soils, vegetables, and fruits,1,2 resulting in human exposure.3 An important group of pesticides currently and widely used for insect control in Brazilian agriculture4 are the organophosphorus (OP) compounds methamidophos (MET), monocrotophos (MON) and chlorpyrifos (CPF) (Figure 1). In developing countries, the concerns regarding these pesticides arise from a general ignorance of the hazards, and inadequate provision and use of protective clothing, resulting in death and illness among agricultural workers. Contamination of the body with these toxic substances can occur following ingestion, inhalation and skin contact, and the compounds can subsequently accumulate in adipose layers such as breast tissue.5

  
    

    [image: Figure 1. Chemical structures of methamidophos]

  

  Organophosphorus pesticides interfere in the cellular communication mediated by the acetylcholine molecule. This transmission between cells cannot occur when acetylcholine is not destroyed after performing its function. OP compounds selectively bind to the enzyme (acetylcholinesterase) that acts to destroy acetylcholine. Hence, blocking its action and suppressing the pulse transmission between nerve cells that is essential for coordinating the body vital processes, leading to death.6 Some OP pesticides can inhibit another esterase, called the neuropathy target esterase, causing a delayed effect known as organophosphorus-induced delayed neuropathy.7 In a Review, Koureas et al.8 described the negative effects of prenatal exposure to OP pesticides on neurodevelopment and the male reproductive system. Neurologic effects in adults, DNA damage and adverse birth outcomes have also been associated with exposure to OP pesticides.8-10 In addition, these species may contribute to childhood brain tumors, leukemia and lymphomas, and may also act as liver and respiratory system toxins.8

  Damage to DNA and/or its structural components (nitrogenous bases, nucleosides and nucleotides) caused by toxic compounds including OP pesticides5,11 can hinder processes of transcription and replication, resulting in arrest of the cell cycle, cell death and mutations,12 and defects in DNA can lead to carcinogenesis and premature aging.13,14 DNA damage caused by CPF,15-18 MET19 and MON20-22 is normally evaluated using the comet assay, which is based on the ability of cleaved and denatured DNA fragments to migrate out of the cell under the influence of an electric field.23

  The guanosine (GMP) and adenosine (AMP) 5'-monophosphate DNA nucleotides have important biological functions in the body. GMP plays a crucial role in many cellular mechanisms related to metabolism and cardiac activity,24 while AMP performs important functions in oxidative phosphorylation and trans-membrane signaling processes.25 Changes in the chemical structures and/or decreased availability of these nucleotides in the body can affect their biological functions, and both effects can result from interaction with OP pesticides.

  Electrochemical methods have proved to be highly suitable for use in studies of the interactions of low molecular mass molecules with DNA and its structural components, as well as for detecting DNA damage.26,27 The electrochemical responses of double stranded (ds) DNA and nucleotides (in terms of current intensity and peak potential) can be modified by the presence of various molecules. It is therefore possible to investigate structural alterations in the double helix of DNA arising from covalent or non-covalent interactions with genotoxic substances, and the possible binding of these compounds with the nucleotides. Nowicka et al.28 used voltammetric and nanogravimetric DNA biosensors to study the toxicity and DNA damage caused by pesticides. The OP pesticide paraoxon-ethyl caused the fastest and most severe damage to nucleic acid. DNA damage caused by carbaril,29 metals,30 bisphenol A radicals,31 diclofenac,32 triazines,33 benzopyrene,34 fluorene nitro derivatives35 and dyes36 has been evaluated using modified glassy carbon, carbon paste and graphite electrodes to detect changes in the electrochemical responses of DNA and/or the active agents. A variety of different electrodes have been used to study the interaction of DNA and its components, in solution, with temozolomide,37 codeine and morphine,38 Sudan II,39 calcein,40 nicotine,41 actinomycin D42 and the alkylating agent 4,4-dihydroxy chalcone.43 This type of investigation can help to identify preferential sites of interaction. For example, variations in the voltammetric signals of guanine and adenine can occur in the presence of active chemical agents when the electroactive sites of the bases are exposed to oxidation due to the breakage or unwinding of double-stranded DNA.27,44,45 The detection of nucleotides in aqueous solution enables evaluation of the interaction and/or binding of chemical species to the components of the DNA.

  In our previous work,46 detection of the individual or combined DNA nucleotides GMP and AMP using square wave voltammetry (SWV) was performed using boron-doped diamond (BDD) electrodes that had been cathodically pretreated. In the present work, the same voltammetric conditions46 were used to measure the electrochemical responses of GMP and AMP after interaction with OP pesticides. BDD electrodes are widely used in electroanalysis because they present a very low background current, a wide potential window due to the chemical inertness of the diamond surface, mechanical robustness and compatibility with biological materials.47-49 Cathodic pretreatment of these electrodes is a simple and effective way of generating highly electrochemically active BDD surfaces, resulting in very low limits of quantification and high data reproducibility.50,51

  Since OP pesticides can interact with the structural components of DNA, with potentially serious impacts on human health, the objective of this study was to investigate these interactions using a cathodically pretreated BDD electrode. As far as is known, this is the first time that an electrochemical technique employing a diamond electrode is used to explore the binding of OP pesticides with DNA nucleotides.

   

  Experimental

  Reagents and solutions

  GMP (> 99%), AMP (> 99%), double-stranded calf thymus DNA, and the pesticides CPF (99.9%), MET (98.4%) and MON (99.9%) were purchased from Sigma-Aldrich. Stock solutions of the nucleotides (1.0 × 10-2 mol L-1) and the pesticides MET and MON (1.0  × 10-3 mol L-1) were prepared in pure Milli-Q water (r = 18.2 MW cm). The CPF stock solution (1.0 × 10-3 mol L-1) was prepared in pure methanol (100%). The stock solution of DNA in pure water (5.0 mg mL–1) was stored at 4 ºC for 24 h to ensure complete dissolution of the nucleic acid. The nucleotide (monomer units) concentration was calculated using the molar absorption coefficient at 260 nm (є260 = 6600 L mol–1 cm–1). The ratio of the DNA absorbance intensities at 260 and 280 nm was 1.88, indicating that the DNA was free from protein.36 For all electrochemical measurements (during the pesticide interaction studies), a pH 7.0 Britton-Robinson (BR) buffer solution (0.1 mol L-1), prepared with analytical grade reagents, was used as the supporting electrolyte.

  Apparatus

  The electrochemical experiments were performed using the AUTOLAB PGSTAT 30 and GPES 4.9 software packages (Eco Chemie, The Netherlands). The pH of the 0.1 mol L-1 BR buffer solution was measured with a pH-meter (Model MPA-210A, Tecnopon), calibrated daily with commercial buffer solutions (pH 4, 7 and 10). The voltammetric studies were carried out using a three-electrode arrangement fitted into a single compartment Pyrex® glass cell (20 mL). The BDD films (Adamant Technologies S.A., La Chaux-de-Fonds, Switzerland) contained 8000 ppm of boron and had a working electrode area of 0.1 cm2. The reference system was an Ag/AgCl (3.0 mol L-1 KCl) electrode, and the counter electrode was a 1 cm2 Pt foil.

  Methodology

  GMP and AMP voltammetric signals

  The electroanalytical measurements were performed using 0.1 mol L-1 BR buffer solution (pH 7.0) containing an equimolar mixture of the GMP and AMP nucleotides (5.0 × 10-4 mol L-1). The SWV conditions were 100 Hz frequency (f), 50 mV amplitude (a) and a step potential (ΔEs) of 2 mV. The BDD electrode was cathodically pretreated in a 0.5 mol L-1 H2SO4 solution, applying –3.0 V vs. Ag/AgCl for 30 s. The square wave voltammograms were obtained after intermediate cleaning of the electrode surface with pure water, and after surface reactivations by application of an anodic and cathodic pretreatment. The latter consisted of polarizations at +3.0 and –3.0 V vs. Ag/AgCl for 5 and 30 s, respectively, in a 0.5 mol L-1 H2SO4 solution. All the experimental curves were baseline-corrected by application of the moving average with a step window of 5 mV (included in the GPES version 4.9 software).36,46,52

  Interaction of pesticides with nucleotides in solution

  Baseline-corrected square wave voltammograms (f = 100 Hz, a = 50 mV and ΔEs = 2 mV) were obtained using the cathodically pretreated BDD electrode in 0.1 mol L-1 BR buffer solution (pH 7.0). Measurements were made of solutions containing (i) individual pesticides at 5.0 × 10-5 mol L-1, (ii) an equimolar 5.0 × 10-4 mol L-1 mixture of the nucleotides, (iii) a mixture of GMP and AMP (both at 5.0 × 10-4 mol L-1) together with each pesticide at 5.0 × 10-5 mol L-1, with different interaction times (1, 10, 30 min, 1, 2, 3 and 4 h), and (iv) a mixture of GMP and AMP (both at 5.0 × 10-4 mol L-1) together with different concentrations of each pesticide (from 5.0 × 10-7 to 5.0 × 10-5 mol L-1). The signals were expressed as the relative response, I/I0, where I0 is the AMP peak current obtained in an experiment performed prior to the interaction.

  Interaction of pesticides with dsDNA in solution

  Baseline-corrected square wave voltammograms (f = 100 Hz, a = 50 mV and ΔEs = 2 mV) were obtained using the cathodically pretreated BDD electrode in 0.1 mol L-1 BR buffer solution (pH 7.0). Measurements were made of solutions containing (i) individual pesticides at 5.0 × 10-5 mol L-1, (ii) dsDNA at 50 µg mL-1, (iii) dsDNA (50 µg mL-1) together with 5.0 × 10-5 mol L-1 of each pesticide, with different interaction times of 30 min, 1, 2, 3 and 4 h, and (iv) dsDNA (50 µg mL-1) together with different concentrations of each pesticide (from 1.0 × 10-6 to 6.0 × 10-5 mol L-1).

   

  Results and Discussion

  GMP and AMP electrochemical signals

  Baseline-corrected square wave voltammograms obtained using the BDD electrode in 0.1 mol L-1 BR buffer solution (pH 7.0), in the absence and presence of the nucleotides (equimolar mixture at 5.0 × 10-4 mol L-1), are presented in Figure 2. Two irreversible well-defined peaks were observed: at 1.04 V vs. Ag/AgCl, reflecting an oxidation process involving GMP, and at 1.43 V vs. Ag/AgCl, which was related to the AMP process. It is known that the processes of electroxidation of GMP and AMP occur in the structures of the nitrogenous bases and that the sugar and phosphate are not electroactive.53-55 The oxidation processes for the nucleotides show potential values that are higher than those for the bases alone, due to the inductive effect caused by the glycosidic bond in the purine ring, which makes it more difficult to remove the electrons from the bases.56
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  An evaluation was made of the effect on the nucleotide voltammetric responses caused by the intermediate cleaning of the electrode surface (by exhaustive rinsing with pure water). There was a reduction in the response, of about 30%, for both the GMP and the AMP signal (scan 4 vs. scan 1), due to strong adsorption (or inefficient solubilization) of the reagents or oxidation products on the BDD surface. Electrochemical pre-treatments of the BDD electrode in a 0.5 mol L-1 H2SO4 solution, at +3.0 and –3.0 V for 5 and 30 s, respectively, were therefore carried out between the electrochemical measurements of the nucleotide mixture. Similar voltammetric responses (n = 4) of the analytes (relative standard deviation (RSD) lower than 5% for GMP and AMP peak currents) were observed after the electrochemical reactivation of the surface. Hence, throughout the pesticide-nucleotide interaction studies, all the voltammetric scans were obtained with a BDD surface that had been satisfactorily reactivated by anodic and cathodic pre-treatment.

  Pesticide-nucleotide interactions

  The OP pesticides studied here did not present voltammetric responses in the potential range from 0.6 to 2.0 V vs. Ag/AgCl, under the conditions employed (0.1 mol L-1 BR buffer solution at pH 7.0, f = 100 Hz, a = 50 mV and ΔEs = 2 mV). The interaction of the pesticides with the DNA nucleotides was first investigated using concentrations of the individual pesticides ranging from 5.0 × 10-7 to 5.0 × 10-5 mol L-1, which are representative of levels of OP residues found in the environment and can cause effects in animals and humans. Figure 3 compares the GMP and AMP voltammograms obtained before and after interaction for 1 min with the pesticides at the maximum concentration analyzed.
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  The voltammetric response for GMP slightly decreased (by 5.7%) and increased (by 9.8%) after interaction with MET and CPF, respectively (Figure 3). No change occurred in the peak potential after interaction with MET, but a shift of 11 mV towards more negative values was observed after interaction with CPF. The peak current intensity of the GMP signal remained unchanged after interaction with MON, although a peak potential shift of 34 mV towards more positive values was observed. The voltammetric response for AMP decreased after interaction with both MET (by 5%) and CPF (by 20%), and there were shifts of 11 and 22 mV in the peak potential, towards less positive values, after interaction with MET and CPF, respectively. Meanwhile, the AMP signal increased (by 22%) after interaction with MON, and there was a positive displacement of 29 mV in the peak potential.

  Figure 4 shows the variations of the nucleotide oxidation current intensities after 1 min of interaction, as a function of OP pesticide concentration. No new voltammetric signals were detected after the pesticide-nucleotide interactions.
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  Similar profiles of current changes in the presence of individual pesticides were observed for the two nucleotides. For MET concentrations from 5.0 × 10-7 to 1.0 × 10-5 mol L-1, there was a slight increase followed by a decrease of the nucleotide currents (Figure 4a). Increases of the nucleotide currents (of 15.9 and 5.42% for the GMP and AMP signals, respectively) were observed for pesticide concentrations from 1.0 × 10-5 to 5.0 × 10-5 mol L-1. In the case of the pesticide MON (Figure 4b), at a concentration of 5.0 × 10-7 mol L-1, the current intensities decreased by 13.3% (GMP) and 16.7% (AMP). There was then an increase in the current values up to 3.0 × 10-5 mol L-1 of the pesticide, with the GMP and AMP signals increasing from their original values by 22.8 and 15.0%, respectively. In the presence of 5.0 × 10-5 mol L-1 MON, the AMP peak intensity showed a further increase, while the GMP signal presented a significant decrease in intensity. For the pesticide CPF (Figure 4c), increases of around 13% in the responses for both nucleotides were observed for a 5.0 × 10-7 mol L-1 pesticide concentration, after which there were decreases of 21.7 and 46.5% for GMP and AMP, respectively (comparing the current intensities at 3.0 × 10-5 and 5.0 × 10-7 mol L-1 of pesticide). At the maximum pesticide concentration, the nucleotide peaks presented an increase in intensity of around 30-35%, compared to the current values at 3.0 × 10-5 mol L-1.

  The interaction of individual pesticides at the maximum concentration of 5.0 × 10-5 mol L-1 with the DNA nucleotides (at concentrations of 5.0 × 10-4 mol L-1) was analyzed for different interaction times between 1 min and 4 h. The behavior of the normalized nucleotide currents according to time of interaction with the pesticides is presented in Figure 5.
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  The interaction between MET and the nucleotides showed a complex behavior, with alternating increases and decreases of the current intensity throughout the time period employed (Figure 5a). Nevertheless, the temporal trends of I/I0 were similar for both nucleotides. At 4 h, the GMP and AMP voltammetric signals were 5.0 and 24.6% higher, respectively, compared to the initial values. After interaction with MON for 10 min, the GMP response increased by 20.7%, compared to the initial current value (Figure 5b). During the same time period (0-10 min), there was a slight decrease of the current intensity for the AMP response, followed by a significant increase of 23.0%. Between 10 min and 4 h, there were alternating decreases and increases of the current intensity, especially in the case of the GMP signal. Between 1 and 4 h of interaction with MON, there was a 29.0% diminution of the AMP current intensity. For the pesticide CPF (Figure 5c), the GMP signal increased significantly by 31.1% after 1 min of interaction, and between 1 min and 1 h, there were alternating increases and decreases of the GMP current intensity. Between 1 and 4 h, the GMP peak intensity decreased continuously, with a final difference of 12.6% in the current value. Alternating changes in the AMP signal were also observed between 1 min and 1 h (Figure 5c), similar to the GMP peak. From 1 to 3 h, there was a clear decrease of the AMP peak intensity, with a current value after 3 h of interaction with CPF that was 28.7% lower than the value measured after 1 h of interaction. Between 3 and 4 h, an increase of the AMP peak intensity occurred, in contrast to the continuous decrease in the GMP peak intensity. Three replicate measurements (for each point shown in Figures 4 and 5) were made in the experiments investigating the effects of pesticide concentration and interaction time. RSD was calculated for all points, and was always lower than 5%.

  The results of interaction of the three OP pesticides with the DNA nucleotides revealed changes in the intensities of the GMP and AMP voltammetric signals according to both the pesticide concentration and the interaction time. In some cases, displacements of the nucleotide peak potentials were detected after interaction with the compounds, especially MON. The changes in the nucleotide current values may have been due to binding of the OP pesticides to the nitrogenous bases present in the nucleotide structures. A decrease in the voltammetric signal could be explained by possible damage or shielding of the oxidizable groups of guanine and adenine following interaction between the nucleotides and the pesticides.27,35 On the other hand, the interaction of the pesticides with GMP and AMP could lead to exposure of the electroactive sites of guanine and adenine to the electrode surface, increasing the current intensities. Such interactions could affect the structure of the nucleotides, leading to a decrease of their availability in the body, hence influencing their biological functions. The electrochemical results obtained here suggested a preference of the OP pesticides for adenine sites since there were greater changes in the AMP signal after the interactions compared to the GMP response.

  Alkylating agents such as OP compounds are known to be able to cause DNA damage,57 and alkylation of nitrogenous bases can occur either directly or indirectly via protein alkylation.19,20,22 Most genotoxins are either intrinsically electrophilic or can be activated to produce electrophilic intermediates that bind to critical macromolecules.20,22 The heterocyclic nitrogenous bases of DNA can act as nucleophilic agents for such a reaction, and alkylation can take place on nitrogen atoms possessing high electron density.20,22 According to Wild,57 the phosphorus moiety in the organophosphorus compound appears to be a good substrate for nucleophilic attack, which can lead to DNA damage by phosphorylation. The results presented here indicate that OP pesticides can undergo nucleophilic attack by the nitrogenous bases present in the nucleotide structures, and that this reaction is involved in DNA damage. It is therefore likely that OP pesticides can modify DNA bases by alkylation.

  Despite the fact that they belong to the same chemical class, the pesticides showed varying degrees of interaction with the DNA nucleotides, which was probably related to the different chemical structures of the compounds. Methamidophos (O,S-dimethyl phosphoramidothioate) presented less interaction with the nucleotides, compared to chlorpyrifos and monocrotophos (Figures 3 and 4), with the degree of interaction decreasing in the order MON > CPF > MET. According to Yaduvanshi et al.,22 alkylation is more likely with the methyl ester group than with the ethyl or higher alkyl ester groups, and phosphate esters such as monocrotophos are more reactive than phosphorothionate esters such as chlorpyrifos.

  OP pesticides-dsDNA interaction

  In order to obtain further information concerning the interaction of the pesticides with the nucleotides inside the DNA double helix, electroanalytical investigation of the OP pesticides-dsDNA interactions was also carried out in the solution phase. Calf thymus DNA, consisting of 41.9 mol% guanine-cytosine and 58.1 mol% adenine-thymine, is a natural DNA that is widely used in studies of the binding of anti-cancer agents or pollutants that affect the structure and function of DNA, and is also used in physicochemical studies of the behavior of these substances in solution. Firstly, square wave voltammograms (f = 100 Hz, a = 50 mV and ΔEs = 2 mV) were obtained using the BDD electrode in 0.1 mol L-1 BR buffer solution (pH 7.0) containing 50 µg mL-1 of calf thymus dsDNA. No oxidation peaks were detected due to the limited accessibility of the nitrogenous base residues contained in nucleotides within the rigid structure of the DNA double helix.58

  The occurrence of oxidative lesions in dsDNA caused by active compounds lead to the breaking of hydrogen bonds and opening of the double helix (or DNA cleavage), allowing the bases to come into contact with the electrode surface. The electrochemical detection of this oxidative damage can be accomplished by monitoring the oxidation of bases.58 The interaction of the OP pesticides with calf thymus dsDNA was therefore performed using the cathodically pretreated BDD electrode, with different DNA-pesticide interaction times (from 30 min to 4 h) and different pesticide concentrations (from 1.0 × 10-6 to 6.0 × 10-5 mol L-1). A voltammetric peak related to oxidative damage, opening of the double helix or unwinding of the DNA was detected in no case.

  Although no DNA oxidation peaks were detected, this does not confirm that interaction did not occur. In future work, the interaction of the biomolecule with the pesticides could be performed following immobilization of DNA on the BDD electrode, hence facilitating detection of the guanine and adenine moieties and providing further information concerning the binding behavior.

   

  Conclusions

  Voltammetric measurements using a BDD electrode showed that the OP pesticides chlorpyrifos, methamidophos and monocrotophos, which are widely used in agriculture, interacted with the DNA nucleotides guanosine monophosphate (GMP) and adenosine monophosphate (AMP). Changes were detected in the oxidation currents and peak potentials of both nucleotides after interaction with the pesticides, especially in the case of AMP. The interactions could be explained by the binding of the pesticides to nitrogenous bases present in the nucleotides. Consequently, there could be changes in the chemical structures of the nucleotides, which could lead to difficulty in DNA replication and a decrease in the concentrations of the nucleotides available in the body, hence affecting their biological functions. On the other hand, no oxidation peaks related to oxidative damage, opening of the double helix or DNA unwinding were detected in studies of the interactions of these pesticides with calf thymus dsDNA, which were also performed using the BDD electrode. Electrochemical measurements employing BDD electrodes could help to identify the preferential sites for binding of toxic compounds to DNA and its component nucleotides.
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    Três novos neo-clerodanos, antiscorbuticano A, antiscorbuticano B, e antiscorbuticano C e os compostos conhecidos glutinol, friedelina, 5,7-di-hidroxiflavanona (pinocembrina), 5-hidroxi-3,6,7,4'-tetrametoxiflavona, 5-hidroxi-3,6,7,3',4'-pentametoxiflavona(artemetina), 5,4'-di-hidroxi-3,6,7,3'-tetrametoxiflavona (penduletina) e 5,3',4'-tri-hidroxi-3,6,7-trimetoxiflavona (crisosplenol D) foram isolados do extrato de metanol de Tinnea antiscorbutica. O composto antiscorbuticano B não apresentou atividade mutagênica para doses até 250 µg por caixa (teste de Ames) e não induziu micronúcleos na linha celular V79 em doses até 100 µg mL-1 .

  

   

  
    Three new neo-clerodanes, antiscorbuticane A, antiscorbuticane B and antiscorbuticane C, and known compounds glutinol, friedelin, 5,7-dihydroxyflavanone (pinocembrin), 5-hydroxy-3,6,7,4'-tetramethoxyflavone, 5-hydroxy-3,6,7,3',4'-pentamethoxyflavone (artemetin), 5,4'-dihydroxy3,6,7,3'-tetramethoxyflavone (penduletin) and 5,3',4'-trihydroxy-3,6,7-trimethoxyflavone (chrysosplenol D), were isolated from the methanol extract of Tinnea antiscorbutica. Antiscorbuticane B exhibited no mutagenic activity at doses of up to 250 µg per plate (Ames test) and did not induce micronucleus formation in the V79 cell line at doses of up to 100 µg mL-1 .

    Keywords: Tinnea antiscorbutica, neo-clerodanes, mutagenic activity, cytotoxic activity, genotoxicity

  

   

   

  Introduction

  The Tinnea genera belong to the Labiatea Juss. family1 and comprise 19 species restricted to Africa. Originally from the north of Angola, in the province of Kuanza Norte (Dembos region), T. antiscorbutica Welv., which is traditionally named "Tete-Mbula", is a small shrub that can be collected in several regions of Angola and is used in folk medicine to treat scurvy.1 Despite the use of T. barbata as a flowering shrub,2 to the best of our knowledge there have been no chemical studies of the Tinnea genera.

  Following our research on Angolan plants,3-6 we report the isolation of the new neo-clerodanes antiscorbuticane A(3), antiscorbuticane B (8) and antiscorbuticane C(10) and the known compounds glutinol (1),7,8 friedelin (2),9 5,7-dihydroxyflavanone (pinocembrin) (4),10 5-hydroxy-3,6,7,4'-tetramethoxyflavone (5),11,12 5-hydroxy-3,6,7,3',4'-pentamethoxyflavone (artemetin) (6),13 5,4'-dihydroxy-3,6,7,3'-tetramethoxyflavone (7),14 5,3',4'-trihydroxy-3,6,7-trimethoxyflavone (9) (chrysosplenol D)15 from the methanol extract of the aerial parts of T. antiscorbutica (Figure 1). Their structures were characterized by spectroscopic methods and comparison with literature data.
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  Experimental

  General experimental procedures

  The optical rotations were obtained with a Bellingham+Stanley Ltd. ADP 220 polarimeter. The high resolution electron ionization mass spectrometry (HREIMS) measurements were performed on a VG Autospec M and were recorded at 70 eV. The infrared (IR) spectra were measured with a Unicam Mattson 5000 FTIR. The nuclear magnetic resonance (NMR) spectra were recorded with a Bruker Avance II at 600 MHz (1H NMR) and 150.9 MHz (13C NMR) in CDCl3. The chemical shifts are given in d ppm and are referenced to the residual CHCl3 at 7.26 ppm for the 1H spectrum and 77.0 ppm for the 13C spectrum. Two-dimensional experiments were performed with standard Bruker software. Column chromatography was performed on silica gel 60 (70-230 mesh, Merck, Darmstadt, Germany).

  Plant material

  The aerial parts of Tinnea antiscorbutica were collected in the Chibia road at the Comuna da Huíla, Huíla province (Angola), in July 2001 and were identified by Professor Esperança da Costa, Agostinho Neto University. A voucher specimen (No. 3742) has been deposit at the Lubango Herbarium, Angola.

  Extraction and isolation

  The dried aerial parts (1.5 kg) were macerated in methanol for a week at room temperature; the procedure was performed three times. After being concentrated, the methanol extract (42.7 g) was partitioned between MeOH-H2O (5:1) and hexane to yield 19.0 g of the hexane fraction. The aqueous methanolic fraction was concentrated under vacuum, H2O was added, and the fraction was extracted with chloroform to give the chloroform fraction (2.8 g). Finally, the aqueous fraction was extracted with EtOAc to yield 9.3 g of the EtOAc fraction, and the remaining material was considered to be the aqueous fraction (10.4 g).

  A sample of the hexane fraction (2 g) was fractionated on a silica gel column with a hexane/EtOAc, EtOAc and EtOAc/MeOH gradient. The fraction eluted with hexane/ EtOAc (9:1) was separated on a silica gel column with a hexane/EtOAc gradient (99:1; 49:1; 9:1; 4:1; 7:3; 1:1) to yield glutinol (1) (7.9 mg) and friedelin (2) (5.4 mg). The fraction eluted with hexane/EtOAc 3:2 was separated on a silica gel column with a hexane/EtOAc gradient (4:1; 7:3; 3:2; 1:1) and EtOAc to yield antiscorbuticane A (3) (5.5 mg).

  The chloroform fraction (2.8 g) was fractionated on a silica gel column with a hexane/EtOAc, EtOAc/CHCl3 and EtOAc/CH3OH gradient. The fraction eluted with hexane/EtOAc 9:1 was separated on a silica gel column with a hexane/EtOAc gradient (9:1; 4:1; 7:3; 1:1) to yield 5,7-dihydroxyflavanone (4) (2.5 mg) and 5-hydroxy-3,6,7,4'-tetramethoxyflavone (5) (3.5 mg). The fractions eluted with the EtOAc/CH3OH gradient were combined and subjected to successive purification on a silica gel column to yield 5-hydroxy-3,6,7,3',4'-pentamethoxyflavone (6) (5.2 mg), 5,4'-dihydroxy-3,6,7,3'-tetramethoxyflavone (7) (3.5 mg), antiscorbuticane B 8 (25.1 mg) and 5,3',4'-trihydroxy-3,6,7-trimethoxyflavone (9) (11.6 mg).

  The ethyl acetate fraction (9.3 g) was fractionated on a silica gel column with a hexane/EtOAc, EtOAc and EtOAc/MeOH gradient. The fraction eluted with hexane/EtOAc (3:2) was separated on a silica gel column with a hexane/CHCl3 gradient to yield antiscorbuticane C (10) (9.3 mg).

  Antiscorbuticane A (3)

  Colorless oil; [image: Entidade 001] = + 22.2 (c 0.045, CHCl3); IR νmax/cm-1 2929, 1750-1715, 1636, 1451, 1251, 1203, 1168, 754; 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3, 150.9 MHz): see Table 1; HR-FAB-MS (pos.) m/z 523.2686 [M+H]+ (calcd. for C31H39O7, 523.2696).

  
    

    [image: Table 1. 1H NMR and 13C NMR]

  

  Antiscorbuticane B  (8)

  White amorphous solid; [image: Entidade 002] = + 19.2 (c 0.26, CHCl3); IR νmax/cm-1 2982, 1762-1717, 1638, 1240, 1165, 750; 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3, 150.9 MHz): see Table 1; HR-FAB-MS (pos.) m/z 535.2296 [M+Na]+ (calcd. for C29H36O8Na, 535.2308).

  Antiscorbuticane C  (10)

  Colorless oil; [image: Entidade 003] = + 57.1 (c 0.07, CHCl3); IR νmax/cm-1 2986, 1778, 1747, 1639, 1619, 1444, 1372, 1228, 1170, 1032, 756. 1H NMR (CDCl3, 600 MHz) and 13C NMR (CDCl3, 150.9 MHz): see Table 2; HR-TOF-MS-EI (pos.) m/z 462.1885 [M]+ (calcd. C24H30O9, 462.1890).
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  MTT cytotoxicity assay

  The MTT assay was conducted in V79 Chinese hamster cells as described elsewhere.6 Three independent experiments were performed.

  Ames assay

  Mutagenicity testing was conducted through the plate incorporation assay described by Maron and Ames16 with the Salmonella typhimurium strains TA 98, TA 100 and TA 102 in the presence or absence of S9 mix.16 At least two independent experiments were performed for each assay.

  Cytokinesis-block micronucleus assay (CBMN)

  Cytokinesis-block micronucleus assay was conducted as described elsewhere.6 At least two independent experiments were performed for each assay.

   

  Results and Discussion

  Previous phytochemical studies demonstrated that certain of the known compounds isolated from Tinnea antiscorbutica present different biological activities. Glutinol presents analgesic and anti-inflammatory properties;17-19 5,7-dihydroxyflavanone (pinocembrin) is well known for its vasorelaxing effects,20,21 antimutagenic activity,22 induction of apoptosis,23 bacteriostactic activity24 and fasciolicide, ovicide and larvicide activities.15 5-Hydroxy-3,6,7,4'-tetramethoxyflavone presents antifungal activity11 and inhibitory activity against prolylendopeptidase and thrombin.25 5-Hydroxy-3,6,7,3',4'-pentamethoxyflavone (artemetin) induces apoptosis in different target cells26,27 and has cytotoxic and antioxidant activity.28,29 5,4'-Dihydroxy-3,6,7,3'-tetramethoxyflavone presents cytotoxic activity.30 5,3',4'-Trihydroxy-3,6,7-trimethoxyflavone (chrysosplenol D) induces apoptosis in mammalian cancer cells.26 

  Compound 3 was obtained as a colorless oil with an [image: Entidade 004] value of + 22.2º (c0.045, CHCl3). The molecular formula C31H38O7 was established by HR-FAB-MS, which showed a quasi-molecular ion peak at m/z 523.2686 [M+H]+ (calculated at 523.2696) and implied 13 degrees of unsaturation.

  The 1H-NMR spectrum of compound 3 (Table 1) displayed signals for four methyl groups: one acetate at δH 1.90, two Me singlets at δH 1.38 and 0.92, and a secondary Me at δH 0.88 (d, 3H, J 6.7 Hz); one diastereotopic oxymethylene, which presented HMBC correlations with C-3, C-4 (Figure 2), at δH 3.31 (d, 1H, J 3.7 Hz) and 2.37 (d, 1H, J 3.7 Hz); an E-cinnamoyloxy moiety (δH 6.38, d, 1H, J 16.0 Hz, H-2'; 7.67, d, 1H, J 16.0 Hz, H-3'; 7.40, 7.53, 7.65, m, 5H, H-5', 6', 7', 8', 9'); an α-substituted butenolide ring31 with H-14 at δH 7.10 (quint, 1H, J 1.6 Hz) that presented a vicinal coupling to H-15 at δH 4.78 (t, 2H, J 1.6 Hz); and an allylic coupling to H-12 characteristic of some neo-clerodane diterpenoides.31,32 The 13C NMR spectrum (Table 1) showed 29 signals corresponding to 31 carbons, which were determined to be four methyls, seven methylenes, twelve methines and eight quaternary carbons from the DEPT spectrum of 3. The 13C-NMR chemical shifts of the three methyls (δC 18.8, 15.7, and 10.6), the oxymethylene (δC 52.3), the four methines (δC 75.4, 73.7, 46.8, and 40.3) and the three quaternary carbons (δC 66.8, 42.5, and 39.8) were found to be consistent with a trans-fused A/B ring clerodane structure31,33 in which Me-18 was transformed into a 4,18-epoxy ring and ring B contained an acetate and an E-cinnamate group. The α-substituted butenolide ring (δC 134.3, 143.9, and 70.2 as C-13, C-14, and C-15 and 174.1 as C-16) can unambiguously be assigned to the H-14 and CH2-15 groups with the aid of the 1H–1H COSY, HSQC and HMBC data (Table 1, Figure 2). The NOESY correlations (Figure 3) between Me-17/Me-19, Hα-7, and Me-19/Me-20 indicated that H-7, Me-17, Me-19, and Me-20 were on the α-face of the molecule. Additionally, the NOESY correlation between Hβ-10/Hβ-6 suggested that these hydrogens were on the β-face of the molecule. Thus, the structure of compound 3 was established as 6α-acetoxy-(E),7β-cinnamoyloxy-4α,18-epoxy-neo-clerodan-15,16-olide and was called antiscorbuticane A (Figure 1).
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  Compound 8 was obtained as a colorless oil with an [image: Entidade 005] value of + 19.2º (c 0.26, CHCl3). The molecular formula C29H36O8 was established by HR-FAB-MS by observing the ion of the Na+ -adduct at m/z 535.2296 (calculated for 535.2308), which implied 11 degrees of unsaturation.

  Compound 8 had a 1H-NMR profile similar to that of 3 except for the moieties at C-6 and C-7 and the absence of Me-19. The 1 H and 13C-NMR spectra (Table 1) indicated the presence of two methyls (δH 1.02, d, 3H, J 6.6 Hz; and 0.81, s, 3H; δC 10.6, 18.5), an acetate group (δH 1.98, s, 3H; δC 171.3, 21.2) attached to C-19, a benzoyloxy moiety (δH 8.00, dd, 2H J 7.2 Hz, 1.2 Hz, H-2' and H-6'; 7.50, tt, 1H, J 7.8 Hz, 1.2 Hz, H-4'; and 7.38, td, 2H, J 7.8 Hz,  1.8 Hz, H-3' and H-5'; δC 166.5, 6-OOCPh; 130.5 C-1'; 129.8, C-2' and C-6'; 128.1 C-3' and C-5', and 132.7, C-4') attached to C-6; an α-substituted butenolide ring (δH 7.10, 1H, t, J 1.7 Hz, H-14; and 4.76, 2H, q, J 1.7 Hz, H-15; δC 134.0, 144.1, and 70.2, C-13, C-14, and C-15, respectively; and 174.2, C-16),31 and two diastereotopic oxymethylenes (δH 3.18, dd, 1H, J 3.8 Hz, 2.3 Hz and 2.37, d, 1H, J 3.6 Hz, H-18; and 4.68, 4.62, 1H, d, J = 12.0 Hz each, H-19; δC 48.7, C-18; 63.2, C-19). The 1H and 13C-NMR data were found to be consistent with a trans-fused A/B ring clerodane structure31,33 in which Me-18 was transformed into a 4,18-epoxy ring, Me-19 transformed into an oxymethylene bearing an acetate moiety, and ring B bears an hydroxyl and a benzoyl group (Figure 1).

  The NOESY correlations (Figure 3) between Hα-7/Me-17, Me-20, and CH2-19 indicated that H-7, Me-17, CH2-19 and Me-20 were on the α-face of the molecule. Additionally, the NOESY correlation between Hβ-10 and Hb-6 suggested that these hydrogens were on the β-face of the molecule. Thus, the structure of compound 8 was established as 19-acetoxy-6α-benzoyloxy-4α,18-epoxy-7β-hydroxy-neoclerodan-15,16-olide and was named antiscorbuticane B (Figure 1).

  Compound 10 was obtained as a colorless oil with an [image: Entidade 006] value of + 57.1º (c 0.07, CHCl3). The molecular formula C24H30O9 was established by HR-TOF-MS-EI, which showed a molecular ion peak at m/z 462.1885 (calculated for 462.1890) and implied 10 degrees of unsaturation. 

  The 1H and 13C-NMR spectra of 10 (Table 2) showed signals for two acetate groups (δH 2.08, s 3H, and 2.17, s, 3H, ; δC 21.4, 169.9 and 21.0, 170.5), three methyl groups (δH 1.18, s, 3H, Me-20; 1.15, s, 3H, Me-17 and 1.07, s, 3H, Me-19), a β-substituted butenolide ring (δH 5.99, br s, 1H and 4.83, br s, 2H; δC 115.1 and 70.9),34 which can be assigned to the H-14 vinylic proton and to the C-16 methylene, respectively, with the aid of 1H–1H COSY, HSQC and HMBC data (Table 2, Figure 2); and four oxymethines (δH 5.47, d, 1H, J 11.0 Hz, H-7; 5.23, td, 1H, J 10.8, 4.9 Hz, H-1; 5.03, dd, 1H, J 9.9 Hz, 7.2 Hz, H-12 and 4.28, d, 1H, J 11.0 Hz, H-6; δC 71.9, 70.3, 72.5 and 82.8). The δH 5.23 and 5.47 methines showed HMBC correlations with the δC 169.9 and 170.5 carbonyl acetates, respectively, and were located on C-1 and C-7. The 1H–1H COSY correlations showed the connectivity between the protons at δH 4.28 and H-7 and suggested the placement of this methine at C-6. The 1H and 13C NMR data were found to be consistent with a trans-fused A/B ring clerodane structure,31,33 in which Me-18 was transformed into a lactone carbonyl (δC 174.50). The low field shifts of Me-17 and Me-20 and the H-12/C-8 HMBC correlation clearly indicated the presence of an 8β,12 cyclic ether.35 Because the α position of Me-19 was already established (trans-fused A/B ring), the NOESY correlations (Figure 3) between Me-19/Hα-1, Hα-4, Hα-7 and Hα-7/Hα-4, Hα-6, Me-17 indicated that H-1, H-4, H-6, H-7, Me-17 and Me-19 were on the α-face of the molecule. Additionally, the NOESY correlation between Hβ-10 and Hβ-12 suggested that these hydrogens were on the β-face of the molecule. Thus, the structure of compound 10 was established as 1β,7β-diacetoxy-8β,12-epoxy-neo-clerodan-16,15:18β,6β-diolide and was named antiscorbuticane C (Figure 1).

  Regarding the potential genetic damage induced by compound 8, there is no evidence of mutagenic activity at doses of up to 250 µg per plate (Ames test, Table 3), and compound 8 does not induce micronuclei in the V79 cell line at doses of up to 100 µg mL-1 (Table 4). Furthermore compound 8 don't present cytotoxic activity (Table 5). Compounds 3 and 10 were not tested due the lack of available sample amount.
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  Conclusions

  The present phytochemical investigation of aerial parts of T. antiscorbutica Welv., afforded three new neo-clerodanes named as antiscorbuticane A, antiscorbuticane B andantiscorbuticane C, and seven known compounds, glutinol, friedelin, 5,7-dihydroxyflavanone (pinocembrin), 5-hydroxy-3,6,7,4'-tetramethoxyflavone, 5-hydroxy-3,6,7,3',4'-pentamethoxyflavone (artemetin), 5,4'-dihydroxy-3,6,7,3'-tetramethoxyflavone (penduletin) and 5,3',4'-trihydroxy-3,6,7-trimethoxyflavone (chrysosplenol D).

  Genotoxicity, mutagenicity and cytotoxicity were tested for antiscorbuticane B but all assays were negative concluding that this particular compound has no potential risk regarding their future use as bioactive compound.

   

  Supplementary Information

  1D and 2D NMR spectra data associated with this article are available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    Se descreve um procedimento eficiente de três componentes em uma única operação para a síntese de novas espiroacenafteno pirroloisoquinolinas com alta regiosseletividade. Estes compostos foram preparados pela cicloadição 1,3-dipolar de uma ilida azometínica gerada a partir da acenaftenoquinona e 1,2,3,4-tetraidroisoquinolina, via deslocamento [1,5]-H, com derivados de chalcona e nitroestireno como dipolarófilos. A estrutura e estereoquímica dos cicloadutos foram estabelecidas por difração de raios-X em monocristais e por técnicas espectroscópicas.

  

   

  
    An efficient one-pot three-component procedure for the synthesis of novel spiroacenaphthene pyrroloisoquinolines with high regioselectivity is described. These compounds were prepared from 1,3-dipolar cycloaddition of an azomethine ylide generated from acenaphthenequinone and 1,2,3,4-tetrahydroisoquinoline via [1,5]-H shift, with chalcone and nitrostyrene derivatives as dipolarophiles. The structure and stereochemistry of the cycloadducts have been established by single crystal X-ray structure and spectroscopic techniques.

    Keywords: 1,3-dipolar cycloaddition, azomethine ylide, [1,5]-H shift, spiroacenaphthene pyrroloisoquinolines

  

   

   

  Introduction

  1,3-Dipolar cycloaddition reactions are efficient approaches for the construction of five-membered heterocyclic units in a highly regio- and stereoselective manner.1-5 These strategies permit the construction of complex molecules from easily available starting materials in a single synthetic step. In particular, 1,3-dipolar cycloaddition reaction of azomethine ylides with various dipolarophiles represents an efficient method for the construction of pyrrolidine and pyrrolizidine structural units.6-13 Among various nitrogen containing heterocycles, spiropyrrolidine and spiropyrrolizidine derivatives have been attracted much interest as they constitute the central skeletons of many alkaloids and pharmacological active compounds.14-19 Pyrroloisoquinoline and isoquinoline structural units possess important pharmocological properties such as antimicrobial, antitumor and antibiotic.20,21 The fact that acenaphthenequinone derivatives have strong antioxidant properties,22-25 including free radical scavenging activity and can reduce lipid peroxidation, motivated us to investigate cycloaddition reactions of azomethine ylides derived from acenaphthenequinone and pharmacologically active isoquinoline moities.

  One of the most useful methods to generate a nonstabilized azomethine ylide is the reaction of an amine with a bifunctional carbonyl compound which involved the [1,5]-prototropic shift.26-32 As part of our ongoing research program directed toward the synthesis of novel spiropyrrolidinyl derivatives,33-35 we report herein the regio- and stereoselctive synthesis of spiro[acenaphthylene-1,3'-pyrrolo[2,1-α]isoquinolin derivatives through 1,3-dipolar cycloaddition reaction of an azomethine ylide generated by reaction of acenaphthenequinone 1 and 1,2,3,4-tetrahydroisoquinoline 2 via [1,5]-H shift, with chalcone and nitrostyrene derivatives.

   

  Experimental

  Equipments

  All chalcones and nitrostyrenes were prepared according to literature procedures.36,37 All other reagents and solvents were purchased from commercial suppliers and used without further purification. Reactions were monitored by thin-layer chromatography (TLC) on silica gel. Melting points were measured on an Electrothermal 9100 apparatus. Infrared spectra were recorded on a Shimadzu IR-8300 series FT-IR spectrophotometer. 1H NMR and 13C NMR spectra were recorded on a Bruker 400-MHz instrument in CDCl3 solvent with TMS as a standard. Mass spectra were recorded on a JEOL DX303 HF mass spectrometer. Elemental analyses were carried out using a Perkin-Elmer CHN 2400 instrument.

  X-ray crystallographic analysis

  Suitable single crystals of the compounds 4i and 7f were selected and the diffraction data were collected using a STOE IPDS II diffractometer with graphite monochromated Mo-Ka radiation (λ = 0.71073 Å), in the rotation method, at room temperature. The structures were solved by using SHELXS.38 The structure refinement and data reduction were carried out with SHELXL of the X-Step32 suite of programs.39 The nonhydrogen atoms were refined anisotropically by full matrix least-squares on F2 values. Hydrogen atoms were located from expected geometry and were not refined. The crystal data are deposited at the Cambridge Crystallographic Data Centre, CCDC 949978 and 949977, for compounds 4i and 7f, respectively.

  Typical procedure for preparation of spiroacenaphthene pyrroloisoquinoline 4a-l and 7a-l

  A mixture of acenaphthenequinone (0.182 g, 1 mmol), 1,2,3,4-tetrahydroisoquinoline (0.133 g, 1 mmol) and chalcone (0.208 g, 1 mmol)/nitrostyrene (0.149 g, 1 mmol) in ethanol (8 mL) was stirred at reflux for 4h. After completion of the reaction, as indicated by TLC, the resulting precipitate was filtered and recrystallized from EtOH to afford the pure product in good yield.

   

  Results and discussion

  In our initial studies, acenaphthenequinone 1, 1,2,3,4-tetrahydroisoquinoline 2 and chalcone 3a were treated at reflux in ethanol to afford the corresponding spiroacenaphthene pyrroloisoquinoline 4a as sole product in good yield (Scheme 1). After completion of the reaction, as indicated by TLC, the pure cycloadduct was obtained by recrystallization from ethanol.
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  We applied this protocol to a series of chalcone derivatives 3a-i in order to obtain the corresponding spiropyrroloisoquinoline adducts 4a-i in moderate to good yields. As shown in Table 1, the [3 + 2] cycloaddition of  several chalcones having electron-donating substituent  and electron-withdrawing groups with non-stabilized azomethine ylide, which were generated through [1,5]-H shift, afforded the corresponding cycloadducts with regio- and stereoselective manner.

  
    

    [image: Table 1. 1,3-Dipolar]

  

  The structure and regiochemistry of the cycloadducts were confirmed by spectroscopic data and X-ray crystal structure analysis (Figure 1).

  
    

    [image: Figure 1. ORTEP diagram]

  

  Information concerning to the crystallographic data collection and refinement of the structures are given in Table 2.

  
    

    [image: Table 2. Crystal data]

  

  The 1H NMR spectrum of 4b exhibited two doublets at δ 5.43 (J 9.6 Hz) and 4.62 (J 9.6 Hz) for the Hc and Ha protons, respectively, and a triplet at 4.55 ppm (J 10.8 Hz) for Hb. The 13C NMR of 4b showed two signals at δ 209.3  and 196.7 ppm for carbonyl groups and a signal at 74.7 ppm  for the spiro carbon. The IR spectrum of 4b showed two  sharp peaks at 1708 cm-1 and 1681 cm-1 for the carbonyl  groups and in addition, the appearance of a molecular  ion peak at m/z 523 (M+) confirmed the formation of the cycloadduct. The stereochemistry of compound 4i was established by X-ray single crystal analysis (Figure 1).

  In order to further expand the scope of this protocol for spiro-heterocyclic synthesis, we investigated reactions involving acenaphthenequinone 1, 1,2,3,4-tetrahydroisoquinoline 2 and nitrostyrene derivatives 6a-l and a new series of spiropyrroloisoquinoline adducts 7a-l were obtained in good yields (Scheme 2, Table 3).
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  From Table 3, it is evident that the rate of the reaction and the yields of the cycloadducts are similar when nitrostyrene derivatives were employed as dipolarophiles instead of acenaphthenequinones. The structure of the final products was elucidated through X-ray crystal structure analysis in addition to standard IR, 1H and 13C NMR techniques. The IR spectrum of 7a showed a sharp peak at 1708 cm-1 for the carbonyl group and two peaks corresponding to NO2 at 1553 and 1366 cm-1. The 1H NMR spectrum of 7a exhibited two doublets at δ 5.99 (J 7.0 Hz) and 4.78 (J 4.8 Hz) for the Hb and Ha protons, respectively, and a doublet of doublet at 6.27 ppm (J 7.0, 4.8 Hz) for H (R3). The 13C NMR spectrum of 7a showed a peak at δ 79 ppm reflecting the presence of the spiro carbon and the acenaphthenequinone carbonyl carbon exhibited a peak at δ 206.3. The mass spectrum of the compound confirmed the formation of cycloadduct. Finally, the regio- and stereochemical outcome of the cycloaddition reaction was obviously confirmed through the X-ray diffraction analysis of 7f (Figure 2).

  
    

    [image: Figure 2. ORTEP diagram]

  

  The proposed mechanism of the cycloaddition reactions is shown in Scheme 3. For this 1,3-dipolar cycloaddition reaction, four reactive channels are possible. They are related to two regioisomeric and two stereoisomeric approaches. The stereochemistry of the observed products is consistent with expected preference of an S-shaped ylide and subsequent cycloaddition through an endo transition state.

  
    

    [image: Scheme 3. Proposed mechanism]

  

  The endo-control is presumably determined by stabilizing secondary orbital interactions.

  There is no evidence in spectroscopic data for the formation of the other regioisomer arising from the reactions.

   

  Conclusions

  In summary, we have demonstrated a multicomponent 1,3-dipolar cycloaddition which gives an array of containing spiroacenaphthene pyrroloisoquinolines using chalcone and nitrostyrene derivatives as dipolarophiles. The products were isolated by recrystallization without involving further purification process like column chromatography.

   

  Supplementary Information

  Crystallographic data (4i and 7f) for the structures in this paper have been deposited in the Cambridge Crystallographic Data Centre as supplementary publication number CCDC 949978 and 949977 respectively. 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. Supplementary information (Table S1-S10, Figure S1-S85) is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Supplementary Information

    Characterization data for representative compounds

    2'-Benzoyl-1'-phenyl-2',5',6',10b'-tetrahydro-1'H,2Hspiro[acenaphthylene-1,3'-pyrrolo[2,1-a]isoquinolin]-2-one (4a)

    Yellow solid (0.366 g, 82%); m.p. 183-185 ºC; IR (KBr) νmax/cm-1 1713, 1681; 1H NMR (400 MHz, CDCl3) δ 7.93-6.72 (m, 20H, Ar-H), 5.37 (d, 1H, J 9.6 Hz, Hc), 4.62 (d, 1H, J 9.2 Hz, Ha), 4.48 (t, 1H, J 9.6 Hz, Hb), 2.98-2.89 (m, 2H), 2.66-2.49 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 209.3, 197.3, 142.5, 140.3, 138.2, 137.2, 136.9, 134.7, 132.0, 131.9, 131.7, 129.8, 129.1, 129.1, 128.8, 128.7, 127.8, 127.4, 127.2, 126.9, 126.3, 125.5, 125.1, 124.7, 123.5, 120.7, 74.7 (C-Spiro), 64.3, 63.8, 50.9, 42.5, 30.4; anal. calcd. for C36H27NO2: C, 85.52; H, 5.38; N, 2.77; found: C, 85.1; H, 5.05; N, 2.35; MS (m/z): 505.

    2'-Benzoyl-1'-(4-fluorophenyl)-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (4b)

    Orange solid (0.408 g, 78%); m.p. 230-232 ºC; FT-IR (KBr) νmax/cm-1 1708, 1681; 1H NMR (400 MHz, CDCl3) δ 8.132-6.61 (m, 19H, Ar-H), 5.43 (d, 1H, J 9.6 Hz, Hc), 4.62 (d, 1H, J 9.6 Hz, Ha), 4.55 (t, 1H, J 10.8 Hz, Hb), 2.96-2.89 (m, 2H), 2.67-2.62 (m, 1H), 2.56-2.48 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 209.3, 196.7, 150.4, 147.1, 142.6, 137.4, 136.6, 136.5, 134.8, 132.3, 132.2, 131.4, 130.0, 129.8, 129.1, 128.7, 127.9, 127.5, 127.1, 126.7, 125.6, 125.0, 124.7, 124.4, 123.4, 121.1, 74.7 (C-Spiro), 64.4, 63.6, 50.8, 42.5, 30.4; anal. calcd. for C36H26FNO2: C, 82.58; H, 5.01; N, 2.68; found: C, 82.15; H, 4.85; N, 2.35; MS (m/z): 523.

    2'-Benzoyl-1'-(4-chlorophenyl)-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (4c)

    Yellow solid (0.463 g, 86%); m.p. 199-201 ºC; FT-IR (KBr) νmax/cm-1 1708, 1682; 1H NMR (400 MHz, CDCl3) δ 8.06-6.76 (m, 19H, Ar-H), 5.98 (d, 1H, J 8.8 Hz, Hc), 5.33 (dd, 1H, J 7.2, 8.4 Hz, Hb), 4.42 (d, 1H, J 7.2 Hz, Ha), 3.20-3.12 (m, 1H), 2.81-2.72 (m, 2H), 2.64-2.60 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 207.2, 202.3, 142.7, 138.8, 138.4, 136.0, 135.0, 134.9, 133.0, 132.9, 132.3, 131.5, 130.3, 130.2, 129.2, 129.0, 128.6, 128.4, 128.3, 128.2, 127.4, 127.1, 125.9, 125.2, 121.1, 120.4, 80.0 (C-Spiro), 64.5, 59.9, 52.9, 43.1, 30.3; anal. calcd. for C36H26ClNO2: C, 80.06; H, 4.85; N, 2.59; found: C, 80.56; H, 5.24; N, 2.14; MS (m/z): 540.

    2'-Benzoyl-1'-(4-bromophenyl)-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (4d)

    Yellow solid (0.443 g, 76%); m.p. 194-196 ºC; FT-IR (KBr) νmax/cm-1 1705, 1684. 1H NMR (400 MHz, DMSO-d6) δ 8.06-6.74 (m, 19H, Ar-H), 5.96 (d, 1H, J 8.4 Hz, Hc), 5.32 (dd, 1H, J 7.2, 7.2 Hz, Hb), 4.38 (d, 1H, J 7.2 Hz, Ha), 3.19-3.11 (m, 1H), 2.78-2.71 (m, 2H), 2.64-2.60 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 207.2, 202.3, 142.7, 138.8, 138.4, 136.0, 135.6, 135.4, 135.0, 132.9, 132.3, 131.5, 131.3, 130.5, 130.2, 129.2, 129.0, 128.6, 128.3, 128.2, 127.8, 125.9, 125.2, 121.2, 121.1, 120.5, 79.9 (C-Spiro), 64.5, 59.9, 52.8, 43.0, 30.3. anal. calcd. for C36H26BrNO2: C, 73.98; H, 4.48; N, 2.40; found: C, 73.62; H, 4.73; N, 2.05; MS (m/z): 583. 

    2'-Benzoyl-1'-(4-methylphenyl)-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene -1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (4e)

    Yellow solid (0.410 g, 79%); m.p. 191-193 ºC; FTIR (KBr) νmax/cm-1 1700, 1682; 1H NMR (400 MHz, DMSO-d6) δ 8.12-6.65 (m, 19H, Ar-H), 5.16 (d, 1H, J 8.0 Hz, Hc), 4.51 (d, 1H, J 8.0 Ha), 4.21 (t, 1H, J 10 Hz, Hb), 2.75-2.69 (m, 2H), 2.61-2.58 (m, 1H), 2.35-2.33 (m, 1H), 2.31 (s, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 208.8, 197.3, 142.4, 139.3, 138.2, 136.7, 136.6, 136.6, 135.9, 133.1, 132.9, 131.2, 130.3, 129.9, 129.4, 129.1, 128.8, 128.3, 127.24, 126.9, 125.8, 125.6, 124.8, 123.4, 121.6, 74.4 (C-Spiro), 64.3, 63.2, 50.9, 42.7, 30.2, 21.2; anal. calcd. for C37H29NO2: C, 85.52; H, 5.63; N, 2.70; found: C, 85.24; H, 5.23; N, 2.35; MS (m/z): 519. 

    2'-Benzoyl-1'-(4-methoxyphenyl)-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (4f) 

    Yellow solid (0.439 g, 82%); m.p. 192-194 ºC; FT-IR (KBr) νmax/cm-1 1708, 1686; 1H NMR (400 MHz, CDCl3) δ 8.03-6.52 (m, 19H, Ar-H), 5.97 (d, 1H, J 8.4 Hz, Hc), 5.32 (dd, 1H, J 7.2, 8.4 Hz, Hb), 4.38 (d, 1H, J 6.8 Hz, Ha), 3.63 (s, 3H, OMe), 3.21-3.13 (m, 1H), 2.82-2.71 (m, 2H), 2.64-2.60 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 207.7, 202.6, 158.5, 142.7, 139.0, 136.4, 135.0, 132.7, 132.5, 131.2, 130.2, 129.9, 129.2, 129.0, 128.5, 128.4, 128.2, 128.1, 125.9, 125.8, 125.2, 125.0, 121.0, 120.2, 113.5, 80.1(C-Spiro), 64.4, 60.2, 55.0, 53.2, 43.1, 30.3; anal. calcd. for C37H29NO3: C, 82.97; H, 5.46; N, 2.61; found: C, 82.63; H, 4.67; N, 2.85; MS (m/z): 536. 

    2'-Benzoyl-1'-(4-nitrophenyl)-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (4g) 

    Yellow solid (0.440 g, 80%); m.p. 201-202 ºC; FT-IR (KBr) νmax/cm-1 1707, 1681, 1510 and 1374; 1H NMR (400 MHz, CDCl3) δ 7.93-6.73 (m, 19H, Ar-H), 5.32 (d, 1H, J 10 Hz, Hc), 4.55 (d, 1H, J 9.6 Hz, Ha), 4.46 (t, 1H, J 9.6 Hz, Hb), 2.97-2.88 (m, 2H), 2.66-2.61 (m, 1H), 2.52-2.48 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 209.2, 197.2, 163.2, 160.7, 142.5, 136.8, 134.7, 132.1, 132.0, 131.6, 130.6, 130.5, 129.8, 128.9, 128.7, 127.8, 127.4, 127.1, 126.4, 125.5, 124.9, 124.8, 123.5, 120.8, 116.1, 115.8, 74.7 (C-Spiro), 64.4, 63.8, 50.2, 42.5, 30.4; anal. calcd. for C36H26N2O4: C, 78.53; H, 4.76; N, 5.09; found: C, 78.77; H, 4.35; N, 4.86; MS (m/z): 550. 

    2'-(4-Methoxybenzoyl)-1'-phenyl-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a]isoquinolin]-2-one (4h) 

    Yellow solid (0.439 g, 82%); m.p. 197-199 ºC; FT-IR (KBr) νmax/cm-1 1713, 1670; 1H NMR (400 MHz, CDCl3) δ 7.95-6.22 (m, 19H, Ar-H), 5.36 (d, 1H, J 10 Hz, Hc), 4.57 (d, 1H, J 9.2 Hz, Ha), 4.48 (t, 1H, J 9.6 Hz, Hb), 3.56 (s, 3H, OMe), 2.98-2.88 (m, 2H), 2.65-2.52 (m, 1H), 2.50-2.47 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 209.7, 195.6, 162.5, 142.6, 142.5, 138.3, 137.3, 134.8, 131.9, 131.7, 130.2, 129.8, 129.5, 129.1, 129.0, 128.8, 128.7, 128.7, 126.9, 126.3, 125.5, 125.1, 124.7, 123.6, 120.7, 112.6, 75.0 (C-Spiro), 64.3, 63.4, 55.2, 51.1, 42.6, 30.9; anal. calcd. for C37H29NO3: C, 82.97; H, 5.46; N, 2.61; found: C, 82.66; H, 5.01; N, 2.43; MS (m/z): 535. 

    2'-(4-Chlorobenzoyl)-1'-phenyl-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a]isoquinolin]-2-one (4i) 

    Cream solid (0.447 g, 83%); m.p. 214-216 ºC; FT-IR (KBr) νmax/cm-1 1713, 1670; 1H NMR (400 MHz, CDCl3) δ 7.92-6.70 (m, 19H, Ar-H), 5.37 (d, 1H, J 9.6 Hz, Hc), 4.55 (d, 1H, J 9.6 Hz, Ha), 4.45 (t, 1H, J 9.8 Hz, Hb), 2.97-2.90 (m, 2H), 2.69-2.62 (m, 1H), 2.53-2.50 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 209.4, 196.2 (C=O, chalcone), 142.5, 142.1, 138.3, 138.1, 137.0, 135.3, 134.7, 132.1, 131.5, 129.9, 129.1, 129.1, 128.8, 128.7, 128.5, 128.0, 127.6, 127.0, 126.3, 125.5, 125.1, 124.9, 123.5, 120.9, 74.8 (C-Spiro), 64.3, 64.0, 51.0, 42.5, 30.4; anal. calcd. for C36H26ClNO2: C, 80.06; H, 4.85; N, 2.59; found: C, 79.65; H, 4.56; N, 2.74; MS (m/z): 540.

    2'-(3-Chlorobenzoyl)-1'-phenyl-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (4j)

    Orange solid (0.420 g, 78%); m.p. 212-214 ºC; FT-IR (KBr) νmax/cm-1 1704, 1687; 1H NMR (400 MHz, CDCl3) δ 7.97-6.63 (m, 19H, Ar-H), 5.39 (d, 1H, J 10 Hz, Hc), 4.52 (d, 1H, J 9.2 Hz, Ha), 4.45 (t, 1H, J 9.6 Hz, Hb), 2.99-2.91 (m, 2H), 2.68-2.58 (m, 1H), 2.55-2.50 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 209.4, 196.2, 142.4, 142.1, 138.4, 138.1, 137.0, 134.7, 133.8, 132.0, 131.8, 131.6, 129.8, 129.1, 129.1, 128.9, 128.7, 128.6, 128.0, 127.3, 127.1, 126.4, 125.5, 125.2, 125.1, 125.0, 123.4, 121.1, 74.7 (C-Spiro), 64.4, 63.6, 50.8, 42.5, 30.5; anal. calcd. for C36H26ClNO2: C, 80.06; H, 4.85; N, 2.59; found: C, 79.76; H, 4.50; N, 2.33; MS (m/z): 540

    2'-(4-Methoxybenzoyl)-1'-(4-methoxyphenyl)-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (4k)

    Orange solid (0.486 g, 86%); m.p. 163-165 ºC; FT-IR (KBr) νmax/cm-1 1713, 1676; 1H NMR (400 MHz, CDCl3) δ 7.95-6.23(m, 18H, Ar-H), 5.30 (d, 1H, J 10 Hz, Hc), 4.53 (d, 1H, J 9.6 Hz, Ha), 4,432 (t, 1H, J 9.6 Hz, Hb), 3.84 (s, 3H, OMe), 3.56 (s, 3H, OMe), 2.97-2.88 (m, 2H), 2.65-2.60 (m, 1H), 2.53-2.47 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 209.8, 195.8, 162.5, 158.5, 142.6, 138.4, 137.3, 134.8, 134.4, 131.9, 131.7, 130.3, 130.0, 129.8, 129.5, 128.8, 128.7, 127.7, 126.2, 125.5, 125.1, 124.7, 123.6, 120.7, 114.5, 112.6, 74.9 (C-Spiro), 64.2, 63.3, 55.3, 55.2, 50.4, 42.6, 30.5; anal. calcd. for C38H31NO4: C, 80.69; H, 5.52; N, 2.48; found: C, 80.84; H, 5.74; N, 2.83; MS (m/z): 565.

    2'-(3-Chlorobenzoyl)-1'-(4-chlorophenyl)-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (4l)

    Yellow solid (0.435 g, 76%); m.p. 205-207 ºC; FT-IR (KBr) νmax/cm-1 1708, 1686; 1H NMR (400 MHz, DMSO-d6) δ 8.12-6.58 (m, 18H, Ar-H), 5.18 (d, 1H, J 10 Hz, Hc), 4.54 (d, 1H, J 9.2 Hz, Ha), 4.92 (t, 1H, J 9.6 Hz, Hb), 2.78-2.71 (m, 2H), 2.61-2.58 (m, 1H), 2.39-2.35 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 209.3, 196.0, 142.5, 140.7, 138.2, 137.8, 136.8, 134.7, 133.9, 132.9, 132.1, 131.9, 131.5, 130.4, 129.8, 129.3, 129.0, 128.7, 128.6, 128.1, 127.2, 126.5, 125.6, 125.1, 125.1, 124.9, 123.4, 121.1, 74.6 (C-Spiro), 64.3, 64.2, 50.2, 42.5, 30.4; anal. calcd. for C36H25Cl2NO2: C, 75.26; H, 4.39; N, 2.44; found: C, 75.65; H, 4.69; N, 2.80; MS (m/z): 573.

    1'-Nitro-2'-phenyl-2',5',6',10b'-tetrahydro-1'H,2Hspiro[acenaphthylene-1,3'-pyrrolo[2,1-a]isoquinolin]-2-one (7a)

    Yellow solid  (0.370 g, 83%); m.p. 196-198 ºC; FT-IR (KBr) νmax/cm-1 1708, 1553, 1366; 1H NMR (400 MHz, CDCl3) δ 8.13-7.13 (m, 15H, Ar-H), 6.27 (dd, 1H, J 4.8, 7 Hz, Hb), 5.99 (d, 1H, J 7 Hz, Hc), 4.78 (d, 1H, J 4.8 Hz, Ha), 3.15-3.06 (m, 1H), 2.80-2.67 (m, 2H), 2.64-2.60 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 206.3, 142.8, 137.7, 135.3, 134.1, 132.7, 132.0, 131.7, 130.3, 129.3, 129.2, 128.5, 128.4, 128.3, 127.8, 127.1, 126.1, 125.6, 124.7, 121.1, 120.7, 92.6 (CH-NO2), 79.0 (C-Spiro), 64.3, 60.4, 42.5, 30.0; anal. calcd. for C29H22N2O3: C, 78.01; H, 4.97; N, 6.27; found: C, 77.74; H, 4.69; N, 6.67; MS (m/z): 447.

    2'-(4-Fluorophenyl)-1'-nitro-2',5',6',10b'-tetrahydro-1'H,2Hspiro[acenaphthylene-1,3'-pyrrolo[2,1-a]isoquinolin]-2-one (7b)

    Brown solid (0.376 g, 81%); m.p. 183-185 ºC, FT-IR (KBr) νmax/cm-1 1704, 1551, 1305; 1H NMR (400 MHz, CDCl3) δ 8.10-6.73 (m, 14H, Ar-H), 6.20 (dd, 1H, J 4.8, 7.2 Hz, Hb), 5.96 (d, 1H, J 7.2 Hz, Hc), 4.73 (d, 1H, J 4.8 Hz, Ha), 3.14-3.06 (m, 1H), 2.79-2.67 (m, 2H), 2.64-2.60 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 206.5, 162.2, 160.9, 142.8, 137.4, 135.2, 132.6, 131.8, 130.3, 130.2, 129.3, 129.2, 128.4, 127.1, 126.1, 125.7, 124.6, 121.1, 120.8, 115.3, 92.8 (CH-NO2), 79.0 (C-Spiro), 64.2, 59.74, 42.5, 30.0; anal. calcd. for C29H21FN2O3: C, 74.99; H, 4.56; N, 6.03; found: C, 74.54; H, 4.14; N, 6.43; MS (m/z): 464.

    2'-(4-Cholorophenyl)-1'-nitro-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (7c)

    Cream solid (0.365 g, 76%); m.p. 190-192 ºC; FT-IR (KBr) νmax/cm-1 1711, 1547, 1362; 1H NMR (400 MHz, CDCl3) δ 8.11-6.88 (m, 14H, Ar-H), 6.2 (dd, 1H, J 4.8, 7.2 Hz, Hb), 5.95 (d, 1H, J 7.2 Hz, Hc), 4.73 (d, 1H, J 4.8 Hz, Ha), 3.10-3.05 (m, 1H), 2.78-2.65 (m, 2H), 2.64-2.60 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 206.2, 142.8, 137.2, 135.2, 133.8, 132.6, 132.5, 131.9, 131.8, 130.3, 129.9, 129.3, 129.2, 128.7, 128.4, 127.2, 126.1, 125.8, 124.6, 121.1, 120.9, 92.5, 78.9 (C-Spiro), 64.2, 59.7, 42.5, 30.0; anal. calcd. for C29H21ClN2O3: C, 72.42; H, 4.40; N, 5.82; found: C, 72.76; H, 4.03; N, 5.53; MS (m/z): 480.

    2'-(4-Boromophenyl)-1'-nitro-2',5',6',10b'-tetrahydro-1'H,2Hspiro[acenaphthylene-O3'-pyrrolo[2,1-a]isoquinolin]-2-one (7d)

    Cream solid (0.409 g, 78%); m.p. 186-188 ºC; FT-IR (KBr) νmax/cm-1 1711, 1557, 1362; 1H NMR (400 MHz, CDCl3) δ 8.12-6.82 (m, 14H, Ar-H), 6.19 (dd, 1H, J 4.8, 7.2 Hz, Hb), 5.94 (d, 1H, J 7.2 Hz, Hc), 4.72 (d, 1H, J 4.8 Hz, Ha), 3.12-3.05 (m, 1H), 2.76-2.64 (m, 2H), 2.63-2.59 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 206.2, 142.8, 137.2, 135.2, 133.1, 132.5, 131.9, 131.8, 131.6, 130.3, 129.3, 129.2, 128.4, 127.2, 126.1, 125.8, 125.7, 124.6, 122.0, 121.1, 121.0, 92.5 (CH-NO2), 78.8 (C-Spiro), 64.2, 59.7, 42.5, 30.0; anal. calcd. for C29H21BrN2O3: C, 66.30; H, 4.03; N, 5.33; found: C, 66.53; H, 3.81; N, 5.64; MS (m/z): 524.

    2›-(4-Methylophenyl)-1›-nitro-2›,5›,6›,10b›-tetrahydro-1›H,2H-spiro[acenaphthylene-1,3›-pyrrolo[2,1-a] isoquinolin]-2-one (7e)

    Yellow solid (0.359 g, 78%); m.p. 195-197 ºC; FT-IR (KBr) νmax/cm-1 1712, 1549, 1360; 1H NMR (400 MHz, CDCl3) δ 8.09-6.82 (m, 14H, Ar-H), 6.25 (dd, 1H, J 5.2, 7.2 Hz, Hb), 5.96 (d, 1H, J 7.2 Hz, Hc), 4.75 (d, 1H, J 4.8 Hz, Ha), 3.13-3.05 (m, 1H), 2.78-2.59 (m, 3H), 2.16 (s, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 206.4 (C=O), 142.8, 137.8, 137.5, 135.3, 132.8, 132.0, 131.6, 131.0, 130.3, 129.3, 129.1, 128.4, 128.2, 127.1, 126.1, 125.5, 124.7, 121.1, 120.7, 92.8 (CH-NO2), 78.9 (C-Spiro), 64.3, 60.1, 42.5, 30.0, 20.9; anal. calcd. for C30H24N2O3: C, 78.24; H, 5.25; N, 6.06; found: C, 77.91; H, 5.62; N, 5.73; MS (m/z): 460.

    2'-(4-Methoxyphenyl)-1'-nitro-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a]isoquinolin]-2-one (7f)

    Yellow solid (0.385 g, 81%); m.p. 194-196 ºC, FT-IR (KBr) νmax/cm-1 1705, 1569, 1367; 1H NMR (400 MHz, CDCl3) δ 8.08-6.57 (m, 14H, Ar-H), 6.22 (dd, 1H, J 5.2, 7.2 Hz, Hb), 5.97(d, 1H, J 7.2 Hz, Hc), 4.72 (d, 1H, J 4.8 Hz, Ha), 3.65 (s, 3H, OMe), 3.12-3.06 (m, 1H), 2.79-2.67 (m, 2H), 2.66-2.63 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 206.6 (C=O), 159.0, 142.8, 137.8, 135.3, 132.8, 132.0, 131.7, 130.3, 129.7, 129.3, 129.1, 128.3, 127.1, 126.1, 126.0, 125.5, 124.6, 121.1, 120.7, 113.8, 93.0 (CHNO2), 79.0 (C-Spiro), 64.2, 59.9, 55.1, 42.5, 30.0; anal. calcd. for C30H24N2O4: C, 75.61; H, 5.08; N, 5.88; found: C, 75.11; H, 4.73; N, 5.42; MS (m/z): 476.

    2'-(3-Methoxyphenyl)-1'-nitro-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (7g)

    Brown solid (0.371 g, 78%); m.p. 180-182 ºC; FT-IR (KBr) νmax/cm-1 1711, 1558, 1366; 1H NMR (400 MHz, CDCl3) δ 8.11-6.39 (m, 14H, Ar-H), 6.25 (dd, 1H, J 4.8, 7.2 Hz, Hb), 5.95 (d, 1H, J 6.8 Hz, Hc), 4.73 (d, 1H, J 4.8 Hz, Ha), 3.51 (s, 3H, OMe), 3.14-3.05 (m, 1H), 2.75-2.68 (m, 2H), 2.63-2.59 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 206.2 (C=O), 159.2, 142.8, 137.8, 135.5, 135.2, 132.7, 132.0, 131.6, 130.3, 129.5, 129.3, 129.2, 128.3, 127.1, 126.1, 125.6, 124.7, 121.1, 120.7, 120.7, 114.1, 113.4, 92.4 (CH-NO2), 78.9 (C-Spiro), 64.2, 60.3, 55.0, 42.4, 30.0; anal. calcd. for C30H24N2O4: C, 75.61; H, 5.08; N, 5.88; found: C, 75.92; H, 5.43; N, 5.51; MS (m/z): 476.

    2'-(4-(Dimethylamino)phenyl)-1'-nitro-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (7h)

    Yellow solid (0.396 g, 81%); m.p. 114-116ºC; FT-IR (KBr) νmax/cm-1 1708, 1547, 1360; 1H NMR (400 MHz, CDCl3) δ 8.07-6.38 (m, 14H, Ar-H), 6.19 (dd, 1H, J 4.8, 6.8 Hz, Hb), 5.95 (d, 1H, J 7.2 Hz, Hc), 4.67 (d, 1H, J 4.8 Hz, Ha), 3.13-3.05 (m, 1H), 2.8 (s, 6H, NMe2), 2.78-2.72 (m, 1H), 2.69-2.66 (m, 1H), 2.62-2.58 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 206.8 (C=O), 149.7, 142.8, 138.1, 135.3, 133.0, 132.2, 131.5, 130.2, 129.4, 129.3, 129.1, 128.2, 127.0, 126.0, 125.3, 124.6, 121.3, 121.0, 120.6, 112.2, 93.2 (CH-NO2), 79.0 (C-Spiro), 64.2, 60.0, 42.5, 40.3, 30.0; anal. calcd. for C31H27N3O3: C, 76.05; H, 5.56; N, 8.58; found: C, 75.74; H, 5.87; N 8.84; MS (m/z): 489.

    2'-(4-Nitrophenyl)-1'-nitro-2',5',6',10b'-tetrahydro-1'H,2Hspiro[acenaphthylene-1,3'-pyrrolo[2,1-a]isoquinolin]-2-one (7i)

    Yellow solid (0.383 g, 78%); m.p. 185-187 ºC; FT-IR (KBr) νmax/cm-1 1705, 1552, 1515, 1346, 1330; 1H NMR (400 MHz, CDCl3) δ 8.13-7.13 (m, 14H, Ar-H), 6.26 (dd, 1H, J 4.8, 7.2 Hz, Hb), 5.98 (d, 1H, J 7.2 Hz, Hc), 4.88 (d, 1H, J 4.8 Hz, Ha), 3.12-3.05 (m, 1H), 2.78-2.67 (m, 2H), 2.65-2.61 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 205.7, 147.3, 142.7, 141.5, 136.6, 135.1, 132.2, 132.1, 131.4, 130.3, 129.5, 129.4, 129.2, 128.6, 127.3, 126.2, 126.1, 124.7, 123.6, 121.3, 121.2, 92.0 (CH-NO2), 79.0 (C-Spiro), 64.2, 59.6, 42.4, 29.9; anal. calcd. for C29H21N3O5: C, 70.87; H, 4.31; N, 8.55; found: C, 71.11; H, 4.73; N, 8.93; MS (m/z): 492.

    2'-(4-Cyanophenyl)-1'-nitro-2',5',6',10b'-tetrahydro-1'H,2Hspiro[acenaphthylene-1,3'-pyrrolo[2,1-a]isoquinolin]-2-one (7j)

    Yellow solid (0.386 g, 82%); m.p. 114-116 ºC; FT-IR (KBr) νmax/cm-1 2228 (C≡N, str.), 1708 (C=O, str.), 1552 and 1343 (NO2, str.); 1H NMR (400 MHz, CDCl3) δ 8.13-7.06 (m, 14H, Ar-H), 6.24 (dd, 1H, J 4.8, 7.2 Hz, Hb), 5.61 (d, 1H, J 6.8 Hz, Hc), 4.81 (d, 1H, J 5.2 Hz, Ha), 3.13-3.05 (m, 1H), 2.78-2.66 (m, 2H), 2.64-2.60 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 205.9, 142.7, 139.5, 136.8, 135.2, 132.2, 132.2, 131.5, 130.3, 129.4, 129.3, 129.2, 128.6, 127.3, 126.2, 126.1, 124.7, 121.3, 121.1, 118.2, 111.9, 91.9 (CH-NO2), 79.0 (C-Spiro), 64.2, 59.9, 42.4, 30.0; anal. calcd. for C30H21N3O3: C, 76.42; H, 4.49; N, 8.91; found: C, 76.81; H, 4.79; N, 9.22; MS (m/z): 471.

    2'-(2-Chloro-5-nitrophenyl)-1'-nitro-2',5',6',10b'-tetrahydro-1'H,2H-spiro[acenaphthylene-1,3'-pyrrolo[2,1-a] isoquinolin]-2-one (7k)

    Brown solid (0.420 g, 80%); m.p. 186-188 ºC, FT-IR (KBr) νmax/cm-1 1704, 1555, 1528, 1370, 1353; 1H NMR (400 MHz, DMSO-d6) δ 8.57-7.14 (m, 13H, Ar-H), 6.35 (dd, 1H, J 4, 8 Hz, Hb), 5.91 (d, 1H, J 4 Hz, Hc), 5.37 (d, 1H, J 4 Hz, Ha), 2.88-2.85 (m, 1H), 2.62-2.54 (m, 3H); 13C NMR (100 MHz, DMSO-d6) δ 206.0, 146.7, 142.5, 140.7, 137.8, 135.7, 135.5, 133.0, 132.4, 131.2, 130.7, 130.3, 130.0, 129.4, 129.1, 127.5, 127.2, 126.9, 126.2, 126.0, 124.5, 122.0, 121.3, 92.5 (CH-NO2), 78.1 (C-Spiro), 65.3, 55.0, 42.3, 30.0; anal. calcd. for C29H20ClN3O5: C, 66.23; H, 3.83; N, 7.99; found: C, 66.84; H, 4.11; N, 7.53; MS (m/z): 525.

    1›-Methyl-1›-nitro-2›-phenyl-2›,5›,6›,10b›-tetrahydro-1›H,2H-spiro[acenaphthylene-1,3›-pyrrolo[2,1-a] isoquinolin]-2-one (7l)

    Brown solid (0.368 g, 80%); m.p. 190-192 ºC, FT-IR (KBr) νmax/cm-1 1708, 1537, 1340; 1H NMR (400 MHz, CDCl3) δ 8.60-7.00 (m, 15H, Ar-H), 5.52 (s, 1H, Hb), 5.15 (s, 1H, Ha), 3.12-3.05 (m, 1H), 2.72-2.56 (m, 3H), 2.06 (s, 3H, Me); 13C NMR (100 MHz, CDCl3) d 208.1, 142.9, 137.5, 134.9, 134.3, 132.7, 132.4, 132.0, 130.4, 129.5, 129.1, 128.7, 128.4, 128.3, 128.0, 126.6, 126.0, 125.5, 122.5, 120.9, 120.8, 98.0 (CH-NO2), 77.3 (C-Spiro), 70.0, 65.9, 42.1, 30.1, 24.2; anal. calcd. for C30H24N2O3: C, 78.24; H, 5.25; N, 6.08; found: C, 78.63; H, 5.76; N, 6.51; MS (m/z): 460. 
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    A compreensão do mecanismo de redução de compostos com potencial atividade antichagásica pode contribuir para o melhor entendimento de sua ação biológica. Com este objetivo, a redução eletroquímica de nitrofural (nitrofurazona, NF) e seus análogos, nitrofurfurilideno tiossemicarbazona (NFS), nitrotiofeno semicarbazona (NT), nitrotiofeno tiossemicarbazona (NTS), foi estudada pelas voltametrias de pulso diferencial, cíclica e cronoamperometria em meio aquoso, utilizando eletrodo de carbono vítreo. Esses três análogos sintéticos apresentam átomos de oxigênio e de enxofre distribuídos no anel heterocíclico (furano e tiofeno, respectivamente) e no grupo carbonila (semicarbazona e tiossemicarbazona, respectivamente). A hidroxilamina é o principal produto formado em meio ácido, sendo sua formação linearmente dependente do pH. A cronoamperometria mostrou que esta redução envolve 4 elétrons. Entretanto, em meio alcalino, esta onda de redução é desdobrada e um pico reversível a potencial mais positivo foi registrado, correspondendo à formação nitro ânion radical. O nitro ânion radical sofre desproporcionamento e sua estabilidade cinética foi avaliada aplicando a razão de corrente correspondente ao par reversível R–NO2/R–NO2•– e as constantes de segunda ordem (k2) foram determinadas. A partir dos valores de k2 observou-se que o análogo NTS registrou a maior estabilidade.

  

   

  
    The biological action of drugs with potential antichagasic activities can be better understood by knowing their reduction mechanism. For this proposal, the electrochemical reduction of nitrofurazone (NF) and its analogues, nitrofurfurilidene thiosemicarbazone (NFS), nitrothiophene semicarbazone (NT), nitrothiophene thiosemicarbazone (NTS), was studied by differential pulse and cyclic voltammetries and chronoamperometry in aqueous medium by using a glassy carbon electrode. Those three synthetic analogues have oxygen and sulfur atoms arranged between the nitroheterocyclic ring (furan and thiophene, respectively) and the carbonyl group (semicarbazone and thiosemicarbazone, respectively). The respective hydroxylamine derivatives are the main products formed in acidic medium, being its formation linearly pH dependent. Although chronoamperometric data show that this reduction involves 4 electrons, its corresponding reduction voltammetric wave, in alkaline medium, is unfolded and a reversible reduction peak at a more positive potential appears. This peak is characterized as a nitro anion radical formation, whose decay is caused by a disproportionation reaction. Its kinetic stability was studied by the current ratio values of the R–NO2/R–NO2•– redox couple and the second-order constant (k2) was determined, being NTS the analogue that registered the highest stability.

    Keywords: nitrofurazone, nitrofurazone analogues, nitro anion radical, aqueous medium, Chagas' disease

  

   

   

  Introduction

  Chagas' disease, a parasitic illness caused by a kinetoplastidae, Trypanosoma cruzi, is extremely neglected, representing a serious public health problem due to its high morbidity and mortality. According to the World Health Organization, around 10 million people are likely to be infected and nearly 10,000 deaths are estimated in Latin America per year.1 Unfortunately, only two drugs, benznidazole and nifurtimox, are currentlty available for chemotherapy, being effective only in the acute phase of the disease.2,3 Nifurtimox is a nitrofuran with an action mechanism that involves the nitro anion radical production, which in the oxygen presence impedes the T. cruzi capacity to detoxify the free radicals acting on it. On the other hand, benznidazole acts by binding its metabolites to nuclear DNA of the parasite and to its lipids and proteins.2 Despite the severe scenario, few new compounds have been assayed clinically. However, recent reviews2,3 highlight that new drug candidates have shown positive results in vitro and in vivo assays. Moreover, novel pharmaceutical formulations have been approached, targeting the delivery of nifurtimox and benznidazole.4 In spite of these efforts, this is a research area clearly underfunded and the development of new antichagasic agents, with less toxicity and fewer side effects, remains urgently needed.

  Nitrofurazone (NF, 5-nitro-2-furaldehyde semicarbazone), Figure 1, was synthesized during the 1940s, being the first 5-nitrofuran drug introduced in therapeutics.5 This drug has proved to be a potential antichagasic drug, despite its toxicity, since it destroys T. cruzi through inhibition of the trypanothione reductase, enzyme found in the parasite but not in the host.6-8 Moreover, it is classically known that the nitro group reduction by nonspecific nitroreductases is the main mechanism for oxidative stress7-11 caused by nitroheterocylic compounds, which gives support for their biological activity. Previous works12,13 have also demonstrated that NF and its NFOH prodrug inhibit the cruzain, indicating the possible existence of other action mechanism against Chagas' disease. Additionally, recent studies5 with prodrugs have shown improvements in the chemical properties of nitrofurans promoting an increase in biological activity and a decrease in toxicity.

  
    

    [image: Figure 1. Chemical structure]

  

  Based on above description, three NF analogues were synthesized (Figure 1), in which oxygen and sulfur atoms were arranged between the nitroheterocyclic ring (furan and thiophene) and the carbonyl group (semicarbazone and thiosemicarbazone). These alterations might affect the biological activity as shown by Aguirre et al.14 who described anti-T. cruzi compounds similar to those herein presented.

  It is accepted that the nitro anion radical and hydroxylamine derivatives are the main species responsible for the cytotoxic action of nitroheterocyclic compounds.8-12 For this very reason, electrochemical studies can be relevant to comprehend the redox cycles involved in those biological processes. Therefore, the differences in the biological activities of those kinds of compounds could be explained by electrochemical studies.15 Actually, the classical work published by Rozenski and coauthors16 showed a relationship between antimicrobial activity of nitroheterocyclic compounds and their reduction potential values (E1/2). On the contrary, the voltammetric peak potential values obtained for several nitroheterocyclic compounds do not unequivocally indicate a relationship with their trypanocidal activities,17 indicating that other different physicochemical parameters can set the action of biologically active compounds. However, depending on the experimental strategy, the cyclic voltammetry is a useful technique to calculate biological parameters, such as E17 (indicative of the biological nitro anion radical formation) and KO2 (thermodynamic indicator the of oxygen redox cycling), and to provide accessible diagnostic criteria in preliminary screening towards selecting agents with adequate biological performances.18

  The electrochemical reduction of nitroheterocyclic compounds follows a complex and well-known mechanism. Theoretically, the nitro group can receive up to six electrons in the complete reduction to the amine derivatives. Under anaerobic conditions or low oxygen pressure, the reduction process is similar to that observed for nitrobenzene, producing nitroso, hydroxylamine and amine derivatives.19 Moreover, the intermediate reversible redox couple represented by the R–NO2 /R–NO2•– can also be observed by using cyclic voltammetry.20 In aprotic medium, mixed solvents or alkaline-pH medium, the kinetic stability of the nitro anion radical can be favored, since low proton availability is guaranteed. Under such conditions, the electrochemical behavior of NF has been extensively studied by using working electrodes such as mercury,21-23 gold,22 glassy carbon,22,24 carbon fiber25 and boron-doped diamond.26,27 Additionally, some of these works have reported studies on the electrochemical behavior of nitroheterocyclic compounds mainly focusing the generation and stabilization of the R–NO2 /R–NO2•– redox couple, highlighting the determination of the decay rate constant of the free radical.

  This paper seeks to address a thorough study on the electrochemical NF behavior and its analogues (NFS, NT, NTS) in aqueous medium using a glassy carbon electrode by applying cyclic and differential pulse voltammetries and chronoamperometry and to emphasize the electrochemical R–NO2 /R–NO2•– redox couple kinetic stability. The reversibility and electrode mechanism reaction were evaluated by the current ratio values dependence in relation to scan rate, compound concentrations and pH. The second-order rate constant of the nitro anion radical decay and its half-time life were also determined for all analogues studied. This work follows a methodology established with NFOH36 aiming to contribute to fully understand the reduction mechanism in aqueous media of this kind of compounds.

   

  Experimental

  Synthesis

  The NF analogues (NFS, NT and NTS) were obtained from the reactions between the 5-nitrofurfural with the thiosemicarbazide, and also between 5-nitro-2-thiofene aldehyde with both carbazides, the semicarbazide or the thiosemicarbazide. All reactions were carried out in the proportion of 1:1, during 2 hours. One mmol of the respective aldehyde was solubilized in ethanol/water by using a 100 mL flask and kept under magnetic stirring. After solubilization, the carbazone was added slowly under mild heating until the precipitate is formed. Subsequently, the heating was ceased and the reaction was kept under stirring for 2 hours. Finally, the obtained product was filtered under reduced pressure and washed with water. The product was stored in a desiccator with silica gel and phosphorus pentoxide. The yields were: 80.7% for NFS, 87.5% for NT and 92.3% for NTS. The melting temperatures were determined in an automatic fusion capillary apparatus, Büchi M-565 model, being the melting point results obtained for NFS: 204-206 ºC; NT: 223-224 ºC; NTS: 231-233 ºC.

  Reagents and solutions

  The stock solutions (0.05 mol L-1) of NF (Avocado Company) and analogues (NFS, NT and NTS) were prepared through direct dissolution in ultrapure water and dimethylformamide (DMF, 1:1) assisted by an ultrasonic bath. The electrochemical experiments (cyclic and differential pulse voltammetries and chronoamperometry) were performed from the stock solution dilutions until final concentrations of 0.5 mmol L-1, 0.1 mmol L-1 and 0.5 mmol L-1, respectively. The pH study of the final drug solution was accomplished with Britton-Robison Universal Buffer.28 All solutions were prepared by using analytical-grade reagents from Merck and ultrapure water from a Gehaka UV system.

  Electrochemical apparatus

  The cyclic voltammograms were recorded using an Autolab PGSTAT 30 potentiostat/galvanostat from Eco-Chimie, Utrecht, Netherlands, coupled to a 20 mL cell with a three-electrode system, being glassy carbon as the working electrode (GCE) and the other two, Ag/AgCl as the reference and Pt as auxiliary. The acquisition and treatment of data were performed using the GPES 4.9 program (Eco-Chimie). Dissolved air was removed from the solutions by 10 min bubbling with nitrogen. The pH control was measured with a Metrohm 654-pH-meter and the combined glass electrode at room temperature.

  The GCE (∅ = 2 mm, Analion, Brazil) was manually polished with 1 µm diamond suspension in spray on Supra metallographic velvet (Arotec S/A, granulometry 1/4 µm). The GCE was rinsed with ultrapure water after having been polished. The GCE area (0.037 ± 0.004 cm2) was determined following methodology reported elsewhere26 and from cyclic voltammetric data obtained for K3Fe(CN)6.3H2O and its diffusion coefficient (7.76 × 10-6 cm2 s-1) in KCl 0.5 mol L-1 solution.29

  Prediction of diffusion coefficients

  The diffusion coefficient predictions of the studied compounds in the aqueous phase with infinite dilution were carried out based on a previously published method,30 in which the Wilke-Chang equation was applied:

  
    [image: Equation 01]

  

  where D is the diffusion coefficient of the solute in water (cm2 s-1), η is the viscosity of water (centipoise) at the temperature of interest (η = 0.8937 at 25 ºC), M is the molar mass of water (g mol-1), T is the temperature (K), x is the association parameter of water (2.53), V is the molar volume of the solute (cm3 mol-1). The solute molar volume was calculated starting from the ratio between Van der Waals molecular volume and the Le Bas molar volume.30 The molecular volumes were calculated by a molecular modeling study using the AM1 semiempirical method through the online Molinspiration internet free software.31

  Determination of the number of electrons

  The number of electrons was determined at pH 4.02 with 0.5 mmol L-1 drug concentration by chronoamperometry with three levels of potential pulses. Level 1: potential 0 V, duration 0.2 s, sampling time 0.05 s. Level 2: potential –0.7 V, duration 15 s, sampling time 0.05 s. Level 3: potential 0 V, duration 0.2 s, sampling time 0.05 s. From the registered chronoamperograms, the linear relation between Id as a function of t-1/2 was plotted based on Cotrell equation.32,33

  Determination of the rate constants

  Using the theoretical model developed by Olmstead-Nicholson,34,35 a working curve with the fit equation y = 0.0116 x2 – 0.1239 x + 0.995 (R = 0.999) was plotted, in which y = ϖ and x = Ipa/Ipc. The sphericity of the working electrode was considered zero (ρ = 0.0, planar electrode) for the condition aτ = 4. The interpolation of the ratio current values (Ipa/Ipc),32,33,35 obtained from experimental voltammograms, in the working curve leads to the ϖ parameter determination, which incorporates the effects of the rate constant, drug concentration, and scan rate. The plot betwee ϖ vs. τ resulted in a linear fit relation described by the equation ϖ = k2Cτ, in which k2 is the rate constant value for the second-order reaction for the nitro anion radical decay obtained from this plot slope, since C is the drug concentration and τ=(E1/2 – Eλ)/ν. The nitro anion radical stability was calculated by the half-life equation (t1/2 = 1/k2 [R–NO2•–]), assuming that [R–NO2•–] = drug concentration.

   

  Results and Discussion

  Voltammetric reduction of nitrofurazone and its analogues

  NF and its analogues can be electrochemically reduced at the polished GCE in aqueous media, but their reductions demonstrate clear dependence on the pH changes. The recorded cyclic voltammograms in acidic medium (pH 4.02) showed only a single irreversible reduction wave (Ec,p1) in the potential range that was studied. This behavior can be verified by the voltammograms shown in Figure 2. Previous works24,26,36 had shown that a second reduction wave could be observed for NF at more negative potentials than Ec,p1 values. From the peak potential values (–0.442 V NF, –0.430 V NFS, –0.410 V NT and –0.427 V NTS), it can be observed that the NFS and NTS had similar slight reduction facility in relation to the other analogues. Moreover, for slower scan rates these potential differences were less significant (Table 1). According to these facts, we could assume that all compounds reported have the same reduction mechanism and which the molecular modifications carried out on NF did not produce alterations on the voltammetric behavior of the analogues synthesized.
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  At pH 7.41, a similar voltammetric behavior was observed only at a slower scan rate. Differently from this, the main reduction peak can be unfolded, as it will be discussed in the next section. Table 1 shows the results confirming the similarity among the voltammetric behavior of these compounds. The current values recorded by CV were closely related, indicating that the reduction mechanism for all drugs involves the same number of electrons. Clearly, this assessment is possible only because the compounds underway present the same functional group and similar diffusion coefficients.33 Additionally, similar experiments were carried out by using differential pulse voltammetry (DPV), being the peak width at half height defined as W1/2 = 3.52 RT/nF. The proximity of the W1/2 values confirmed that all compounds have the same reduction mechanism. It is also worth mentioning that differential pulse methodology can better discriminate effects kept constant before and after the pulse application. Consequently, this is an advantage for the electrochemical study of organic compounds using solid electrodes, since they frequently lead to electrode adsorption.32

  Therefore, the voltammetric wave that corresponds to the Ec,p1 value might follow the classic reduction mechanism for the nitro group in acidic medium,8-12,15-27,35 in which the hydroxylamine derivative is the main product formed as depicted below:

  R–NO2 + 4e-+ 4H+ → R–NHOH + H2 O

  Additionally, the Icp,1 values varied linearly with ν1/2. It is necessary to highlight that it was only possible to register this behavior by polishing the electrode surface between the current measurements as a function of scan rate, since the current decreased by about 30 percent after the first scan. In these conditions this charge transfer process is controlled by diffusion. Moreover, the reduction peaks were shifted towards more negative potential values with increasing scan rate, which clearly confirm an irreversible process of charge transfer. This behavior follows similar results previously registered.21-26,36

  From Figure 2, it is also possible to observe an oxidation peak (Ea,p1) in the potential positive region, being the Ea,p1 values 0.314 V, 0.351 V, 0.326 V, 0.452 V for NF, NFS, NT and NTS, respectively. Based on the above results, we assume that the hydroxylamine oxidation to the nitroso derivative corresponds to this peak. After performing run consecutively, the nitroso-hydroxylamine couple was not detected. Similarly, as already reported,21,24,25 the correspondent reversible wave is not registered at low scan rate values, being observed only the reaction as follows:

  R–NHOH → R–NO + 2e-+ 2H+

  The NTS analogue also showed unusual behavior, registering a second peak in the oxidation region, Ea,p2 = 0.032 V. It is noteworthy that the literature does not present similar record for the nitroheterocyclic compounds. The experimental registration showed that Ea,p2 does not depend on main peak reduction, leading to the hypothesis that the molecule could have been adsorbed on the GCE surface. The presence of two sulfur atoms in the analogue, thionyl group and thiophene nucleus, might have been responsible for this phenomenon.

  Estimate of the electrons number in acidic medium

  To better comprehend the voltammetric reduction mechanism of NF and its analogues, the number of electrons involved was estimated at pH 4.02 by using chronoamperometry. Table 2 shows these results from the electrolytic reduction of each analogue. The relationship between Id as a function of t–1/2 showed excellent linear correlation, enabling the calculation of the number of electrons by applying the Cotrell equation.32,33 Concerning the prediction of the diffusion coefficient, the Wilke-Chang model30 was applied considering that the dilutions of the stock solutions resulted in final solutions containing 0.5% maximum of DMF, being predominantly aqueous medium. Furthermore, the diffusion coefficient calculated for NF of 7.76 ×10-6 cm2 s-1 is slightly higher than its value experimentally determined at pH 4.0 of 5.32 × 10-6 cm2 s-1.37 Thus, from the results on Table 2, it is reasonable to affirm that practically 4 electrons are involved is the electrochemical reduction of the nitroheterocyclic compounds in acidic medium, confirming that the hydroxylamine derivative is the main product formed as already discussed above.
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  Effect of pH on the voltammetric reduction of Nitrofurazone and its analogues

  According to the results on Table 1 the nitroheterocyclic compounds' reduction depends on the solution pH. From Figure 3, it can be observed that the main reduction wave registered in acidic medium suffers an unfolding at pH 7.41, and a shoulder appears around –0.5 V (Ec,p2R) having a correspondent anodic peak, Ea,p3.
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  The Ec,p1 values displaced towards a more negative potential indicate the existence of a protonation equilibrium before the charge transfer process and that the decreased acidity complicates the electrode reaction. Figure 4 shows the correspondent pH-dependence plot for each drug, being the respective ∆Ec,p1 /∆pH ratios: 33 mV/pH, 33 mV/pH, 36 mV/pH and 40 mV/pH for NF, NFS, NT and NTS, respectively, correspondent to the linear range in acidic medium. The slope values indicate that one proton is involved in the rate-determining step of the reaction in the pH range studied. Probably, this result is due to the occurrence of a fast protonation step preceding charge transfer. The H+ ion, involved in the rate determining reduction step, corresponds to a second slow protonation reaction of the nitro group, which is further reduced to the nitroso intermediate. This reasoning has also been applied to the electrochemical behavior of nitrofurazone.21,24 Moreover, the investigation performed in the range 2 < pH < 12 shows that a distinct process occurs on the working electrode at pH values higher than 7.0. These results are compatible with those already recorded for NF24 and NFOH.36
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  Zuman and collaborators19 described a detailed reduction mechanism of nitroheterocyclic compounds in acidic medium, which presents a set of reactions involving protonation and charge transfer steps. This sequence is defined as: H+, e–, H+, e–, 2e–, 2H+ totaling 4 protons and 4 electrons until the hydroxylamine derivative formation. Therefore, the series of equations described below corresponds to the linear range between 2 < pH < 7 (Figure 4) and that represent the reduction complete mechanism of the nitro group (Ec,p1, Figure 2):

  R–NO2 + H+ → R–NO2H+ 

  R–NO2H+ + e- [image: Seta 01] R–NO2H• 

  R–NO2H• + H+ → R–NO2H2•+

  R–NO2H2•+ + e- → R–N(OH)2 (=R–NO + H2O) 

  R–NO + 2e-+ 2H+ → R–NHOH

  From pH > 7.0 the Ec,p1 values and the new peak, Ec,p2R, do not change with pH. Besides the previous works,24,26,36 several reports in literature22,38-41 describe the possibility of the nitro anion radical formation in aqueous alkaline media. According to Wardman42 the anion radical is involved in the dissociation equilibrium, as follows:

  R–NO2 H• [image: Seta 01] R–NO2•− + H+,

  and which the deprotonated form of the nitro anion radical is stable at physiological pH, since the pKa for this dissociation is usually < 7. For 5-nitrofurans values were registered between 1 < pKa < 1.2 and for nitroimidazoles this pKa value is around 6.42 Additionally, the pKa of the protonated anion radical, for most aromatic nitro compounds, is between 2 and 4.43 It can be observed that the potential difference between Ec,p1 and Ec,p2R becomes larger as the proton availability decreases. This behavior corroborates the proposal that the three-electron reduction step to the hydroxylamine most probably involves first the protonation of the anion radical, which is followed by further reduction of the radical.39 Therefore, it is possible to assume that, at pH > 7.0, the Ec,p2R corresponds to the one-electron reduction to the nitro anion radical and the peak which follows (Ec,p1) refers to the hydroxylamine derivative formation, as depicted below:

  R–NO2 + e- [image: Seta 01] R–NO2•− 

  R–NO2 •− + 3e-+ 4H+ → RNHOH.

  In addition, Ea,p1 values are also pH dependent on the complete range studied. The linear relation slopes (53 mV/pH NF; 56 mV/pH NFS; 52 mV/pH NT and 46 mV/pH NTS) indicate the involvement of the same number of electrons and protons in the oxidation process of hydroxylamine to the nitroso derivative, as already registered for NF.24,26

  Voltammetric generation and stabilization of nitro anion radical

  Complementing the data herein reported, the electrochemical reduction of nitroheterocyclic can be evaluated under several criteria employed to demonstrate the generation and stabilization of the R–NO2 / R–NO2•– couple in aqueous media.

  Figure 5 shows the isolated register of the couple related to the nitro anion radical correspondent to the cyclic voltammograms of NFS recorded at pH 10.0. The increase of the scan rate displaced neither the reduction peak, Ec,p2R, nor its corresponding oxidation peak (Ea,p3R) significantly. This behavior indicates the reversibility of the system and that the increase of the scan rate facilitates the anodic current record. These results follow the same behavior registered for similar nitroheterocyclic compounds22,38-41 even when the drug is adsorbed on the work electrode, as registered for megazol.43
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  The free radical kinetic stability was evaluated through the current ratio (Iap,3R/Icp,2R) analysis corresponding to the one-electron reversible couple due to the R–NO2/R–NO2•– redox system. The current ratio values were obtained by simple procedure described by Nicholson,32,33 which included the following correction for the switching potential on the baseline. Due to the current overlap of the first peak with that of the second one, the value of Icp,2R corresponds to about 97% of the real value, taking into account the switching potential currents (Iλ). All current values refer to the absolute values measured from the zero current axis.

  Both dissociation pKa and solution pH generally define the rate of the decay reaction of the free radical.42 Figure 6 shows that this kinetic stability increases with the pH, demonstrating a similar profile for all compounds in which Iap,3R /Icp,2R ratio reaches a constancy, close to 1 at higher pH values. However, a slight decrease of Icp,2R values was observed (data not shown) increasing pH, which can indicate the occurrence of a protonation step preceding the charge transfer, suggesting the stabilizantion of the R–NO2H+/R–NO2H• couple instead the deprotonated nitro anion radical at the lowest pH values.
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  Figures 7 and 8 show, respectively, the effects of the scan rate and drug concentration on Iap,3R /Icp,2R ratio. The former shows that the scan rate had more influence when the voltammograms were registered at the lower values of pH, mainly for NF, while the latter shows that the current ratio decreases as the drugs concentration increases. Additionally, these results confirm the important role of the pH, since at pH > 9 the current ratio values are around 1. All analogues present the same behavior.
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  These diagnostic criteria satisfies the homogeneous process coupled to the electrode, which has an irreversible chemical reaction of a later stage reversible charge transfer.20,33,35,44 In fact, the literature results20,23 show that the nitro anion radical decay by a disproportionation reaction in protic media and by dimerization in aprotic medium Therefore, the behavior described herein leads to a conclusion that NF and its analogues undergo an irreversible chemical reaction of disproportionation after the nitro anion radical generation (ErCi mechanism). Moreover, this case can be distinguished from the first-order kinetics by the dependence of the electrochemical response (the current ratio) on the reagent concentration.33 The overall mechanism is described below.

  2R–NO2•−+ 2H+ → R–NO2 + R–NO + H2O

  Figure 9 shows the plots where a linear relationship between the kinetic parameters (ϖ vs. τ) is obtained at different pH values while Table 3 presents the values of k2 and the half-time life (t1/2) for all the analogues. Similarly to the previous work36 and compared with literature results for other nitroheterocyclic compounds in aprotic medium,20 the k2 values herein registered present at least 1 order of magnitude larger than those registered in an aprotic or mixed medium, indicating that nitro anion radical is less stable in protic medium.
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  As there are no indications that the R–NO2•– itself reacts in water (k = 0),42 the protic medium can favor the nitro anion radical decay providing enough protons for the R–NO2H• formation, facilitating the fast protonation reaction between the conjugate base R–NO2•– and the neutral free radical formed, as depicted below:42

  R–NO2H+ + R–NO2•− (+ H+) → R–NO2 + R–NO (+ H+)

  Based on discussion above, it is evident that the nitro anion radical stability is favored in alkaline medium. Among the compounds, NFS showed less variation for k2 and t1/2, NF and NT had close results, and NTS registered the highest stability. Nevertheless, there are several reports22,24,26,36,39 showing those phenomena on the electrode surface play a decisive role in the nitro anion radical stabilization. Adsorptive processes can prevent the nitro radical anion surface protonation. Previous works24,36 have shown that the GCE polishing using diamond powder produced a similar effect to that observed in an aqueous medium after the alumina removal from the electrode surface by sonication in ethanol. The performed comparisons with mercury and gold electrodes reinforce this behavior.39 As also demonstrated,23 the nitro radical anion was not sufficiently and kinetically stable to produce a couple using a mercury electrode in protic medium, even at alkaline pH. Therefore, the possible existence of a nonspecific adsorption of NTS on electrode surface can be associate with its highest t1/2 value, since adsorptive processes on GCE might be preventing the nitro anion radical surface protonation.36,39 Furthermore, the treatment and activation of the CGE surface using by polishing with diamond powder can be contributing for a hydrophobic environment formation in the interface that favors the nitro anion radical stability in the diffusion layer.

   

  Conclusion

  NF and its analogues were reduced in acidic medium using a GCE, producing only one reduction peak involving four electrons due to the hydroxylamine derivative formation. Furthermore, the generation and stabilization of the nitro anion radical in alkaline medium were observed, showing that even in aqueous medium this behavior is possible as the protons low availability make the free radical protonation slower, which allows its detection on the time scale of the cyclic voltammetric technique. Moreover, this work confirms previous results36 showing that the activation of GCE surface through polishing with diamond powder contributed to the kinetic stability of the nitro radical anion due to the hydrophobic properties of the interface, hindering or even suppressing the radical anion protonation in the diffusion layer. The kinetics results found for the analogues showed that NTS presented the lowest values for k2 e highest half-time life, although these results are not enough to distinguish the significant differences due the molecular modifications carried out on NF.

   

  Supplementary Information

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

   

  Acknowledgments

  The authors are grateful to the CNPq and FAPESP (Proc. 2011/11499-0) for financial support.

   

  References

  1. http://www.who.int/mediacentre/factsheets/fs340/en/index.html accessed in September 2013.

  2. Coura, J. R.; Borges-Pereira, J.; Rev. Soc. Bras. Med. Trop. 2012, 45, 286.

  3. Menezes, C.; Costa, G. C.; Gollob, K. J.; Dutra, W. O.; Drug Dev. Res. 2011, 72, 471.

  4. Salomon, C. J.; J. Pharm. Sc. 2012, 101, 888.

  5. Chung, M. C.; Bosquesi, P. L.; dos Santos, J. L.; Curr. Pharm. Des. 2011, 17, 3515.

  6. Blumenstiel, K.; Schöneck, R.; Yardley, V.; Croft, S. L.; Krauth-Siegel, R. L.; Biochem. Pharmacol. 1999, 58, 1791.

  7. Paulino, M.; Iribarne, F.; Dubin, M.; Aguilera-Morales, S.; Tapia, O.; Stoppani, A. O. M.; Mini-Rev. Med. Chem. 2005, 5, 499. 

  8. Hall, B. S.; Bot, C.; Wilkinson, S. R.; J. Biol. Chem. 2011, 286, 13088.

  9. Bartel, L. C.; de Mecca, M. M.; Castro, J. A.; Food Chem. Toxicol. 2009, 47, 140.

  10. Tocher, H.; Gen. Pharmacol. 1997, 28, 485.

  11. Hoenner, B. -A.; Biochem. Pharmacol. 1988, 37, 1629.

  12. Chung, M. C.; Guido, R. V. C.; Martinelli, T. F.; Gonçalves, M. F.; Polli, M. C.; Botelho, K. C. A.; Varanda, E. A.; Colli, W.; Miranda, M. T. M.; Ferreira, E. I.; Bioorg. Med. Chem. 2003, 11, 4779. 

  13. Trossini, G. H. G.; Malvezzi, A.; do Amaral, A. T.; Rangel-Yagui1, C. O.; Izidoro, M. A.; Cezari, M. H. S.; Juliano, L.; Chung, M. C., Menezes, C. M. S.; Ferreira, E. I.; J. Enz. Inhib. Med. Chem. 2010, 25, 62.

  14. Aguirre, G.; Boiani, L.; Cerecetto, H.; Fernandez, M.; Gonzalez, M.; Denicola, A.; Otero, L.; Gambino, D.; Rigol, C.; Olea-Azar, C.; Faundez, M.; Bioorg. Med. Chem. 2004, 12, 4885.

  15. Cerecetto, H.; Mester, B.; Onetto, S.; Seoane, G.; Gonzalez, M.; Zinola, F.; Fármaco 1992, 47, 1207.

  16. Rozenski, J.; De Ranter, C. J.; Verplanken, H.; Quant. Struc. Activ. Rel. 1995, 14, 134.

  17. Maya, J. D.; Bollo, S.; Nuñez-Vergara, L. J.; Squella, J. A.; Repetto, Y.; Morello, A.; Périé, J.; Chauvière, G.; Biochem. Pharmacol. 2003, 65, 999.

  18. Avarena, C. M.; Olea, A. C.; Cerecetto, H.; González, M.; Maya, J. D.; Rodríguez-Becerra, J.; Spectrochim. Acta, Part A 2011, 79, 312.

  19. Zuman, P.; Fijalek, Z.; Dumanovic, D.; Suznejevic, D.; Electroanal. 1992, 4, 783.

  20. Squella, J. A.; Bollo, S.; Nuñez-Vergara, L. J.; Curr. Org. Chem. 2005, 9, 565.

  21. Morales, A.; Richter, P.; Toral, M. I.; Analyst 1987, 112, 965.

  22. Symons, T.; Tocher, J. H.; Tocher, D. A.; Edwards, D. I.; Free Radical Res. Com. 1991, 14, 33.

  23. Bollo, S.; Nuñez-Vergara, L. J.; Martinez, C.; Chauviere, G.; Périe, J.; Squella, J. A.; Electroanal. 2003, 15, 19.

  24. La-Scalea, M. A.; Menezes, C. M. S.; Julião, M. S. S.; Chung, M. C.; Serrano, S. H. P.; Ferreira, E. I.; J. Braz. Chem. Soc. 2005, 16, 774.

  25. Guzman, A.; Agui, L.; Pedrero, M.; Yanez-Sedeno, P.; Pingarron, J. M.; Electroanal. 2004, 16, 1763.

  26. Julião, M. S. S.; Almeida, E. C.; La-Scalea, M. A.; Ferreira, N. G.; Compton, R. G.; Serrano, S. H. P.; Electroanal. 2005, 17, 269.

  27. Julião, M. S. S.; Ferreira, E. I.; Ferreira, N. G.; Serrano, S. H. P.; Electrochim. Acta 2006, 51, 5080.

  28. Lurie, J.; Handbook of Analytical Chemistry; Mir: Moscow, 1978.

  29. Roffel, B.; Van de Graaf, J. J.; J. Chem. Eng. Data 1977, 22, 300.

  30. La-Scalea, M. A.; Menezes, C. M. S.; Ferreira, E. I.; J. Molecular Struct., THEOCHEM 2005, 730, 111.

  31. http:/www.molinspiration.com.br accessed in September 2013.

  32. Brett, A. M. O.; Brett, A. M.; Electrochemistry. Principles, Methods and Applications; Oxford University Press: Oxford, 1996.

  33. Bard, J.; Faulkner, L. R.; Electrochemical Methods, 2nd ed.; John Wiley & Sons: New York, 2001.

  34. Olmstead, M. L.; Nicholson, R. S.; Anal. Chem. 1969, 41, 862.

  35. Mozo, J. D.; Carbajo, J.; Sturm, J. C.; Nuñez-Vergara, L. J.; Moscoso, R.; Squella, J. A.; Anal. Chim. Acta 2011, 699, 33.

  36. La-Scalea, M. A.; Trossini, G. H. G.; Menezes, C. M. S.; Chung, M. C.; Ferreira, E. I.; J. Electrochem. Soc. 2009, 156, F93.

  37. Redday, C. S.; Reddy, S. J.; Electroanal. 1992, 4, 595.

  38. Corvaja, C.; Farnia, G.; Vianello, E.; Electrochim. Acta 1966, 11, 919.

  39. Mandal, P. C.; J. Electroanal. Chem. 2004, 570, 55.

  40. Squella, J. A.; Núñez-Vergara, L. J.; Campero, A.; Maraver, J.; Jara-Ulhoa, P.; Carbajo, J.; J. Electrochem. Soc. 2007, 154, F77.

  41. Gál, M.; Hromadová, M.; Pospíšil, L.; Hiveš, J.; Sokolová, R.; Kolivoška, V.; Bulíčková, J.; Bioelectrochem. 2010, 78, 118.

  42. Wardman, P.; Environ. Health Perspect. 1985, 64, 309.

  43. Lund, H. In Organic Electrochemistry, Lund, H.; Hammerich, O., eds.; Marcel Dekker: New York, 2001, ch. 9.

  44. Bollo, S.; Núñez-Vergara, L. J.; Bontá, M.; Chaivere, G.; Périe, J.; Squella, J. A.; J. Electroanal. Chem. 2001, 511, 46.

   

   

  Submitted: January 24, 2013 

  Published online: October 9, 2013

  FAPESP has sponsored the publication of this article.

   

   

  
    *e-mail: mauro.scalea@unifesp.br

     

     

    Supplementary Information

    Chemical characterizations of the synthesized analogues 

    The 1H NMR spectra were recorded in a Bruker Avance DPX-300 spectrometer, using DMSO-d6 as solvent and TMS as internal reference. NFS: 1H NMR (300 MHz, DMSO-d6) δ 7.63 (d, 1H, J 3.66 Hz, H-aromatic), 7.78 (d, 1H, J 3.66 Hz, H-aromatic), 7.96 (s, 1H, H-azometine), 8.02 (s, 1H, H-terminal amine), 11.83 (s, 1H, H-amine). NT: 1H NMR (300 MHz, DMSO-d6) δ 6.59 (s, 2H, H-amine), 7.43 (d, 1H, J 3.72 Hz, H-aromatic), 8.08 (d, 1H, J 3.72 Hz, H-aromatic), 8.03 (s, 1H, H-azometine), 10.76 (s, 1H, H-amine). NTS: 1H NMR (300 MHz, DMSO-d6) δ 7.53 (d, 1H, J 4.23 Hz, H-aromatic), 8.07 (d, 1H, J 4.23 Hz, H-aromatic), 8.04 (s, 1H, H-terminal amine), 8.18 (s, 1H, H-terminal amine), 8.45 (s, 1H, H-azometine), 11.82 (s,  1H, H-amine).
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    Onze diferentes espécies de Fusarium foram isoladas a partir de vários materiais vegetais infectados e selecionados para escolher uma espécie potencialmente importante para a síntese de nanopartículas de prata. Todos os isolados foram identificados com base nas características de cultivo e microscópicas usando as chaves de identificação de Fusarium. Para a confirmação e identificação preliminar dos isolados de espécies de Fusarium, a análise BLAST on-line foi utilizada. Das espécies isoladas onze mostraram a capacidade para a síntese de nanopartículas de prata. A síntese de nanopartículas de prata foi confirmada por espectroscopia de UV-Vis que monstrou um pico característico em torno de 420 nm. Além disso, a confirmação da síntese de nanopartículas de prata foi realizada utilizando a análise de rastreamento de nanoparticulas (nanoparticle tracking analysis-NTA), medidas de potencial zeta, espectroscopia de correlação de fótons (PCS), difratometria de raios X de pó (XRD), e microscopia eletrônica de transmissão (TEM). As menores nanopartículas de prata foram sintetizadas por F. oxysporum (3-25 nm), enquanto as maiores foram obtidas com F. solani (3-50 nm). 

  

   

  
    Eleven different Fusarium species were isolated from various infected plant materials and screened to select a potential species for the synthesis of silver nanoparticles. All the isolates were identified on the basis of cultural and microscopic characteristics using Fusarium identification keys. For the confirmation of preliminary identified isolates of Fusarium species, online BLAST analysis was carried out. All the eleven species demonstrated the ability for synthesis of silver nanoparticles. This was confirmed by UV-Vis spectroscopy, which gave characteristic peak around 420 nm. Further confirmation of silver nanoparticles was carried out using nanoparticles tracking analysis (NTA), zeta potential, photon correlation spectroscopy (PCS), powder X-ray diffractometry (XRD) and transmission electron microscopy (TEM). The smallest size of silver nanoparticles was synthesized by F. oxysporum (3-25 nm) and largest size silver nanoparticles were synthesized by F. solani (3-50 nm). 

    Keywords: silver nanoparticles, Fusarium, NTA, zeta potential, TEM

  

   

   

  Introduction 

  Nanotechnology is a multidisciplinary field linked with different disciplines of science and technology like biology, chemistry, physics and engineering. It is the most fascinating branch of material science, which has ability to  deal with the physical and chemical properties of materials  by creating novel tiny structures with fundamentally novel properties and better functioning. These nanomaterials possess those desired features, which overcome the difficulties came across while dealing with the bulk materials. Nanotechnology works with the measured scale between individual molecules and 100 nanometer where materials possess different properties than bulk materials. Nanomaterials are helpful in solving the problems of technology related to electronics,1 energy,2 environment,3 pharmacology, medicine4 and agriculture science5,6 up to certain extent. One of the most valuable creations of nanotechnology is the metal nanoparticles, which form the basis of nanomaterials. Nowadays, the synthesis of nanoparticles is a fascinating area of research due to their unique physical,7 chemical,8 catalytic,9 opto-electronic10 properties and most importantly their larger surface area-to-volume ratio. In fact, the development of reliable green protocols for the synthesis of nanoparticles over a range of chemical composition, size and high monodispersity are the challenging issues.11 Chemical and physical synthesis methods of nanoparticles are capital-intensive, include toxic chemicals and show low bioactivity compared to biogenic synthesis. Therefore, the need for clean, ecofriendly, cost-effective and biocompatible synthesis of metal nanoparticles encouraged the researchers to utilize the biological resources as nanofactory. There are many reports of biosynthesis of metallic nanoparticles by using different prokaryotic microbes like bacteria12 and eukaryotic cell system including actinomycetes,13 yeasts,14,15 algae,16,17 plants18 and fungi.19-26 Rai et al.27 proposed the term "Myconanotechnology" for the research carried out on nanoparticles synthesis by fungal system. It is the interface between mycology and nanotechnology. Many fungi have the ability to produce different nanoparticles like silver,28,29 gold, platinum,30 cadmiun sulfide,31,32 zirconia, silica,33,34 titanium,35 etc. Moreover, among different metal nanoparticles such as copper, iron and their oxides, silver nanoparticles are most attractive choice due to their multiple applications in food preservation,36 textile,37-39 cosmetics,40 plant tissue culture,41 water purification,42 medical science such as dental materials,43-45 coating stainless steel in medical devices46 and as potential antimicrobial and antimalarial agents.47

  So far, many fungi have been exploited for the synthesis of silver nanoparticles. It has been found that among all the biosystems, fungi have many advantages over the other systems because of their high tolerance towards the heavy metals, easy and simple scale-up method, easy biomass handling, recovery and economic viability.24,25,34 Moreover, the synthesis being extracellular reduces the downstream processing cost. Hence, among all the biosystems, fungal system is the best for the biosynthesis of nanoparticles. Since antiquity, silver metal has been used in different ways such as, utensils and ornaments due to its unique antimicrobial nature. In addition, for centuries, silver in different forms such as silver nitrate, silver sulfadiazine, etc. has been used to treat the burns and chronic wounds sepsis, venereal diseases, perianal abscesses and in dental materials due to its antimicrobial properties while silver zeolite is used for surface coating to apply antimicrobial property to the materials, which are used for food preservation and disinfection of medical devices. Nanotechnology enhances the antimicrobial potential of silver by shaping it to nanoparticles. In this respect, they appear to be novel antimicrobial agents even against multi-drug resistant microorganisms.24,48-50

  In the present study, we screened 11 different Fusarium species for the selection of species having high potential for the synthesis of silver nanoparticles. 

   

  Experimental

  Isolation of different Fusarium species

  Infected plant materials such as fruits, vegetable and food grains were collected from different places of India. Fusarium species were isolated from these materials on potato dextrose agar and incubated at 28 ºC. These isolates were cultured, purified and maintained on potato dextrose agar (PDA) at 4 ºC. Later, all the isolates were identified on the basis of cultural characteristics (type and growth rate of mycelia, dorsal and ventral colour of the colony, etc. ), and microscopic characteristics (presence or absence of conidia, size of conidia, shape and septation of macroconidia, etc. ) using Fusarium identification keys.51,52 Further, the identity of different Fusaria sp. was confirmed by ITS-rDNA sequence comparison. 

  Identification of Fusarium sp. 

  ITS-rDNA regions of 11 Fusarium species (one representative species from each of all 11 groups identified on the basis of morphological characters) were amplified by PCR using the primers ITS1 (5'-TCCGTAGGTGAACCTGCGG3') and ITS4 (5'-TCCTCCGCTTATTGATATGC-3') designed and synthesized from Chromous Biotech Pvt. Ltd, Banglore, India. Each PCR reaction mixture contained, 2X PCR master mix (12.5 μL) (Fermentas Life Sciences, Canada), genomic DNA (5 μL), 1 μmol L-1 each of the primers ITS1 and ITS4 (1 μL), 25 mmol L-1 MgCl2 (1.5 μL) (provided with PCR master mix) additional Taq DNA polymerase (0.3 μL) (Genaxy, 5 U μL-1) and nuclease free distilled water (3.7 μL) (supplied with Fermentas PCR master mix) in a total volume of 25 μL. 

  PCR was carried out on gradient PCR machine (Palm-Cycler from Corbett Research, Australia) and thermal cycler (Eppendorf, Germany). The programme included the same conditions used for the amplification of DNA for RAPD. It includes initial denaturation at 94 ºC for 2 min, 35 cycles with denaturation at 94 ºC for 30 sec, annealing 38 ºC for 1 min, extension at 72 ºC for 2 min and final extension at 72 ºC for 5 min with holding temperature at 4 ºC for 10 min. Negative control (without template DNA) was maintained for each set of experiment to test for the presence of non-specific banding. All experiments were repeated for three times. PCR products were electrophoresed on 1.5 % agarose by using 1X TAE buffer (Fermentas Life Sciences, Canada), stained with ethidium bromide, visualised in a UV-transilluminator and the gel were photographed using Gel Doc system (AlphaImager, Gel documentation system, USA). After proper amplification PCR products were sent for sequencing to Chromous Biotech Pvt. Ltd, Banglore, India. 

  For the confirmation of preliminary identified isolates of Fusarium species, online Basic Local Alignment Search Tool (BLAST) analysis was carried out. After sequencing, ITS sequences were added into the test sequence window at online BLAST program, which provided results in the form of best matches with the available sequences in GeneBank. 

  Unweighted Pair Group Method with Arithmetic Mean analysis (UPGMA) was carried out from the ITS r-DNA sequences obtained to find out the similarity between each Fusarium species. The Numerical Taxonomy System of Multivariate Statistical Programme (NTSYS) software package was used to get the phenotypic cluster and phylogenetic tree stating the genetic relationship among the different species of Fusarium. 

  Synthesis of silver nanoparticles using Fusarium species

  All the Fusarium species were inoculated in 250 mL Erlenmeyer flasks each containing 100 mL of potato dextrose broth (PDB) and later incubated at 26 ± 2 ºC for 5-7 days. Mycelia thus grown were harvested by filtration through Whatman filter paper No.1 and thrice washed with autoclaved distilled water. Harvested mycelia were resuspended in 100 mL autoclaved distilled water and incubated at room temperature for 24 hrs. After incubation mycelia were collected by filtration through Whatman filter paper No.1 and the fungal debris was removed by centrifugation. Thereafter, the filtrates were treated with 1 mmol L-1 AgNO3 and kept at room temperature for complete reduction. Only fungal cell filtrate (without treatment with 1 mmol L-1 AgNO3) as positive control and 1 mmol L-1 AgNO3 as negative control were maintained. All the experiments were performed in triplicate. 

  Characterization of Silver Nanoparticles

  UV- Visible Spectroscopy Analysis

  The formation of silver nanoparticles was confirmed by the presence of plasmon band and analysed by UV-Visible spectrophotometer (Shimadzu-UV 1700, Japan) at resolution of 1 nm and scanning the absorbance spectra in 200-800 nm range of wavelength. 

  Nanoparticle Tracking Analysis (NTA)

  The size of synthesized nanoparticles was measured by Nanosight (LM-20, UK) using Nanoparticle Tracking and Analysis (NTA-2.0) software. NTA gives the size distribution of nanoparticles, which can be traced out using particles by particles analysis. NTA depends upon the brownian movement of the nanoparticles. For the analysis, samples were diluted with the nuclease free water and 0.5 mL of diluted sample was injected onto the sample chamber and observed through LM 20 to measure the size of the nanoparticles. 

  Zeta potential measurement analysis

  Surface charges acquired by nanoparticles in medium were measured by ZetaSizer instrument (Malvern Instruments Corp, UK) at 25 ºC in polystyrene cuvettes with path length of 10 mm. The average nanoparticle size distribution was also measured by ZetaSizer (size by number) (Malvern Instruments Corp, UK). 

  Powder X-ray diffractometry (XRD)

  The crystalline nature of silver nanoparticles was determined by powder X-ray diffractometry (XRD-XD3A, Shimadzu, Japan) equipped with nickel-filtered Cu-Kα radiation (40 KV, 30 mA) at an angle of 2θ from 5º to 50º. The scan speed was 0.02 degree/min and the time constant was 2 s. The particle size (Diameter D) was calculated from XRD peaks according to Scherrer's equation:

  D = (Kλ) / (βcorcosθ), with βcor = (β2sample – β2ref.)1/2

  where D is the average crystal size, K is Scherrer's coefficient (0.89), λ is the X-ray wavelength (λ = 1.542 Å), θ is Bragg's angle (2θ = 25.1º), βcor is the correction of the full width at half-maximum (FWHM) in radians, and βsample and βref are the FWHM of the reference and sample peaks, respectively. 

  Transmission Electron Microscopy (TEM)

  To determine the size and morphological variation of silver nanoparticles synthesized by different Fusaria species, the TEM analysis was carried out using Carl Zeiss CEM-902 (80 KeV). For the examination of the silver nanoparticles, one drop of the particle dispersion diluted was deposited on carbon coated parlodion films supported in 300 mesh copper grids (Ted Pella). 

   

  Results and Discussion

  We isolated eleven different Fusarium species from infected fruits, vegetables and food grains. These species were identified on the basis of cultural characteristics (type of mycelia, growth rate, dorsal and ventral colour of colony, etc. ) and microscopic characteristics (presence or absence of conidia, size of conidia, septation in macroconidia, shape of macroconida, etc. ) using Fusarium identification keys.51,52 Fusarium species produced three types of spores, i.e., microconidia, macroconidia and chlamydospores.53 However, the presence of macroconidia is the most important characteristic that distinguishes Fusarium from other genera. Macroconidia are formed in sporodochium with shape of a moon crest (sickle shape) or a boat or banana with multiseptum.54 Cultural and microscopic characteristics confirmed the identity of 11 different species of Fusarium viz., F. graminearum, F. solani, F. oxysporum, F. culmorum, F. scirpi, F. tricinctum, F. acuminatum, F. semitectum, F. proliferatum, F. equiseti, F. moniliforme. Further confirmation of these species was based on ITS-rDNA sequence comparison with available sequences in the data base (NCBI) using online BLAST analysis programme. 

  For ITS-rDNA analysis, DNA of 11 Fusarium species, namely F. semitectum, F. solani, F. oxysporum, F. equiseti, F. acuminatum, F. scirpi, F. proliferatum, F. tricinctum, F. moniliforme, F. graminearum and F. culmorum was isolated and ITS regions were amplified using species -specific primers ITS1 (5'-TCCGTAGGTGAACCTGCGG-3') and ITS4 (5'-TCCTCCGCTTATTGATATGC-3'). PCR amplifications registered a sole fragment of approximately 550 bp identical for all Fusarium species on 1.5 % agarose gel after proper electrophoresis. The PCR product of the samples showing proper amplification were sent for ITS region sequencing to Chromous Biotech Pvt. Ltd. Banglore. 

  The expected 550 bp size of PCR product of ITS region was found to be slightly different after sequencing. The maximum size of sequence was found in F. proliferatum (511 bp) followed by F. graminearum (510 bp), F. tricinctum (502 bp), F. semitectum (498 bp), F. scirpi (496 bp) and F. culmorum (493 bp), while F. solani (492 bp) and F. moniliforme (492 bp) showed the similar size sequences followed by F. acuminatum (491 bp) and F. oxysporum (486 bp). However, the minimum size of sequence was reported in case of F. equiseti (485 bp). 

  All the above 11 sequences after complete validation were submitted to the European Molecular Biology Laboratory (EMBL) through their online submission procedure. None of the online available nucleotide databases have sequence of ITS-4 region of Fusarium. Therefore, EMBL accepted these sequences and assigned specific accession number to all these sequences. The details of sequences submitted to EMBL database and their accession numbers are given in Table S1 (in the Supplementary Information (SI) section). 

  Later, the ITS-4 sequences thus obtained for all 11 Fusarium species were subjected to BLAST network service, so as to determine the homology. As the BLAST service is free and available online, the nucleotide sequences (ITS-4) were compared (aligned) with all the sequences available with nucleotide databases. Homology search were performed within the non-redundant databases of GeneBank using the BLAST algorithm at NCBI.55

  The resulting output showed the best similarity matches with the sequences available in databases. The BLAST results reported for all sequences of present study revealed that each sequence of 11 Fusarium species have homology with nucleotide sequences of same species present in the databases at different similarity level range between 98-100%. Each of the above tested Fusarium species showed the maximum hits with different strains of the same species. BLAST analysis confirmed that all the 11 groups of Fusarium species classified on the basis of morphological characters are similar to the identification by molecular markers (ITS rDNA sequence comparison). 

  Sequence based UPGMA analysis was carried out for the determination of genetic variation among the 11 Fusarium species. For the phylogenetic analysis of these species, initially multiple sequence alignment was carried out using a program Clustal-W available online. The alignment file, thus obtained was used for the construction of dendrogram using UPGMA tool of phylogenetic analysis program NTSYS pc. 2.02. 

  The UPGMA cluster analysis clearly grouped these species into 7 major clusters (Figure 1) and established their relationship of similarity. Genetic relationship calculated in the form of similarity coefficient (Jaccard's coefficients) from the dendrogram showed high level of genetic similarity among all different species of Fusarium, which ranges from 0.00 to 0.04. 

  
    

    [image: Figure 1. ITS sequence]

  

  Cluster analysis obtained from the ITS-4 sequences clearly distinguished all the 11 Fusarium species in 7 different main clades. Of the 7 clusters, first clade includes 2 species- F. solani and F. equiseti having the similarity coefficient of 0.00. The second clade contains F. tricinctum and F. semitectum which also have similarity coefficient of 0.00 showing that these species are closely related to each other. The third clade represents only F. scirpi. The fourth clade includes F. moniliforme and F. oxysporum having similarity coefficient 0.02. Each of fifth and sixth clusters contain single F. culmorum and F. acuminatum species respectively. The last and seventh cluster found to have two Fusarium species (F. graminearum and F. proliferatum) having similarity coefficient of 0.01. The sequence based BLAST and phylogenetic analysis is found to be very significant for the rapid identification of Fusarium species. 

  All the above 11 species were screened for the synthesis of silver nanoparticles, which showed potential for the reduction of silver ions to silver nanoparticles. Colour change in the reaction mixture from yellowish to brown (Figure 2) indicates the formation of silver nanoparticles.

  
    

    [image: Figure 2. (A) Control (fungal filtrate)]

  

  The colour change is due to plasmon resonance in silver nanoparticles. Interestingly in metal nanoparticles like silver, the electrons move freely owing to the close proximity of conduction and valence band.56 The collective oscillation of electrons of silver nanoparticles in resonance with the light wave gives rise to a unique Surface Plasmon Resonance (SPR) absorption band which is also the origin of the observed colour. The absorption strongly depends on the chemical surroundings and particle size.57-60

  Silver nanoparticles produced by different Fusarium species was characterized by UV-Vis spectrophotometer. All samples showed the absorption peaks at about 420 nm, which is specific for silver nanoparticles (plasmon band) (Figure 3 and Figure S1a-j in the SI section). 

  
    

    [image: Figure 3. Representative UV-Visible]

  

  It is well known that there is a very close relationship between the UV-Vis light absorbance characteristics, size and shape of absorbate. Only single peak was recorded for each species indicating the formation of spherical nanoparticles. Furthermore, with the increase in the particle size, the optical absorption spectra of metal nanoparticles that are dominated by surface plasmon resonances (SPR) shift towards longer (red-shift) wavelengths.61

  F. oxysporum demonstrated an efficient synthesis of silver nanoparticles with narrow peak (monodispersive) showing blue-shift, which indicates the small sized nanoparticles (Figure 3), while other species showed the broad peaks indicating the formation of polydispersive silver nanoparticles with red-shift (Figure S1a-j). On the basis of UV-Vis spectrophometric analysis and stability of silver nanoparticles (studied using UV-Vis spectrophotometric analysis), six species, viz. , F. graminearum, F. solani, F. oxysporum, F. culmorum, F. scirpi and F. tricinctum were selected for the further characterization (XRD, NTA, TEM, and ZetaSizer). 

  XRD analysis was carried out for all six species of Fusarium including F. graminearum, F. solani, F. oxysporum, F. culmorum, F. scirpi, F. tricinctum and the samples produced by the 6 species were observed at positions 38º, 44º, 66º and 78º of 2θ, depicting the presence of (111), (200), (220) and (311) facets of FCC structure of silver nanoparticles. These values are in agreement with JCPD (Joint Committee on Powder Diffraction, standard file no. 04-0783). Similar pattern of FCC structure was reported for the nanoparticles synthesized from all six Fusarium species. Figure 4 showed the powder X-ray diffractometry pattern reported for silver nanoparticles synthesized from F. oxysporum. 
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  Nanoparticle tracking and analysis (NTA) was carried using NanoSight LM-20 for all the selected six Fusarium species. It is used to measure the dispersion characteristics, i.e. size and distribution. NTA was assessed in-depth due to its ability to measure the size of particles individually on a particle-by-particle basis. NTA allows individual nanoparticles in a suspension to be microscopically visualized and their Brownian motion to be separately but simultaneously analyzed, from which the particle size distribution can be obtained. The average size and concentration of silver nanoparticles recorded from NTA analysis have been shown in Table 1. 
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   The small-sized nanoparticles were synthesized by F. oxysporum (24 nm) followed by F. culmorum (38 nm), F. solani (39 nm), F. graminearum (42 nm), F. scirpi (43 nm) and F. tricinctum (45 nm). Figure S2 shows the particle size distribution histograms. Many earlier reports suggested that NTA is one of the suitable analysis procedures for the determination of size and concentration of nanoparticles.62

  It is well known that the metal nanoparticles of size ranging from 2 to 100 nm exhibit strong but broad surface plasmon peak. With the increase in the particle size, the optical absorption spectra of metal nanoparticles that are dominated by surface plasmon resonances (SPR) shift towards longer wavelengths. The position of absorption band also strongly depends upon dielectric constant of the medium and surface-adsorbed species.63 Mock et al.64 in their study on effects of shape in plasmon resonance of individual colloidal AgNPs concluded that the geometrical shape of a nanoparticle plays an important role in determining the plasmon resonance, while the spectrum red-shifts with increasing particle size. 

  In the present study, on comparing the absorbance of colloidal silver nanoparticles with their size determined by NTA analysis reveals that with the increase in the particle size, the absorbance spectra shifts towards longer wavelength. Of the 6 Fuasrium species, the highest absorbance was shown by F. tricinctum at 435 nm with largest particle size of 45 nm, while the lowest absorbance was exhibited by F. oxysporum with smallest particles size (24 nm). Therefore, in general it can be concluded that larger the particle size, the higher the wavelength for absorbance due to surface plasmon resonanace. This clearly indicated that for smaller size particles blue shift, and for larger size of particles red shift in the spectrum was observed with exception of F. graminearum. 

  Further, TEM analysis was also carried out to find out the shape and size of silver nanoparticles produced by six selected Fusarium species, which confirmed the spherical shape of synthesized silver nanoparticles. The size of nanoparticles synthesized by all species was in the range of 2-68 nm (Figure 5). Silver nanoparticles synthesized by F. oxysporum showed size range 2-42 nm with the smallest average size of 15 nm, while F. solani synthesized comparatively larger sized nanoparticles in the range of 9-68 nm with the largest average size of 39 nm amongst the Fusarium sps., F. tricinctum showed an average size of 20 nm, which is higher than the average size of nanoparticles synthesized by F. oxysporum, However, the former showed narrow size dispersion as compared to F. oxysporum. Finally, zeta potential was measured to detect the charges acquired by the silver nanoparticles present in medium. High zeta potential indicates the repulsive force and it resists the aggregation of nanoparticles, which helps in the particles stability. In our study, the zeta potential of nanoparticles was found to be negative, which might be due to the protein capping on nanoparticles. The greater the zeta potential, the greater the stability of nanoparticles in the colloidal state. The silver nanoparticles formed by F. tricinctum showed highest negative zeta potential while thenanoparticles synthesized from F. culmorum demonstrated the lowest zeta potential among all species tested (Table 2). 
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  Conclusions

  All the 11 different Fusarium species isolated from infected fruits, vegetables and food grains have potential for the formation of silver nanoparticles, which adds to the knowledge about fungal sources that synthesise silver nanoparticles efficiently. Data concerning characterization of silver nanoparticles revealed that six Fusarium species synthesized particles with small size, which indicates their importance in synthesis of novel nanoparticles. Furthremore, the synthesis of silver nanoparticles by F. graminearum, F. scirpi, and F. tricinctum is being reported for the first time. 
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    Recentemente nosso grupo demostrou experimentalmente que a hipótese de produção de radical acetil em meio tamponado no sistema diacetil/peroxinitrito era possível. Diacetil é um flavorizante em alimentos, cigarros e bebidas. O peroxinitrito é encontrado na mitocôndria, e em certas condições como um processo de infeção em humanos, a concentração aumenta significativamente. Em sistemas biológicos, radicais podem facilmente modificar a estrutura e atividade de ácidos nucleicos, proteínas e outras biomoléculas, causando significativo estres oxidativo. Baseado em dados de ressonância magnética e espectrometria de massas, este artigo apresenta os produtos que provam a produção do radical acetil e a formação de compostos estáveis devido à ligação covalente entre o acetil e os aminoácidos (produtos acetilados), e os adutos de peptídeos e proteínas. Estes materiais foram separados por eletroforese capilar e identificados por espectrometria de massas. O meio reacional consistiu da mistura de diacetil e peroxynitrito em uma relação de 1:2 e em 20 mmol L-1 de fosfato de sódio, no valor de pH 7,2. Estes experimentos também revelam a dupla acetilação da lisina, demonstrando a alta reatividade do composto com biomoléculas contendo grupos de nitrogênio, abundantemente encontradas em sistemas biológicos. A mudança estrutural de uma molécula acetilada é uma fonte de modificações pós-tradução com inúmeras consequências biológicas.

  

   

  
    Recently, our group proposed a process that generated acetyl radicals in a reaction medium buffered with a diacetyl/peroxynitrite system. Diacetyl is a flavoring agent in food, cigarettes and drinks. Peroxynitrite is found in mitochondria, and in certain conditions, such as an infection in humans, its concentration is augmented significantly. In biological systems, radical compounds can easily modify the structure and activity of nucleic acids, proteins and other biomolecules, causing significant oxidative stress. Based on paramagnetic resonance and mass spectrometry data, this work discusses products that prove acetyl radicals are produced and are able to form stable covalent bonds with amino acid (acetylated products), peptide and protein adducts. These materials were separated and detected by capillary electrophoresis coupled with tandem mass spectrometry or offline mass spectrometry. The reaction medium contained a 1:2 mixture of diacetyl and peroxynitrite dissolved in 200 mmol L-1 of pH 7.2 sodium phosphate buffer. These experiments also reveal the double acetylation of lysine, demonstrating the high reactivity of these compounds when in contact with nitrogen-containing biomolecules readily found in biological systems. These structural changes might be an epigenetic source of post-translational protein modification.

    Keywords: acetylation of biomolecules, acetyl radical, peroxynitrite, diacetyl, mass spectrometry, CE/ESI-MS/MS

  

   

   

  Introduction

  Mass spectrometry (MS) is an important technique in the post genomic era because it can rapidly and reliably investigate the relationship between the genome and phenotype of cells and organisms.1 Understanding the gene expression and protein states in living systems requires quantitative in vitro and in vivo studies of substrates, intermediates and products.2 The modification of proteins by chemical reactions involving compounds released through distinct metabolic pathways may lead to deleterious results.3 Therefore, post-translational modification (PTM),4 which is undoubtedly the most widely studied enzyme-catalyzed modification event in proteins, and other non-enzymatic processes can be investigated using capillary electrophoresis coupled with electrospray ionization mass spectrometry (CE-ESI-MS).5,6

  ESI-MS is a powerful tool for analyzing the plethora of intermediate and final products in biological samples.7 Generally, CE-MS is successful platform for revealing the physiological and pathological biomarkers in various body fluids. In addition to defining biomarker analytical data, such as migration time and molecular mass, CE-MS is an indispensable tool for gaining deeper insight into the molecular mechanisms underlying the manifestation of several acquired and inborn errors in metabolism. While CE provides high resolution and fast separation during analysis, MS offers selectivity and sensitivity, making the combined CE-ESI-MS a very effective analytical tool.8,9 Furthermore, capillary electrophoresis belongs to a category of analytical separation techniques that produces minimal residue.

  Lysine acetylation is a reversible post-translational modification involved in various biochemical processes in an organism; an acetyl group is transferred to an internal lysine residue €-amino group in a protein. The acetylation process in histones has been known for almost 30 years. Enzymes that regulate these acetylation processes in non-histone proteins have recently been discovered to play a crucial role in biological events.10-12 These enzymes contain flexible and highly basic tails that are targeted by several types of post-translational modification reactions, including methylation, citrullination, phosphorylation,13 sumoylation, ubiquitination, ADP-ribosylation,14,15 acetylation and glycation.16

  The significance of lysine acetylation has been exhaustively studied in the context of nuclear histone modifications. However, the implications of the changes transcend gene regulation.17 The molecular changes caused by lysine acetylation in an organism may alter the activity of metabolic enzymes and force the cell to adapt to metabolic changes. These alterations may cause unanticipated changes that may alter an individual metabolic profile.18,19 Recently, Zhang et al.20 demonstrated epigenetic chromatin process for remodeling of histone proteins by acetylation. This process was diagnostic for late-onset cognitive impairment. Histone acetylation affects the regulation of gene transcription. The loss of learning induced by deacetylation in specific histone sites may provide biomarkers for memory loss and Alzheimer's disease.

  Nearly a decade ago, Oya et al.21 reported the modification of bovine serum albumin (BSA) by methylglyoxal, resulting in arginine/methylglyoxal adducts and structural changes in BSA. This compound is a well-known α-dicarbonyl catabolite derived from triose phosphates, acetone and aminoacetone that has cyto and genotoxic effects. Diacetyl produces acetyl radicals after treatment with peroxynitrite, which is a powerful nucleophile and oxidant formed by the diffusion-controlled reaction between superoxide radical anions and nitric oxide in biological systems.22 Diacetyl is a flavoring agent used in food (milk, coffee, tea, beef, butter, yogurt and alcoholic drinks) at concentrations ranging from 0.5 to  28 nmol L-1.23-26 Diacetyl is a volatile product of citrate metabolism produced by Lactococcus lactis ssp. lactis biovar. diacetylactis and Leuconostoc citrovorum. In the USA, diacetyl-based ingredients are generally considered safe, although their use in food products is limited by good manufacturing practices. Diacetyl has recently been implicated as a causative agent for certain lung diseases among plant workers. However, little information has been published regarding the volatile composition of this ingredient and the levels of diacetyl or other flavoring agents in finished dairy products. A detailed review of the literature on this topic reveals few studies regarding biological samples and their biochemical implications.27

  Otsuka et al.28 developed a method to determine the diacetyl concentration using gas chromatography with electron capture detection. Using this method, diacetyl was detected in different rat tissues (liver, heart, kidney, muscle, brain and liver).29 The most important finding was that diacetyl influences several aspects of amyloid-β (Aβ) peptide aggregation. The process is one of the two primary pathologies associated with Alzheimer's disease.23

  In biological systems, nitric oxide reacts with the superoxide anion, producing peroxynitrite (-OONO) extremely rapidly (k2 ca. 7-20 × 109 mol-1 L s-1 at 25-37 ºC).30,31 This rate constant is almost one order of magnitude higher than that of the superoxide dismutasecatalyzed decomposition of the superoxide radical ion. In living organisms, the simultaneous formation of nitric oxide and superoxide radicals is often observed in the presence of high peroxynitrite concentrations, particularly in endothelial cells and near inflammatory sites.32 Therefore, the evaluation of peroxynitrite reactivity toward various biomolecules is highly relevant. Peroxynitrous acid (HOONO) has a pKa of 6.8, meaning that 80% of it is deprotonated in the biological environment.33 The combined presence of peroxynitrite and exogenous diacetyl or endogenous methylglyoxal in a slightly alkaline physiological cellular medium creates the perfect conditions for producing acetyl radicals that may chemically alter biomolecules.10,11

  We report a method that uses capillary electrophoresiselectrospray ionization-tandem mass spectrometry (CE-ESI-MS/MS) or only ESI-MS coupled to an ion trap mass analyzer to separate and identify 20 acetylated amino acids, peptides and proteins digested by acetylation generated from a diacetyl/peroxynitrite system. Consequently, concomitantly with the transacetylasecatalyzed reaction, the diacetyl/peroxynitrite system may acetylate proteins (N-terminal and chain lysine residues) and nucleobases. We propose that similar analytical conditions might be employed to identify acetylated free amino acids or proteins exposed to diacetyl and peroxynitrate in vitro.

   

  Experimental

  Reagents and solvents

  The chemicals used were analytical grade. Diacetyl, formic acid, phosphoric acid, ammonium formate, sodium tetraborate, sodium nitrite, Chelex-100, 2-methyl-2-nitrosopropane (MNP), amino acids (L-Gly, L-Ala, L-Val, L-Leu, L-Ile, L-Met, L-Phe, L-Tyr, L-Trp, L-Ser, L-Pro, L-Thr, L-Cys, L-Asn, L-Gln, L-Lys, L-His, L-arg, L-Asp and L-Glu) and proteins were purchased from Sigma-Aldrich (St. Louis, MO, USA). Methanol, ammonium hydroxide, acetic acid, hydrochloric acid, sodium carbonate, sodium hydroxide, disodium hydrogen phosphate decahydrate and sodium phosphate monobasic monohydrate were supplied by Merck (Darmstadt, Germany). The peptides and peroxynitrite were synthesized in our laboratory.

  Synthesis of peroxynitrite

  Peroxynitri te was synthesized from NaNO2 (0.6 mol L-1) and H2O2 (0.7 mol L-1) in HCl (0.6 mol L-1) and NaOH (1.5 mol L-1) in a quench-flow reactor.34 Excess H2O2 in the alkali peroxynitrite solution was eliminated with MnO2. The H2O2 and peroxynitrite concentrations were quantified spectrophotometrically at 240 nm (ε = 42 L mol-1 cm-1) and 302 nm (ε = 1670 L mol-1 cm-1), respectively. The peroxynitrite concentrations obtained using this method ranged from 250 to 350 mmol L-1. The stock solutions of peroxynitrite were stored on ice in the dark. Aliquots were stored at -80 ºC. Diacetyl was distilled before use at 88 to 90 ºC and 40 rpm. All the solutions were prepared in distilled water prepared in a Millipore Milli-Q system (MA, USA), and the phosphate buffer (200 mmol L-1, pH 7.2) was pretreated with Chelex-100 to eliminate any metal contaminants. Excess hydrogen peroxide in the peroxynitrite-containing alkaline solution (1.0 mol L-1 NaOH) was eliminated with MnO2. Amino acid stock solutions were prepared in deionized water obtained from a Millipore Milli-Q system (MA, USA), and the buffers were pretreated with Chelex 100 to eliminate any free metals in solution. A diacetyl (50 mmol L-1) stock solution was prepared in a 200 mmol L-1 phosphate buffer. The radical acetylation reactions involved mixing peroxynitrite (2.0 mmol L-1), diacetyl (2.0 mmol L-1) and amino acid (1.0 mmol L-1) in a phosphate buffer solution (200 mmol L-1, pH 7.4) under constant Vortex agitation for 1 min to maintain the dissolved oxygen concentration at a saturated and non-limiting level. Reaction mixtures with pH values ranging from 7.1 to 7.5 were analyzed.

  The reaction between peroxynitrite and α-dicarbonyl substrates, such as diacetyl (k2 = 1.4 × 104 L mol-1 s-1, pH 7.2, 25 ºC), proceeded faster than reactions with monocarbonyl substrates (e.g., k2 < 103 L mol-1 s-1 for acetaldehyde, propionaldehyde, and pyruvate).35 Uppu et al.36 reported that low yields of carboxylic acids were formed when aldehydes were exposed to peroxynitrite (ca. 0.2 mol acetate per mol peroxynitrite), while Yang et al.35 demonstrated that carboxylic fragments formed in reactions between various ketones and peroxynitrite.

  Synthesis and purification of synthetic peptides

  A peptide was synthesized with the following sequence: Ac-A-E-F-K-F-A-L-NH2. This peptide was constructed to contain a lysine residue. The peptide was synthesized according to the following protocol. The peptide was obtained using solid phase synthesis, as described by Hirata et al.37 and reviewed by Korkmaz et al.38 Specifically, Fmoc chemistry (9-fluorenylmethoxycarbonyl) was used to protect the α-amino group, while NovaSyn TGR® resin and HBTU / HOBT were the solid support and coupling reagents, respectively. The Fmoc group was removed using N-methyl-20% piperidine in dimethylformamide, and the peptide was cleaved from the resin using trifluoroacetic acid: anisole:ethanedithiol:water (TFA:ANS:EDT:H2O/85:5:3:7).

  The synthesized peptides were characterized and assayed for purity using fast high performance liquid chromatography (fast HPLC) coupled to mass spectrometry (EV LC/MS-2020 - Prominence; Shimadzu Corp., Tokyo, Japan or/MS EV-2020 - Prominence; Shimadzu Corp., Tokyo, Japan), equipped with a LC-10AD pump for the fast mobile phase, a Fast XR-ODS column (5 µm, 4.6 × 75 mm), SPD-10AV UV-Vis detector operating at wavelength of 220 nm, as well as by electrospray ionization mass spectrometry or matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry in a Bruker Daltonics MALDI-TOF mass spectrometer. The matrix used during all the analyses was α-cyano-4-hydroxycinnamic acid.

  Preparation of samples

  The reaction mixture consisted of BSA (68.4 µmol L-1), diacetyl (5.0 mmol L-1) and peroxynitrite (1.3 mmol L-1) in 200 mmol L-1 pH 7.2 phosphate buffer at room temperature. MALDI studies of the RNase and lysozyme were carried out with the protein alone and protein treated with either peroxynitrite, diacetyl, or both reagents without trypsinization. The reaction mixture was ultrafiltered (Vivaspin MWCO 3000, GE Healthcare Bio-Sciences, Uppsala, Sweden) and lyophilized; subsequently, the product was rehydrated with 50 µL of 0.1% TFA.

  Digestion of samples

  The protocol for lysozyme digestion was the classical procedure used for proteomic studies.39 After the reaction and desalinization via ultra-filtration, the volume of the lysozyme and acetylated lysozyme 0.04 mg mL-1 solutions was halved. 100 µL corresponded to 80 µg and was diluted in 100 µL methanol per 50 mmol L-1 NH4HCO3 solution at pH 8.0, (60/40 v/v) in a 1.5 ml screw cap tube for 5 min at 95 ºC in an Eppendorf Thermomixer (Germany) at 600 rpm. This step broke down the protein 3D structure, facilitating the enzymatic action. The mixture was cooled to room temperature before 100 µL of 10 mmol L-1 DTT were added and incubated for 30 min at 37 ºC. This reagent reduced the protein disulfide bonds. Afterward, 100 µL of 20 mmol L-1 iodoacetic acid were added, and the mixture was incubated at room temperature in the dark to promote the alkylation of the cysteine residues. Trypsin was dissolved in 50 mmol L-1 NH4HCO3 at pH 8.0 to reach 5 µg mL-1, and 100 µL of this solution were added to the reaction tube; the reaction tube was placed in the thermomixer and vortexed for 20 h at 37 ºC in the dark. To end the enzymatic reaction, 56 µL of 0.1% TFA were added.

  Purification of acetylated peptide

  A homemade zip-tip C18 purification column was assembled in a 200 µL micropipette tip with a small amount of glass fiber inserted into the tip to hold 50 µL 100 mg mL-1 C18 reversed-phase resin in isopropyl alcohol.40 The resin was flushed with 100 µL methanol to activate the solid support and 100 µL 0.05% of TFA for equilibration. A 100 µL sample was added, and 100 µL of 0.05% TFA were eluted. Finally, 100 µL of 80% ACN solution with 0.05% TFA were passed through the column to elute the peptides. The samples were lyophilized and rehydrated using 50 µL of 0.1% TFA.

  Electron paramagnetic resonance (EPR) spin trapping spectra with 2-methyl-2-nitrosopropane (MNP) were recorded at room temperature, using a Bruker EMX spectrometer (Bruker AXS Inc., Madison, USA). All spectra were recorded after incubating the reagents for 4 min in 500 mmol L-1 phosphate buffer (pH 7.2). At the end of the experiment, the pH was measured to detect any changes caused by adding the alkaline peroxynitrite stock solutions to the buffered reaction mixtures. The following instrumental conditions were utilized: microwave power of 19.91 mW, modulation amplitude of 0.1 mT, time constant of 163,840 ms and receiver gain of 2.5 × 103.

  The separation and detection of amino acids in all completed reaction mixtures were performed with a Beckman Coulter MDQTM capillary system (California, USA) and a Thermo Finnigan model LCQ Ion Max Advanced mass spectrometer equipped with an ESI source and an ion trap analyzer (MA, USA). Electrophoresis was carried out in fused silica capillaries from Polymicro Technologies (AZ, USA) with 50 mm i.d. × 70 cm total length. The electrolyte used during the CE/ESI-MS analyses was 1.0 mol L-1 formic acid. Before injection, the capillary was preconditioned by flushing with 1.0 mol L-1 ammonium hydroxide for 3 min, followed by water for 2 min, and finally, the electrolyte for 5 min. The samples were injected under 2.0 psi for 10 s. The effective applied electric field was 280 V cm-1, the capillary temperature was maintained at 25 ºC, and the sheath flow interface was used. The 50.0:49.5:0.5 water/methanol/acetic acid solution was delivered at 10 mL min-1 by a Gilson Model 402 Pump (MI, USA). The MS and MS/MS experiments were performed in positive ion mode at 4.5 kV. This voltage was previously evaluated; although this value may seem high, this was the best value to analyze amino acids because the CE-MS system potential combines that of the ESI and CE systems. The experimental conditions were as follows: number of microscans = 3, microscan time = 200 ms, capillary temperature at 275 ºC, spray voltage of 27 V and tube lens offset of −8 V. The mass spectrometer was calibrated using 20 µmol L-1 L-Lysine directly infused into the CE under 10 psi. The data acquisition was performed in full scan and MS/MS scan modes by examining the most intense peaks; the normalized collision energy and the isolation width were set to 30-35% and 1.0 m/z, respectively for these peaks in the MS/MS. The minimum signal intensity threshold was 1 × 103 while the MS/MS data were collected. Nitrogen was used as both the nebulizer and sweep gas and was delivered at flow rates of 15 and 5 L min-1, respectively.

  The micro-HPLC-MS/MS (AmaZon Ion Trap (Bruker-Franzen Analytic GmbH) analysis of protein digests was carried out with a Shimadzu micro liquid chromatograph (Kyoto, Japan), and the data were processed using the Mascot 2.3 program peptide sequences. Chromatography was performed using a Shim-pack XR-ODS II column at 0.2 mL min-1 with a 5 min gradient time, 70% of solvent A (20/79.9/0.1 acetonitrile/water/acetic acid v/v) and 30% of solvent B (79.9/20/0.1 acetonitrile/water/ acetic acid v/v), 30-50% B in 20 min and 90% of B in 80 min, for a total analysis time of 100 min. The mass spectrometer was optimized for 70-3000 m/z, with a 4.5 kV positive polarity, a 300-2800 m/z trap scan speed, a 4500 V capillary voltage, 8.0 psi nebulizer gas, 5.0 L min-1 dry gas, a 220 ºC heater interface temperature, and MS/MS with a 5.0 eV quadrupole ion energy. Smart Defrag was used to obtain satisfactory MS/MS data from the different compounds with varying stabilities. This technique ramps up the fragmentation amplitude from 20% at the start amplitude by 30 to reach 300% of the specified value. A -CH3CO• adduct was obtained for a MNP solution containing peroxynitrite (2.0 mmol L-1) and diacetyl (2.0 mmol L-1) in phosphate buffer (200 mmol L-1, pH 7.4) (Figure 1).
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  Results and Discussion

  The hypothesis that the acetyl radical produced by adding peroxynitrite to diacetyl is consumed by amino acids was first investigated using EPR spin-trapping studies with MNP (20 mmol L-1) and L-histidine (0.50 and 1.0 mmol L-1).10,11 A three-line EPR spectrum with aH= aN = 0.83 mT characteristic of the MNP was collected.

  The radical adduct signal decreased as the concentrations of L-histidine increased, indicating that the acetyl radical was consumed by the L-histidine. Figures 2a, 2b and 2c depict the CE-ESI-MS traces obtained after adding free L-lysine to the diacetyl/peroxynitrite solutions that produced the acetylated amino acid. Peak 1 was assigned to the free L-lysine (peak 1, 147 m/z), while the other two peaks (2 and 3) were the N-α- and N-ε-acetyl-L-lysine isomers (189 m/z), demonstrating that both lysine nitrogen atoms underwent acetylation. These data, as well as those obtained with other polar and nonpolar amino acids, confirmed that the chemical yield of acetylation was less than 30% of the peroxynitrite concentration. This value was a rough estimation based on the ratio of the CE peak areas for the acetylated and free amino acids (2.0 mmol L-1) in the consumed reaction mixture. This calculation also accounts for the fact that 70% of added peroxynitrite (2.0 mmol L-1) isomerizes, forming the nitrate ion.41 Figures 2b and 2c reveal the two different radical fragmentation pathways for the molecular ions of both isomers generated from the acetylation of lysine. These data support our hypothesis that dual acetylation is a competitive process, while partial acetylation occurs at each lysine nitrogen atom. Full scan mass spectra of the ion precursor (189 m/z) were obtained during the experiments.
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  Figure 3 depicts the CE-ESI-MS traces for eight representative acetylated amino acids, 1: acetyl-L-Ser (148 m/z); 2: acetyl-L-Tyr (224 m/z); 3: acetyl-L-Phe (208 m/z); 4: acetyl-L-His (198 m/z); 5: acetyl-L-Lys (189 m/z); 6: acetyl-L-Met (192 m/z); 7: acetyl-L-Arg (217 m/z); and 8: acetyl-L-Thr (162 m/z). All twenty amino acids were acetylated.
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  The synthetic peptide was dissolved in acetic acid/H2O/methanol (50/49/1 v/v) to produce the spectra without acetylation, as illustrated in Figure 4a. When this peptide was subjected to the same reaction conditions as the amino acid acetylation, lysine was also acetylated in these chain peptides, as displayed in Figure 4b. However, the spectral data presented in Figure 4c validates our hypothesis because a protein in a physiological buffer solution (the same condition as that of the amino acids) exhibited an acetylation spectrum for the inner portion of the protein (BSA); this fragment was revealed by a tryptic digest after radical acetylation. The intensity of this fragment (acetylated peptide) was visualized using the MS/MS BioTools data (Bruker Daltonics, USA). This phenomenon was not observed for protein digested without undergoing acetylation beforehand in a reaction medium containing peroxynitrite or/and diacetyl.
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  Conclusion

  Our results support the hypothesis that, unlike inflammatory sites, post-translational protein modification by radical acetylation did not only occur at the protein N-terminus of cells under nitrosative and carbonyl stress. In fact, double acetylation may also occur at the N-terminus of lysine residues.

  Furthermore, CE-MS/MS is an alternative tool for investigating and quantifying the radical acetylation events in regulatory proteins, such as PTM, and small molecules. There is an urgent need for tools that can identify the type and location of protein modifications, as well as determine the extent of structural changes that might be related to a gain or loss of biological function. In this work we demonstrate that the radical acetylation of proteins might contribute to enzymatic acetylation.42 In addition, acetylated amino acid residues in proteins might be new biomarkers for cell damage.

  CE-MS was a demonstrably powerful tool for analyzing small organic molecules (< 500 Da), such as amino acids, their derivatives, and many other catabolites. This technique features highly efficient separation and resolution, as well as relatively easy method development, small sample volume, rapid analysis and low solvent consumption. Recently, a dramatic increase in the number of publications describing and quantifying the type and location of chemical lesions in proteins, DNA and other biomolecules has occurred. We demonstrated that using mass spectrometry in combination with capillary electrophoresis enabled us to examine enzymatic and radical acetylation reactions of protein amino acid residues. CE-ESI-MS also simplifies the process for distinguishing between the N-terminal and inner acetylation of L-lysine residues implicated during post-translational cellular events.

   

  Supplementary Information

  The supplementary data contain the extracted ion electropherogram (BPE) for the free amino acids and acetylate products are available free of charge at http://jbcs.sbq.org.br as PDF file. The amino acids and acetylated products were as follows: A = L-arginine and L-acetyl-arginine; B = L-phenylalanine and L-acetylphenylalanine; C = L-methionine and L-acetylmethionine; D = L-acetyl-tyrosine and L-acetyl-tyrosine; E = L-serine and L-acetyl-serine; F = L-histidine and L-acetyl-histidine; G = L-threonine and L-acetyl-threonine.
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    Uma investigação fitoquímica de Polygala molluginifolia (raiz, caule, folhas e flores) resultou no isolamento de quatro piranoisoflavonas das quais a isoflavona 1 é desconhecida na literatura. As isoflavonas 2-4, embora sejam compostos sintéticos conhecidos são descritos neste trabalho como novos produtos naturais. Os compostos isolados foram avaliados em termos do seu efeito antioxidante e o potencial para inibir a enzima acetilcolinesterase. As isoflavonas 1 e 4 inibiram a acetilcolinesterase, exibindo valores de IC50 de 68 μmol L-1 e 84 μmol L-1, respectivamente. No ensaio de DPPH, os mesmos compostos e a rutina 5 apresentaram valores de EC50 de 61 μmol L-1, 55 μmol L-1 e 16 μmol L-1, respectivamente. Além disso, a permeabilidade das compostos 1-4 foi testada através do ensaio de permeabilidade em membrana artificial paralela (PAMPA) com as isoflavona 3 (9.25 × 10-6 cm s-1) e 4 (3.48 × 10-6 cm s-1) exibindo as maiores permeabilidades.

  

   

  
    A phytochemical investigation of Polygala molluginifolia (root, stem, leaves and flowers) resulted in the isolation of four pyranoisoflavones, of which isoflavone 1 was previously unknown in the literature. Isoflavones 2-4, although they are known synthetic compounds, are described in this work as new natural products. The isolated compounds were evaluated for their antioxidant effects and potential for inhibiting the acetylcholinesterase enzyme. Isoflavones 1 and 4 inhibited acetylcholinesterase, displaying IC50 values of 68 μmol L-1 and 84 μmol L-1, respectively. In the DPPH assay, the same compounds and rutin 5 exhibited EC50 values of 61 μmol L-1, 55 μmol L-1 and 16 μmol L-1, respectively. Moreover, the permeability of compounds 1-4 was evaluated using parallel artificial membrane permeability assay (PAMPA) with isoflavones 3 (9.25 × 10-6 cm s-1) and 4 (3.48 × 10-6 cm s-1) exhibiting the highest permeabilities.

    Keywords: Polygalaceae , Polygala molluginifolia, isoflavones, in vitro assays

  

   

   

  Introduction

  In the course of our research on the chemotaxonomy and biological activity of the genus Polygala, we investigated P. molluginifolia (A. St. -Hil. ), a small herb found in grassland formations along the Atlantic Forest of southern Brazil.1 No previous investigations have been reported regarding this species. The genus Polygala has been chemotaxonomically characterized by an accumulation of xanthones,2,3 coumarins,4 saponins,5,6 flavonoids,7,8 lignans,9 and more rarely, isoflavones.10 In our previous studies, we detected an unusual occurrence of styrylpyrones in P. sabulosa.11

  The Polygala species have significant ethnopharmacological value. For example, P. cyparissias is used as a local anesthetic due to the presence of methyl salicylate in its roots,12,13 and P. tenuifolia is used in traditional Chinese medicine to improve memory and intelligence.14 Biological studies have reported that P. tenuifolia is utilized in the treatment of Alzheimer's disease,15 and also applied as an expectorant and sedative.16 P. caudate is widely employed for treating cough and hepatitis and is used as a sedative.17 Moreover, P. radix exhibits neuroprotective effects in Parkinson's patients,18 and P. japonica demonstrates anti-inflammatory activity.19 Our pharmacological studies indicated that P. paniculata possess neuroprotective effects,20 whereas P. sabulosa exhibits anti-depressant, anxiolytic and anti-convulsant activity.21 We now report the isolation and structural elucidation of four isoflavones from P. molluginifolia, their antioxidant activity, acetylcholinesterase inhibition and PAMPA (parallel artificial membrane permeability assay) permeability.

   

  Experimental

  General experimental procedures

  Melting points were determined on a Microquímica APF-302 apparatus and are uncorrected. The infrared (IR) spectral data were acquired using Perkin-Elmer FT 16PC and Varian 3100 FT-IR instruments with KBr disks. UV spectra was measured with a Hewlett Packard 8452A instrument. The 1D and 2D nuclear magnetic resonance (NMR) data were acquired on a Varian Unity plus NMR spectrometer operating at 9.4 Tesla, observing 1H and 13C at 400 and 100 MHz, respectively. Thin-layer chromatography was performed on a pre-coated silica gel type-60 plate (Merck), and the spots were located by spraying with sulfuric-anisaldehyde followed by heating. For the standard chromatographic fractionation, 70-230-mesh silica gel was used, and for flash chromatographic fractionation, 230-400-mesh silica gel was employed. The electrospray ionization quadrupole time-of-flight mass spectrometry (ESI-Q-TOFMS) measurements were performed with a micrOTOF Q-II (Bruker Daltonics) mass spectrometer equipped with a KD Scientific automatic syringe pump for sample injection. The ESI-QTOF mass spectrometer was run at 4.5 kV and a desolvation temperature of 180 ºC. The mass spectrometer was operated in the positive ion mode using a standard electrospray ion (ESI) source to generate the ions. The samples were injected using a constant flow rate (3 µL min-1), and the solvent was an acetonitrile/methanol mixture. The ESI-Q-TOF MS instrument was calibrated in the m/z 50-3000 range using an internal calibration standard (low concentration tuning mix solution) supplied by Agilent Technologies. The data were processed using Bruker data analysis software version 4.0. The acetylcholinesterase was measured using acetylthiocholine iodide (ATCI), 5,5'-dithiobis-[2-nitrobenzoic acid] (DTNB), acetylcholinesterase (AChE) type VI-S from an electric eel, [tris(hydroxymethyl)aminomethane] Tris-HCl buffer, bovine serum albumin (BSA) and magnesium chloride hexahydrate supplied by Sigma Aldrich (USA). For the 2,2-diphenyl-1-picrylhydrazyl (DPPH) analysis, DPPH (Sigma Aldrich), methanol (Vetec) and ethanol (Synth) were used. The bioassays were performed on a Perkin Elmer Lambda S spectrophotometer. High-performance liquid chromatography (HPLC)-grade acetonitrile was purchased from J. T. Baker, and Milli-Q pure water was obtained from a Milli-Q Plus ultra-pure water purification system purchased from Millipore. The PAMPA experiments were performed using phosphatidylcholine, dimethyl sulfoxide and dodecane purchased from Sigma Aldrich and multiscreen filter plates from Millipore. The donors, acceptors and equilibrium solutions were analyzed using a Shimadzu HPLC system equipped with an LC-10AT pump and a UV detector. The analysis was performed on a Phenomenex C18 column (150 × 4.6 mm; 5 μm), and elutions were obtained in isocratic mode [25% H2O (v/v) and 75% acetonitrile (v/v)] at a flow rate of 1 mL min-1, with detection at 280 nm.

  Plant material

  Polygala molluginifolia was collected in December, 2010, near the Pitangui River, at coordinates UTM 593095 and 7231847, in the region of Campos Gerais, Ponta Grossa, Paraná State, Brazil. The species was identified by Raquel Lüdtke (UFPel), and a sample specimen was deposited at the FLOR Herbarium (UFSC) registered under number 39551 by Rafael Trevisan.

  Extraction and isolation

  The dried whole-plant material (37.0 g) was extracted (three times for seven days each) with EtOH at room temperature. The resulting extracts were combined, filtered and concentrated under reduced pressure at 50 ºC to yield the crude alcoholic extract (10.45 g), which was then solid-liquid partitioned with hexane and EtOAc, and the solvents removed under reduced pressure to yield the respective extracts. The residue from the extraction was denominated water-soluble fraction. The EtOAc-soluble fraction (3.66 g) underwent chromatographic fractionation on a silica gel column and eluted with a gradient of EtOAc in hexane (1:9, 2:8, 3:7, 4:6, 5:5, 7:3), and then a gradient of EtOH in EtOAc (2:8, 4:6), to yield 41 fractions. Fraction 6 (1:9 EtOAc-hexane) underwent a successive chromatographic fractionation on a flash silica gel column and eluted with a hexane:acetone 8:2 gradient to yield isoflavones 2 (7.2 mg) and 3 (11.7 mg). Fractions 19 (3:7 EtOAc-hexane) and 31 (EtOAc) were recrystallized with MeOH to yield compounds 4 (16.4 mg) and 1 (38.7 mg).

  The water-soluble fraction (3.96 g) underwent chromatographic fractionation on a silica gel column and was eluted with a scaled gradient of 7:3 hexane:EtOAc; 5:14:1 hexane:EtOAc:MeOH; 1:19:13 hexane:EtOAc:EtOH and finally MeOH to yield 30 fractions. Fractions 15 and 19 (1:19:13, hexane:EtOAc:EtOH) were combined to generate compound 5. Fraction 28 (methanol) was recrystallized with MeOH to yield compound 6.

  3',4'-dihydroxy-6",6",6"',6"'-tetramethylbis(pyrano [2",3":5,6::2"',3"':7,8]isoflavone (1)

  Yellow solid; mp 205–207 ºC; IR (KBr) υmax / cm-1 3416, 1654, 1595, 1507, 1452; UV (MeOH) λmax / nm (ε) 340 (2265), 302 (25604), 292 (25335), 258 (24798); for NMR data, see Table 1; HRMS (ESI+) m/z calculated for C25H22O6 [M+H]+: 419.1495; found, 419.1495.
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  3',4'-dimethoxy-5-hydroxy-6",6"-dimethylpyrano[2",3":7,6] isoflavone (2)

  Yellow solid; mp 136–138 ºC; IR (KBr) υmax / cm-1 3434, 1665, 1622, 1583, 1509; for NMR data, see Table 2; HRMS (ESI+) m/z calculated for C22H20O6 [M+H]+: 381.1338; found, 381.1328.
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  3'-methoxy-5,4'-dihydroxy-6",6"-dimethylpyrano[2",3":7,6] isoflavone (3)

  Yellow solid; mp 155-158 ºC; IR (KBr) υmax / cm-1 3434, 1662, 1624, 1581, 1516; for NMR data, see Table 2; HRMS (ESI+) m/z calculated for C21H18O6 [M+H]+: 367.1182; found, 367.1179.

  5,3',4'-trihydroxy-6",6"-dimethylpyrano [2",3":7,6]isoflavone (4)

  Yellow solid; mp 165–167 ºC; IR (KBr) υmax / cm-1 3386, 1656, 1621, 1573, 1519; for NMR data, see Table 2; HRMS (ESI+) m/z calculated for C20H16O6 [M+H]+: 353.1025; found, 353.1022.

  Acetylcholinesterase activity

  The enzymatic activity was measured using an adaptation of the method described by Mata et al.22 Briefly, 325 mL of 50 mmol L-1 Tris-HCl buffer, pH 8.0, 100 mL of a buffer solution containing the sample at five different concentrations dissolved in EtOH and 25 mL of an AChE solution containing 0.28 U mL-1 (50 mmol L-1 Tris-HCl, pH 8.0 buffer, 0.1% BSA) were incubated for 15 min. Then, 75 mL of an acetylthiocholine iodide solution (0.023 mg mL-1 in water) and 475 mL DTNB (3 mmol L-1 in Tris-HCl, pH 8.0 buffer, 0.1 mol L-1 NaCl, 0.02 mol L-1 MgCl2) were added, and the final mixture was incubated for another 30 min at room temperature. The absorbance of the mixture was measured at 405 nm. A control mixture containing ethanol instead of the sample was considered to have 100% AChE activity. The inhibition (%) was calculated as follows: I (%) = 100 – (Asample/Acontrol) × 100 in which Asample is the absorbance of the vegetal sample and Acontrol is the absorbance without sample. The tests were performed in triplicate, and a blank containing Tris-HCl buffer was used instead of the enzyme solution. The sample concentration with 50% inhibition (IC50) was determined by plotting the inhibition against the sample solution concentrations. Reminylcontaining galantamine was used as the positive control.

  Antioxidant activity

  The antioxidant activity was measured using the DPPH free-radical scavenging methodology described in the literature with adaptations.23 A 0.004% DPPH solution in methanol was added to the test solutions in various concentrations, and the absorbances were determined using a UV-VIS (517 nm) spectrophotometer after 30 min. The absorbance at the initial time (A0) was obtained by measuring the absorbance of a DPPH solution. The analysis was performed in triplicate. The EC50 values of the samples were obtained by plotting the decreasing DPPH absorbance against the sample solution concentrations.

  PAMPA permeability assay

  PAMPA experiments for compounds 1-4 were performed according to Wohnsland and Faller with modifications using a 96-well filter plate.24 The filters were coated with 10 μL of a 1% (m/v) dodecane solution of phosphatidylcholine. The donor solutions of compounds 1-4 were prepared by diluting the DMSO stock solutions (1000 ppm) in 50% (v/v) phosphate buffered saline and stirring overnight. Then, 150 μL of the donor solutions were added to the filter plate wells, and 300 μL of the acceptor solutions (50% DMSO in phosphate buffer) were added to the receiver plate wells. The filter plate was coupled to the receiver plate and incubated in the dark for 5 h with agitation and then 20 min at room temperature. Next, 150 μL of each donor solution was added to 300 μL of the acceptor solution to yield the respective equilibrium solutions. The experiments were performed in quadruplicate. After incubation, the filter plate and the receiver plate were separated, and the donor, acceptor and equilibrium solutions were analyzed via HPLC.

  The PAMPA permeability (Papp) was calculated using the following equation obtained from Wohnsland and Faller:24

  
    [image: Equation 01]

  

  in which VD is the volume in the donor well (cm3), VA is the volume in the acceptor well, A is the area of the membrane (cm2), t is the incubation time (s) and r is the ratio between the compound concentrations in the acceptor well and equilibrium solution. The compound concentrations were obtained by integrating the HPLC peaks.

   

  Results and Discussion

  In our investigation of the ethyl acetate fraction from Polygala molluginifolia, four isoflavones (1-4) were isolated and their structures elucidated. In addition, rutin (5) and sucrose (6) were isolated from the water-soluble fraction (Figure 1).
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  The infrared spectra of compounds 1-4 demonstrated characteristic absorptions for the hydroxyl group, conjugated carbonyl, conjugated double bonds and aromatic rings. Compound 1, a yellow solid, had the molecular formula C25H22O6, as determined by HRMS (ESI+) analysis and NMR spectroscopy. The UV spectrum showed absorption maxima at 258, 292, 302 and 340 nm. The 1H NMR spectrum of compound 1 (Table 1) indicated the presence of an ortho-meta system at δH 6.79 (d, 1H, J 8.0 Hz, H-5'), 6.77 (dd, 1H, J 2.0, 8.0 Hz, H-6') and 6.95 (d, 1H, J 2.0 Hz, H-2'), four methyl groups at δH 1.47 (s, 12H, H-7", H-8", H-7"', H-8"'), four cis-coupled olefinic hydrogens at δH 6.60 (d, 1H, J 10.0 Hz, H-4"), 5.66 (d, 1H, J 10.0 Hz, H-5"), 6.73 (d, 1H, J 10.0 Hz, H-4"') and δH 5.69 (d, 1H, J 10.0 Hz, H-5"'), and a singlet at δH 7.95 (s, 1H, H-2) corresponding to a proton attached to a sp2 carbon. The 13C NMR and DEPT spectroscopic data (Table 1) revealed twenty-three carbons: two quaternary sp3 carbons, two signals related to methyl groups, eight methine carbons, and eleven sp2 quaternary carbons, five of which are oxygenated and one is a carbonyl. These data, in addition to HRMS, indicated a pentacyclic scaffold. Directly connected hydrogens and carbons were assigned via HMQC analysis. The long-range 1H-13C correlation map obtained from the HMBC NMR experiment (Table 1) exhibited a 2JCH correlation H-2 (δδ 7.95)/ C-3 (δC 124.7), and 3JCH correlations H-2/C-1' (δC 126.9) and H-2/C-4 (δC 177.4). The olefinic hydrogens H-4" (δH 6.60) and H-5" (δH 5.66) exhibited 3JCH correlations with C-5 (δC 155.5) and C-6 (δC 108.5), respectively, indicating that one dimethylpyran ring was fused to the A ring at C-5 and C-6. The remaining dimethylpyran ring was fused to the A ring at carbons C-7 (δC 153.8) and C-8 (δC 103.3), as verified by the 3JCH long-range correlations of these carbons with hydrogens H-4"' (δH 6.73) and H-5"' (δH 5.69), respectively. The B ring is disubstituted with two hydroxyl groups located at C-3' and C-4', as demonstrated by HMBC correlations 3JCH C-3' (δC 146.0)/H-5' (δH 6.79), 2JCH C-3'/H-2' (δH 6.95), and 3JCH C-4' (δC 146.5)/H-2'. The overall analysis of HMQC and HMBC experiments, and MS data indicated that compound 1 refers to 3',4'-dihydroxy-6",6",6"',6"'-tetramethylbis (pyrano[2",3":5,6::2"',3"':7,8]isoflavone (Figure 1), which is reported herein for the first time.

  The 1H NMR data of compounds 2-4 agree with those published for synthetic isoflavones 3',4'-dimethoxy-5-hydroxy-6 " , 6 "-dimethylpyrano[2 " , 3 " : 7, 6] isoflavone (2),25 3'-methoxy-5,4'-dihydroxy-6",6"-dimethylpyrano[2",3":7,6]isoflavone (3),26 and 5,3',4'-trihydroxy-6",6"-dimethylpyrano[2",3":7,6] isoflavone (4).25 These structures were here confirmed by 13C NMR, DEPT, HMQC, HMBC, NOESY, and HRMS spectra (Table 2 and experimental).

  Compounds (5) and (6) were identified by comparison of their NMR data with those described in the literature.27,28

  The isolation of these isoflavones has considerable chemotaxonomic importance because few studies have examined isoflavones in the Polygalaceae family. This family is closely related to the Leguminosae, in whose subfamily, Papilionoideae, isoflavones are common.

  Moreover, reports suggest that isoflavones have multiple protective functions, such anti-anxiety properties,29 and neuroprotective effects associated with antioxidative and hippocampal β-secretase activities that decrease the formation and deposition of insoluble β-amyloid debris.29-36 Isoflavones can also strengthening the antioxidation ability of the body, reducing neural damage from free radicals, enhance the activity of the antioxidant enzymes superoxide dismutase and glutathione peroxidase effectively postponing the degeneration and apoptosis of neurons.30,37 Isoflavones can be used to treat Alzheimer's disease by their ability to decrease acetylcholine hydrolysis, thereby aiding the maintenance of learning and memory functions.30,37 These findings have led to the assertion that isoflavones represent a potential new therapeutic strategy for Alzheimer's disease.

  Thus, we investigated isoflavones 1-4 for their ability to inhibit the acetylcholinesterase enzyme (AChE), and antioxidant effects. Rutin (5) was also evaluated for its antioxidant activity.

  As shown in Table 3, compounds 1-4 demonstrated a inhibition effect towards of the acetylcholinesterase enzyme. Among these, isoflavones 1 and 4 showed the best results with IC50 values of 68 and 84 μmol L-1, respectively. These compounds exhibit hydroxil groups in positions 3' and 4' in the B ring of the isoflavone scaffold, which suggests that these groups may enhance the acetylcholinesterase inhibition.
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  The addition of a second dimethylpyran ring fused to the A ring also increased the inhibition, as observed for compound 1 when compared to 4. These findings suggest that both the hydrophobicity and the presence of a catechol group play important roles in the isoflavones ability to inhibit acetylcholinesterase. These results followed the same trend as the antioxidant activity by scavenging DPPH. Compounds with a catechol group in the B ring, such as rutin (5) and isoflavones 1 and 4, exhibited the best results, with EC50 values of 16, 61 and 55 μmol L-1, respectively, compared with ascorbic acid (52 μmol L-1) and quercetin (21 μmol L-1).

  The strong antioxidant activity for rutin is in accordance with that reported in the literature,38 indicating that rutin is a multifunctional agent capable of inhibiting Aβ aggregation and cytotoxicity, which can prevent mitochondrial damage, reduce free-radical and proinflammatory cytokine production and increase the levels of antioxidant enzymes.38

  Given the significant acetylcholinesterase inhibition and DPPH activity of isoflavones 1-4, the permeability of these compounds was also evaluated using the PAMPA assay. A high-throughput screening technique, PAMPA, was used to assess the passive permeability characteristics of molecules with potential pharmacological activity to predict passive transcellular molecule absorption.

  In most cases, according to this assay, the hydrophobic isoflavones exhibited lower permeability than the polar isoflavones, a result consistent with that of Dreassi et al.39 Of the compounds analyzed, isoflavone 1 exhibited the lowest permeability (1.50 × 10-6 cm s-1), possibly due to the presence of two dimethylpyran rings, which increased the hydrophobicity of the molecule.

  Regarding isoflavones 2 and 4, which differ only in their B ring substitution, isoflavone 2 had the lowest permeability (2.01 × 10-6 cm s-1), probably due to the presence of two methoxyl groups. Isoflavone 3 demonstrated the best permeability (9.25 × 10-6 cm s-1), although it is more hydrophobic than compound 4 (3.48 × 10-6 cm s-1). According to Siegel, increasing the number of hydroxyl groups can decrease the compound permeability.40

   

  Conclusions

  This study reports the acetylcholinesterase inhibition, antioxidant activity and permeability of four isoflavones (1-4) isolated and identified from Polygala molluginifolia. Of the compounds analyzed, isoflavones 1 and 4, exhibited the best antioxidant activity and acetylcholinesterase inhibition, while PAMPA experiments indicated that the isoflavones 3 and 4 demonstrated the highest permeability. Results suggest that the isoflavones isolated from P. molluginifolia could be of interest for the treatment of neurodegenerative diseases.

   

  Supplementary Information

  Supplementary data, including IR, MS and 1D/2D NMR, are available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    O parâmetro de solubilidade (δ) de uma molécula é extremamente importante, visto que novas moléculas são frequentemente desenvolvidas para serem aplicadas em sistemas líquidos. Neste trabalho, nós buscamos técnicas alternativas simples e confiáveis para determinar δ de moléculas de baixa e alta massa molar. Pireno, fenantreno e naftaleno tiveram seus d determinados por microcalorimetria (mDSC), ultravioleta (UV) e calorimetria (DSC). Resultados de UV foram similares àqueles obtidos por DSC e àqueles citados na literatura. Amostras de poliestireno e poliestireno sulfonado tiveram seus δ determinados por UV, mDSC e viscosidade intrínseca ([η]). Os resultados de [η] foram similares àqueles obtidos por UV. Procedimento de UV foi relativamente simples, de fácil operação e confiável para determinação de d de moléculas de ampla faixa de massa molar, podendo ser utilizado no desenvolvimento de novas moléculas. O procedimento utilizando mDSC ainda requer alguns ajustes a fim de torná-lo mais preciso do que [η].

  

   

  
    The solubility parameter (δ) of a molecule is extremely important, since that new molecules are frequently developed to be applied in liquid systems. In this work, we looked for simple and reliable alternative techniques to determine δ of low and high molecular weight molecules. Pyrene, phenanthrene and naphthalene had their δ  determined by microcalorimetry (mDSC), ultraviolet (UV) and calorimetry (DSC). UV results were similar to those obtained by DSC and to those cited in the literature. Polystyrene and sulfonated polystyrene samples had their δ determined by UV, µ DSC and intrinsic viscosity ([η]). The [η] results were similar to those obtained by UV. UV procedure was relatively simple, easy operation and reliable for determining d of molecules in a wide range of molar mass, can be used when developing new molecules. The mDSC procedure still requires some adjustments to become more accurate than [η] procedure.

    Keywords: Hildebrand solubility parameter, differential scanning calorimetry, intrinsic viscosity, ultraviolet spectroscopy, microcalorimetry.

  

   

   

  Introduction

  The solubility parameter (δ) is related to a thermodynamic process that involves measures of intermolecular interactions derived from the cohesive energy density, which in turn are associated with the vaporization enthalpy of the substance.1 This parameter is a very important physical-chemical criterion, although other parameters can also be used to assess the solubilization power of substances, such as the interaction parameter, expansion factor and second virial coefficient, mainly to verify the interaction between polymer molecules and solvents.2,3

  The Hildebrand solubility parameter provides a numerical estimate of the degree of interaction of materials. It is calculated by the square root of the cohesive energy density for non-polar substances, that is, in relation to the van der Waals interactions.4-11

  In fact, all types of bonds holding the liquid together are broken by evaporation and the total energy of vaporization consists of several individual parts that come from dispersion forces (δD), permanent dipole – permanent dipole forces (δP) and hydrogen bonding (δH), as proposed by Hansen.4,7,8,11-14

  Solubility parameters can be calculated by different ways: using physical constants, such as heat of vaporization, thermal expansion coefficient, compressibility and critical pressure; estimated experimentally by direct measurements, such as solubility in solvents with known parameters and refraction index measurements.15-17 Some techniques have been applied to determine solubility parameters indirectly, such as gas chromatography,18-20 intrinsic viscosity,15,21-24 molecular simulation,25 molecular descriptors,26,27 surface tension17,28 and Small's technique, which is based on the contribution of the individual atoms and functional groups, to which empirical values are attributed.29,30

  Specially for polymers, it must be applied indirect methods to estimate solubility parameter by experimentally rating the degree of physical interaction between polymer molecules and selected solvents with well-known solubility parameters. The solubility parameter attributed to the polymer is that in which it presents the greatest interaction.13,15,21-24,31,32

  The solubility parameter concept is useful to the researchers that synthesize new molecules with specific properties that must be dissolved in an required moiety to be applied in several areas, such as pharmaceuticals,12,33,34 polymers,7,16,18,21,23,35,36 surfactants17,19 and petroleum.25,26,37-40 The aim of this study was to find simple and reliable methods to determine the solubility parameters of molecules with low and high molar mass, to contribute to studies of solubility, compatibility and synthesis of new molecules.

   

  Experimental

  Materials

  Toluene (99.5%), n-hexane (99.5%), 1,4-dioxane (99.5%), tetrahydrofuran (99.5%), ethyl alcohol (99.8%) and isopropyl alcohol (99.0%) were supplied by Vetec Química Fina, Rio de Janeiro, Brazil, while naphthalene (98.5%), phenanthrene (97.0%) and pyrene (96.0%) were supplied by Merck, São Paulo, Brazil. All compounds were used as received. Samples of polystyrene, sulfonated polystyrene and polycardanol were obtained from the Laboratory of Macromolecules and Colloids in the Petroleum Industry of Federal University of Rio de Janeiro (LMCP/UFRJ). Polycardanol was obtained by addition polymerization41 and its molar mass was determined by size exclusion chromatography on a Waters, model 510, equipped with refractive index detectors (Waters 410) and data acquisition software Millenium 2.10, using styragel columns and tetrahydrofuran as solvent. The characterization data are presented in Table 1.42
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  Methods

  Determination of the solubility parameter by differential scanning calorimetry (DSC)

  The solubility parameters of samples of naphthalene, phenanthrene and pyrene were determined by applying equation 1,43 which relates the solubility parameter (δ) with the vaporization enthalpy (ΔHv), gas constant (R), temperature (T) and molar volume of the sample (V). Therefore, obtaining the material's solubility parameter requires determining the variation of the vaporization enthalpy, which can be measured by differential scanning calorimetry. The analyses were carried out in pans with laser-perforated lids containing a mass of 5 to 10 mg of the sample, under 30 psi nitrogen, at a heating rate of 10 ºC min-1 and in the temperature range from 20 ºC to about 10 ºC above the boiling point of each sample. A TA Instruments DSC Q200 calorimeter was used and the analyses were performed in duplicate. Table 2 presents the data on molar volume and boiling temperature obtained from the literature44 and used in this experiment. The values of vaporization enthalpy used in equation 1 were those at respective vaporization temperatures of the compounds.
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  Determination of the solubility parameter by intrinsic viscosity measurement ([η])

  Determination of the solubility parameter using equation 1 is restricted to samples that can be vaporized before degradation of their molecular structure occurs. Hence, this method cannot be used to determine solubility parameters of polymers. For this purpose, the method generally used is based on determining the intrinsic viscosity of polymer solution in solvent systems with different solubility parameters. Since for a particular polymer-solvent pair and constant temperature, the intrinsic viscosity increases with stronger polymer-solvent interaction, the polymer's solubility parameter will be equal to the parameter of the solvent in which its intrinsic viscosity is highest.13

  Only the polystyrene and sulfonated polystyrene samples (PSS4a and PSS6a) were analyzed with this procedure.

  For this purpose, toluene and isopropanol were used (δ of 18.2 and 23.5 MPa1/2 , respectively),13 along with their mixtures in varied proportions. The solubility parameters of the mixtures were calculated through the weighted average in function of the volume ratio of each component (Φ) and the solubility parameters of the pure solvents (δ), using equation 2.45 This same calculation has been used by authors in previous articles.41,42

  
    [image: Equation 02]

  

  Stock solutions were prepared of each polymer in each of the solvent systems chosen, at a concentration of 1 wt/v%. These solutions were passed through a 0.45 mm mesh filter. Then 2 mL aliquots of each were transferred to previously weighed aluminum capsules and placed in a heated chamber at 50 ºC until they reached constant weight. The concentration of each solution was calculated based on the average of the masses contained in each of the two capsules.

  A 10 mL aliquot of the filtered polymer solution was placed in a Ubbelohde (0B) capillary viscometer coupled to a Haake C25P thermostatically controlled bath operated at 25 ºC. The flow time was timed to obtain at least five reproducible readings. Then, 2 mL of the solvent used to prepare the solution, after passage through a 0.22 mm filter, was added to the viscometer to dilute the sample. The system was homogenized and reproducible readings were again taken. This procedure was repeated with three further additions of 2 mL of solvent, as well as for the pure solvent. The flow times attributed to each dilution were the average of all reproducible readings. From the flow time of the pure solvent, flow times of the solutions at varied concentrations and the real concentrations of these solutions, the intrinsic viscosity of each polymer-solvent pair was calculated by extrapolation of the inherent viscosity (ηinh) (Schulz-Blaschke equation) and reduced viscosity (ηred) (Huggins equation) to the concentration equal to zero, following equations 3 to 7, in which the variables are: t = flow time of the solution; t0 = flow time of the solvent; and c = concentration of the solution.46 All the analyses were performed in duplicate.

  The solubility parameter attributed to the sample was that of the solvent system at which the highest intrinsic viscosity was observed.
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  Determination of the solubility parameter by ultraviolet-visible spectroscopy (UV-Vis)

  The solubility parameters of all the samples listed in Table 3 were measured by this technique. The methodology applied is not based on thermodynamic, as DSC, but uses the same principle of intrinsic viscosities, that is, the solubility parameter of the compound would be the same as that of the solvent system in which the compound exhibit the highest interaction. In this case, the absorbance of each system was measured, with attribution to the solute of the solubility parameter of the solvent system in which the absorbance was greatest.
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  For these analyses, a Varian Cary 50 UV-Vis spectrophotometer was used. First, scans were performed (200-800 nm) of solutions of the materials in good solvents, to determine the specific wavelength for each material and the best concentration for each analysis. This choice was based on the device's sensitivity and satisfaction of the Lambert-Beer law.47

  Sample and solvent were placed in a glass tube and agitated at 150 cycles per minute for a period of 300 s at room temperature. Then the absorbance of each solution was read. All these analyses were performed in triplicate and the results were expressed in graphs of absorbance as a function of the solvent system's solubility parameter.

  The solvent systems used in these analyses and the concentrations and wavelengths are reported in Table 3.

  Determination of the solubility parameter by microcalorimetry (µ DSC)

  This method was applied to the samples of naphthalene and sulfonated polystyrenes (PSS4a, PSS5a and PSS6a). The principle of the methodology was the same as that used for intrinsic viscosities and ultraviolet spectroscopy, that is, the solubility parameter of the compound would be the same as that of the solvent system in which the compound exhibit the highest interaction. In this case the solubilization heat of each system was measured, attributing to the solute the solubility parameter of the solvent system at which the solubilization heat was highest.

  The assays were carried out using a Setaram mDSC III containing two mixture cells, one for the reference and the other for the sample. These cells have two compartments. In the upper compartment we placed 1 mL of the solvent system and in the lower compartment 1 mg of the sample. The apparatus was programmed to operate isothermally at 25 ºC, under N2 flow. After stabilization of the baseline, the solvent was added to the solid material manually by downward movement of the piston located in the cell's upper compartment, resulting in a first peak. Then after the baseline stabilized, the piston was moved again, producing a second peak. The solubilization enthalpy was calculated from the difference between the heats detected in the first and second peaks. This procedure was performed because the movement of the piston itself during addition results in detection of the heat, due to the device's sensitivity.

  These analyses were performed in triplicate and the solubilization enthalpy values were calculated as the mean of the three readings.

   

  Results and Discussion

  Selection of the molecules

  For this study we selected molecules with low and high molar mass. Naphthalene, phenanthrene and pyrene were chosen for having low molar mass and solubility parameters (δ) already reported in the literature: 20.2 MPa1/2 13,48 and 20.3 MPa1/2;49 20.0 MPa1/2 48 and 20.1 MPa1/2;49 24.5 MPa1/2 50 and 25.2 MPa1/2;48 respectively. The reason for the slight differences in the parameter values for the same substance is the different sources consulted.13,48-50 Phenanthrene (three condensed rings) and naphthalene (two condensed rings) have very similar solubility parameters, although differing by one aromatic ring, allowing assessment of the sensitivity of the methods used. In turn, pyrene, containing four condensed rings, has a higher solubility parameter. For purposes of illustration, we can mention the solubility parameter of benzene of 18.5 MPa1/2.49 It contains only one aromatic ring, evidencing the tendency for the solubility parameter to increase with a greater number of condensed rings for the molar mass range analyzed. Polystyrene was selected for its high molar mass and δ values cited in the literature (17.0-20.8 MPa1/2).51 The range of solubility parameter values is attributed to the fact that polymers have chains with different molar masses. Polycardanol, obtained by addition polymerization,41,52 was chosen for having a chemical structure similar to that of polystyrene, but with a significantly different ratio of aromatic groups/aliphatic segments. The three sulfonated polystyrene samples were chosen for presenting slightly different polarities than the polystyrene but mutually very close among the three, also allowing assessment of the sensitivity of the procedures applied to determine δ.

  Determination of the solubility parameter by differential scanning calorimetry

  Figure 1 presents the heat flow curve in function of temperature for naphthalene. Two endothermic events can be observed: one relative to the melting of the material, at lower temperatures, and the other related to vaporization. The curves for phenanthrene and pyrene were similar. The melting and vaporization enthalpy values obtained for each sample (Table 4) are in good agreement with literature evidencing the accuracy of the data.53 Table 4 also shows the solubility parameters calculated from equation 1, using vaporization enthalpy. The solubility parameters are expressed according to the International System of Units (MPa1/2).
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  The δ values obtained for naphthalene, phenanthrene and pyrene, respectively, 19.7, 19.3 and 25.2 MPa1/2 , are very near those reported in the literature (20.2, 20.0 and 25.2 MPa1/2) and mutually coherent, that is, naphthalene has a slightly higher solubility parameter than phenanthrene, with pyrene being well above both. This method was only applied to the samples with low molar mass since molecules with high molar mass undergo thermal degradation before reaching their vaporization energy.15

  Determination of the solubility parameter by intrinsic viscosity [η]

  Macromolecules do not volatilize, so it is not possible to determine their solubility parameters using equation 1. Instead, the measurement is done by preparing various solutions using solvents with different solubility parameters and determining the respective intrinsic viscosities. The macromolecule's solubility parameter will be the same as that of the solvent in which it presented the greatest interaction, that is, the system with the highest [η]. The intrinsic viscosity permits making inferences about the polymer-solvent interaction, because it refers to an infinitely diluted solution, in the limit of vanishing concentration. At this point, only one macromolecule is considered to be present in the solution, which does not undergo the influence of other macromolecules, so that its behavior depends only on its interaction with the solvent molecules:15 the stronger the molecule-solvent interaction, the greater the expansion of the molecular coil in the solvent and the higher the intrinsic viscosity. Since this method is very arduous and time-consuming, we only performed these tests with samples PS, PSS4a and PSS6a. The principle of observation of the phenomenon limits the application of this method to molecules with high molar mass.

  Figure 2 shows the extrapolations of the reduced viscosity (ηred) and inherent viscosity (ηinh) to concentration zero for the solution of PSS6a in the toluene:isopropanol solvent mixture at 82:18. The curves presented acceptable correlation coefficients and the extrapolations of the reduced and inherent viscosities, as expected, were practically equal: 0.5521 and 0.5512 dL g-1 , respectively. The curves for all the other systems evaluated behaved similarly, but not all the extrapolations of ηred and ηinh converged to the exactly same value. The intrinsic viscosity results for all the systems, obtained from these extrapolations at concentration zero, are presented in Table 5.
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  For the polystyrene sample, although the extrapolations of ηred and ηinh did not converge to the same value, it was possible to identify the highest value of [η] for a single solvent system whose solubility parameter was equal to 18.73 MPa1/2 . We therefore attributed this value to the polymer, which is within the solubility range described in the literature (17 to 20.8 MPa1/2).51 For sample PSS4a, the extrapolation differences hampered identification of the system with the highest [η] value. In any event, the values of [η] for the systems prepared with solvents having solubility parameters of 18.99 and 19.15 MPa1/2 were very similar. We consider the d of PSS4a to be within this range. These values of δ were higher than that found for pure polystyrene, which was expected since the sulfonation increases the polarity. For sample PSS6a, the value of δ was 19.26 MPa1/2 . This is higher than the value for PSS4a, which is also coherent with the fact that sample PSS6a has a sulfonation degree of 10 mol% while for sample PSS4a this is only 5 mol%.

  Determination of the solubility parameter by ultraviolet-visible spectroscopy (UV-Vis)

  Since this technique has no limitations regarding molar mass of the material, all the samples were assessed by it. Figures 3 and 4 present the graphs of absorbance in function of the solubility parameter of the solvent systems for the naphthalene and polystyrene, respectively. As expected, the absorbance increases up to a maximum value and then decreases. The solubility parameter of the solvent system at this maximum absorbance was attributed to the solute being studied. At this solubility parameter there is a strong intermolecular interaction between the product and solvent, which provides greater solvatation, meaning more molecules in solution are able to absorb light. This behavior was observed for all the samples analyzed and the solubility parameter values attributed to the samples were: naphthalene (19.94 MPa1/2); phenanthrene (20.5 MPa1/2); pyrene (25.3 MPa1/2); PS (18.99 MPa1/2); PSS4a (19.15 MPa1/2); PSS5a (19.15 MPa1/2); PSS6a (19.26 MPa1/2) and polycardanol (18.53 MPa1/2). The values found for the samples with low molar mass were in agreement with those obtained by DSC and those mentioned in the literature. For the samples with high molar mass, the values for PS, PSS4a and PSS6a were equal to or very near those determined by [η]. The values found for PSS4a (5 mol% of sulfonation) and PSS5a (7 mol% of sulfonation) were equal, demonstrating that it was not possible to perceive the polarity differences that comes from the difference of 2 mol% in the degrees of sulfonation. However, it was possible to observe solubility differences between polystyrene (18.99 MPa1/2) and polycardanol (18.53 MPa1/2). Polycardanol is an oily soluble polymer, obtained from the addition polymerization of cardanol, which structure is constituted of a phenol meta substitute with a C15 unsaturated hydrocarbon chain containing one to three double bonds. In hydrocarbon compounds, the aromatic ring is responsible for a more polar character. Since the aromatic/aliphatic ratio is lower for polycardanol than for polystyrene, we expected the solubility parameter of polycardanol also to be lower.
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  Determination of the solubility parameter by microcalorimetry (µ DSC)

  The solubilization enthalpy values were obtained from the curves of heat flow in function of time. Figure 5 shows the curve obtained for naphthalene dissolved in hexane:dioxane (5:95). The first peak (endothermic) refers to the heat involved in the processes of sample solubilization and movement of the piston for addition of the solvent. The second peak (exothermic) refers only to the heat involved in the piston movement. The solubilization enthalpy was calculated from the difference between the enthalpy values associated with the first and second peaks. Figure 6 shows the heat flow curve in function of time for PSS5a solubilized in the toluene:isopropanol (82:18). All the polymer samples presented similar curves. In these cases, unlike for the samples with low molar mass, two exothermic peaks can be observed, the first with less area than the second. This happens because the heat involved in the endothermic process of solubilization of the sample is lower than the heat involved in the exothermic process of the piston movement. The calculation of the difference between the peaks (ΔHsolub = ΔH1st peak – ΔH2nd peak) evidences the endothermic character of the process of dissolving the polymers in the chosen solvents. This behavior is associated with the fact that solute molecules need to absorb energy to overcome their attractive interactions and separate.54
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  Table 6 presents the average solubilization enthalpy values as well as the standard deviations for all the solute-solvent systems evaluated. The standard deviations were relatively high, mainly for the analyses of naphthalene, but it was possible to observe differences between the solubilization enthalpies in the different solvent mixtures. As was observed in the UV-Vis tests, the solubilization enthalpy increases with rising solubility parameter, reaches a peak and then decreases. The δ value of the solvent system, at the maximum solubilization heat, was attributed to the solute. For naphthalene, the maximum solubilization enthalpy value was observed in the hexane:dioxane 10:90 solvent mixture, which presented a solubility parameter of 19.94 MPa1/2 , thus being the solubility parameter attributed to naphthalene by this experimental procedure. This result is in accordance with that obtained by UV-Vis spectroscopy (19.94 MPa1/2) and calorimetry (19.7 MPa1/2), which in turn are very near the values found in the literature (20.2 and 20.3 MPa1/2).13,48,49
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  It should be highlighted that to obtain a more exact measurement of the solubility parameter of naphthalene using techniques based on evaluation of solutions in solvents with distinct solubility parameters, it would be necessary to evaluate other solvent systems with solubility parameters between 19.54 and 19.94 MPa1/2 and between 19.94 and 20.22 MPa1/2 . However, such an exacting procedure would not have led to a d value equal to that cited in the literature, since in the mixture of solvents with δ equal to 20.2 MPa1/2 , both the values, of absorbance obtained by the UV-Vis and those of solubilization enthalpy obtained by the mDSC, were lower than those found for the solvent mixtures with δ of 19.94 MPa1/2 .

  The three types of sulfonated polystyrene presented maximum solubilization enthalpy values in the toluene:isopropanol 82:18 solvent mixture, which has a solubility parameter of 19.15 MPa1/2 . These results are in agreement with those obtained by UV-Vis for samples PSS4a and PSS5a, but differ from the result found for PSS6a (19.26 MPa1/2). The result obtained using UV-Vis is more coherent with the fact that the samples had distinct sulfonation degrees; since the sulfonic groups make the molecules more hydrophilic, the solubility parameter is higher.

  The experimental procedure using the mDSC technique was not able to identify small variations in the solubility parameter of the molecules with high molar mass. However, since the results were very near those expected, just as for molecules with low molar mass, we believe a more detailed investigation is necessary for adjustment, mainly of movement of the piston and the preparation and storage of the solvent mixtures.

  Comparison of the solubility parameter values obtained by the methods using DSC, [η], UV-Vis and µ DSC

  Table 7 summarizes the solubility parameters found by the various techniques employed. From a practical standpoint, all the techniques supplied information, at least approximate, regarding the solubility of the samples. However, consideration should go to the advantages and disadvantages of each method. DSC applying equation 1 is a simple, fast and reliable technique to determine δ, but it is limited to analysis of molecules with relatively low molar mass, that is, molecules that vaporize at temperatures below their thermal degradation. The technique involving determination of [η] in solvents with different solubility parameters is very laborious and susceptible to procedural mistakes. Besides this, it was not able to perceive small differences of polarity between samples of the same family. UV-Vis spectroscopy can be applied to measure the solubility parameter of molecules without limitation as to molar mass, since the solubility parameter values found experimentally were very close to those reported in the literature, and for unknown samples the values were highly coherent with the structures presented. mDSC is also adequate for a wide molar mass range and has the main advantage over the other techniques of requiring a smaller quantity of material, even though it has only provided approximate solubility parameter values when applying the procedure used in this work.
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  Conclusions

  Among the methods assessed to measure the solubility parameter, the one based on the maximum absorbance, of the sample dispersed in solvents with different solubility parameters, determined by ultraviolet-visible (UV-Vis) spectroscopy was the most suitable for a wide molar mass range. It is a relatively simple and fast method not prone to operational errors. Besides this, it is easily repeatable and highly sensitive to small solubility differences of the samples. Specifically for molecules with low molar mass, the technique of determining the vaporization enthalpy by differential scanning calorimetry is better than the UV-Vis technique because it requires a smaller sample quantity. However, for new molecules, it is necessary to determine the density of the sample, which requires more material. Therefore, it can be said that the two techniques are comparable in terms of advantages. On the other hand, for molecules with relatively high molar mass, it is not possible to determine the vaporization enthalpy, and so the procedure using UV-Vis is more suitable. The procedure involving determination of the intrinsic viscosity [h], adequate only for molecules with high molar mass, is very laborious, susceptible to operational errors and has low sensitivity. Finally, the procedure involving microcalorimetry (mDSC) is suitable for a broad molar mass range and needs only small sample quantities, but it only supplies approximate information on solubility, so it needs adjustments to obtain more exact solubility parameter values.
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    Este artigo utiliza simulações para estudar o processo de polimerização radicalar via transferência de átomo por meio da análise do comportamento das espécies químicas (polímeros "vivos", "dormentes" e "mortos"). Para isso, um modelo matemático foi desenvolvido usando o método dos momentos, e os dados experimentais da polimerização de estireno, obtidos da literatura, foram utilizados para validá-lo. A partir disto, foram obtidos perfis de concentração destas espécies, que foram posteriormente usados ​​para obter as propriedades médias dos polímeros (Mn e IPD). As propriedades foram avaliadas em diferentes valores da costante deequilíbrio (Keq) e verificou-se que os valores na ordem de 10-7 e 10-9 proporcionam o melhor controle na estrutura dos polímeros. Esta pesquisa é, por isto, um ponto de partida para a escolha ideal do sistema catalítico, ligantes e iniciadores. Além disso, a técnica de modelagem apresentou-se como uma ferramenta de fácil implementação e bastante eficiente na análise do processo ATRP.

  

   

  
    This article uses simulations to study the atom transfer radical polymerization by analyzing the behavior of the chemical species ("living", "dormant" and "dead" polymers). For this, a mathematical model has been developed using the method of moments, and experimental data from styrene polymerization, obtained from literature, were used to validate the model. From this point, the concentration profiles of all species were obtained, and later on, they were used to obtain the average properties of polymers (Mn and PDI). The properties were evaluated at different values ​​of equilibrium constant (Keq) and it was found that values around 10-7 and 10-9 provide a better control in the structure of polymers. Therefore, this study is a starting point for selecting the optimal catalytic system, binders and initiators. In addition, the modeling technique presented as a useful tool, being very effective on the analysis of ATRP processes.

    Keywords: ATRP, equilibrium constant, controlled polymerization, kinetic simulation

  

   

   

  Introduction

  In recent years the interest on synthesize macromolecules with precisely controlled sizes and functionality has increased significantly, due to the applicability of these materials as microelectronics (all computers and mobile phones), textiles, food packaging, paints, health and beauty products, controlled drugs delivery and other biomedical materials.

  A variety of these materials occurs due to structural characteristics, such as blocks copolymers, stars, telechelics, and (hyper) branched polymers. They can be synthesized using methods such as atom transfer radical polymerization (ATRP),1 nitroxide-mediated polymerization (NMP),2 and reversible addition-fragmentation chain transfer (RAFT) polymerization.3 The most powerful controlled polymerization technique is the atom transfer radical polymerization (ATRP), developed by Wang and Matyjaszewski, because it can be conducted efficiently at low temperatures and for various monomers.1

  Simulations in chemical reaction engineering are used for different reasons during the investigation and development of a reaction process or system. In the initial stages, they are used to dissect and understand the process or system. By setting up a model and studying the results from the simulations, engineers and scientists achieve the understanding and intuition required for further innovation. Once a process is well understood, modeling and simulations are used to optimize and control the process variables and parameters. These "virtual experiments" are run to adapt the process to different operating conditions.

  Since the emergence of the ATRP process, few researches on process modeling were developed.4-14 For example, Zhu developed a mathematical model for the ATRP kinetics using the method of moments.8 Butte et al. compared the kinetic models of MNP and ATRP for styrene polymerization.11 Zhang and Ray proposed a mathematical model for controlled radical polymerization in stirred tank reactors, which provides a tool for process development in design issues.13

  All these works reported above give us a set of tools that provide a preliminary analysis of the process with respect to the average properties of polymers, such as the average molecular weights and polydispersity indexes. However, only an analysis considering the concentration profiles of each chemical species provides a detailed understanding of the manner in which the polymerization occurs. Once the kinetics and also the concentrations of the species involved play an important role in the control of polymerization, a perfect understanding of these topics becomes indispensable.

  The objective of this paper is to examine the effect of the equilibrium constant (Keq) on the concentration profiles of all species involved (monomer, "living", "dead" and "dormant" polymers) through simulations of ATRP and to observe how it affects the polymerization kinetics and the control of the system.

  Unlike other studies in the literature, the key contribution of this research is to give detailed information of all species of polymer chains under three equilibrium constants to help readers understand the mechanism of ATRP and choose the best catalytic system (if they already know equilibrium constants of catalytic system).

   

  Methodology

  The mathematical model has been developed considering the reaction mechanism with the steps: initiation, propagation, chain transfer and termination. The mechanism is expressed by Equation 1 to 7.15

  Initiation:
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  Propagation:
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  Chain transfer:
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  Termination by combination:
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  Termination by disproportionation:
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  In the above equations, RX represents the initiator, C is the catalyst, XC is the catalyst in the oxidized state, M is the monomer, PnX is the dormant polymer, Pn• is the living polymer, Pn is the dead polymer.

  A population balance was developed for each species involved in the process (monomer, "living", "dormant" and "dead" polymers), considering an isothermal batch reactor as system. After that, the method of moments (Equation 8 to 10) was used to obtain the profiles of populations.16 This method was chosen because it can be used to predict the average properties of polymers with branched and linear chains, being more versatile than instantaneous method, that can be used only for polymers with linear chains.13 Usually the method of moments generates a system of equations with high stiffness, and in this work the Adams-Moulton method was used to solve the system of equations. Table 1 provides the physical meanings of population moments of order "zero".
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  In these equations, μr represents the moment of order "r" for the living polymer, lr is the moment of order "r" for the dead polymer, dr is the moment of order "r" for dormant polymer, r is the order (in this case 0, 1 and 2), n is the length of the polymer chain, [Pn• ] is the living polymer concentration, [Pn] is the concentration of dead polymer and [PnX] is the concentration of dormant polymer.

  The material balance for the monomer and the equations of population moments generate a system of ordinary differential equations that was solved numerically through a computer program developed in Fortran and using the LSODE subroutine.17 This subroutine uses the Adams-Moulton method to solve initial value problems. This method was chosen because it is very effective to deal with high stiffness in the differential equations system, which is quite common in polymerization engineering problems.

  The polymers' average properties were also calculated (Equation 11 to 14). Experimental data from Fu's research and co-workers were used,6 in order to obtain a model validation.

  Number average molecular weight:

  
    [image: Equation 11]

  

  Weight average molecular weight:

  
    [image: Equation 12]

  

  Polydispersity index:

  
    [image: Equation 13]

  

  Monomer conversion:

  
    [image: Equation 14]

  

  In order to validate the model, a styrene bulk polymerization at 110 ºC was considered, using [M]0 = 15 mol L-1, methyl-2-bromopropionate as initiator and bromide copper (I) with N,N,N',N'',N''-pentamethyldiethylenetriamine (PMDETA) as catalyst system, in a ratio of 50:1:1:1 among them.6 The set of kinetic rate constants considered in this work are summarized in Table 2.
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  Results and Discussion

  Validation of the model with experimental data from literature

  As viscosity of the system increase during polymerization, a gel effect correlation (Equation 15), proposed by Zhang and Ray, was considered in this work. In Equation (15), kt0 is the kinetic rate constant at zero conversion, and it is assumed that the termination rate constant, kt, varies with the weight fraction polymer (wp).13

  
    [image: Equation 15]

  

  Figure 1 shows a good agreement between experimental data and simulation results for the monomer conversion versus time. It can be observed that the model fits better the experimental data for higher conversions value and presents a slight deviation at low conversions, when the rate of polymerization is faster.
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  Fu et al. studied ATRP system characterized by very low solubility limits and experimental data on these limits are provided with solvent.6 However, the model presented in this work neglects these solubility limits for the ATRP catalyst in both its activated and deactivated forms. Due to these solubility limits, the polymerization rate and the effect of reaction conditions on the ATRP process will change for sure.

  Neglecting these limits was a simplification made intentionally, once this study aims to investigate the behavior of chemical species in a bulk polymerization and not in a solution polymerization, as in the research of Fu and co-workers. Nevertheless, experimental data show a very good agreement with the simulation for the evolution of molecular weight and PDI, as shown in Figure 2 and Figure 3, respectively.
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  Figure 2 shows that the number average molecular weight evolves linearly as the monomer conversion is increased. This is in agreement with a typical living polymerization.18,19 In ATRP polymerization nearly all propagating chains have the same lifetime, starting at essentially the same time and growing with negligible occurrence of chain-breaking reactions until high conversion of monomer is reached.20 Nevertheless, at high conversion, the polymerization rate decreases significantly, such that normal termination is not sufficiently suppressed, showing characteristics of a conventional free radical polymerization, i.e. , the chain-breaking reactions become high enough to promote a slight deviation from linearity in the evolution of molecular weight, especially in higher order kinetics.19

  Once the mathematical model takes into account the termination and chain transfer in its mechanism, the slight deviation from linearity at high conversions (above 50%) can be attributed to that. Nevertheless, it is important to note that this deviation is very small, confirming the expected for a typical controlled polymerization.

  Figure 3 shows that the ATRP process can maintain a good control of the polydispersity index (PDI lower than 1.5). The model fits the experimental data, so that it may be a good approximation to represent the system. The mathematical model considers a generic mechanism to represent any ATRP process and the computational program was developed in a generic way, being possible to use it for different kinds of monomer, initiators, binders and catalysts. Thus, this model can be used to represent any ATRP process since all parameters are known. Moreover, one can use the model to estimate parameters (kinetic constants, for example) for a specific system and promote the optimization and process scale up.

  Influence of Keq in the concentration profiles of reaction components

  For a detailed understanding of the ATRP process, an analysis of concentration profiles of all components involved is necessary. The equilibrium constant of the ATRP process refers to the ratio between the kinetic constant of activation and deactivation of the catalytic species. Figure 4 discusses the equilibrium constant's influence on the profile of "living" polymers.
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  From Figure 4, it is clear that the living polymers concentration had a sharp increase in the first minutes of reaction. This happens in other controlled polymerization, like nitroxide mediated radical polymerization.2 In the first minutes of reaction, the generation of free radicals, due to the dissociation of initiator, is faster than the step in which the controller traps the chain, making the concentration of radicals increase rapidly. After a while, more chains become dormant, reducing the radical concentration. After two hours, there was a significant reduction in radical concentration. This is in agreement with a typical living polymerization in which all living polymer chains are maintained in a reduced concentration due to the addition of dormant species.20

  It is noteworthy that, in a typical ATRP process, the equilibrium constant is around 10-7 . One can obtain other results by varying this experimental conditions,21 however, if the equilibrium constant is higher than 10-7 (like 10-5 , in Figure 4) the polidispersity become bigger than 1.5 (see Figure 9); and if the equilibrium constant is lower than 10-7 (like 10-9 , in Figure 4), the rate of polymerization become very slow (see Figure 7). Figure 5 expresses the influence of Keq in the dormant polymer.
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  From Figure 5, we can see a drastic change in the concentration of dormant polymer during the process when the equilibrium constants are changed. Firstly, in a typical ATRP (Keq = 10-7 and 10-9), the concentration of dormant polymer shows a slight decrease. This fact suggests that the control provided by the addition of dormant species is occurring effectively. Moreover, by increasing the equilibrium constant, the concentration of dormant species reduces drastically (see larger ratio Keq = 10-5). In addition, from Figure 5, one can get a sense of the polymer functionality at any moment of the reaction, what means that the concentration of functional polymers can be obtained. Several works address the terminal functionality using the ATRP process.22,23

  Figure 6 expresses the influence of Keq in the dead polymer concentration. The literature discuss that in a successful ATRP, the dead polymer concentration during the process is negligible.24 It is quite evident for the Keq = 10-7 and 10-9 (see Figure 6). In this case, the dead polymer concentration does not reach 2 × 10-3 mol L-1 , confirming what is expected in theory. Unlike this, when equilibrium constant increases, the dead chains concentration tends to increase significantly, approaching a conventional radical polymerization process.

  It is interesting to noted that, in Figure 4, for Keq = 10-7 and Keq = 10-5 , the radical concentration profiles are almost the same for both cases, however a lot of radicals become dead polymers when Keq = 10-5 (see Figure 6), differently from the case when Keq = 10-9 , in which a reduction of radical concentration due to termination is very slow (tending to zero).

  This results in only a small percentage of chains undergoing irreversible radical-radical termination that removes the functionality from the chain ends. However, this small amount of termination leads to a buildup of excess deactivator. Thus, favoring deactivation further over radical-radical termination and thereby enhancing control. This scenario is termed the persistent radical effect and has been shown by Fischer25,26 and ourselves,19 to be operating in both ATRP and NMP.

  Figure 7 deals with the influence of Keq on the monomer conversion. An initial examination of Figure 7 shows that as the equilibrium constant increases there is also an increase in the monomer conversion versus time. Thus, it is confirmed that the polymerization rate tends to be lower in controlled radical polymerization. For a low equilibrium constant (Keq = 10-9), it is apparent a drastic reduction in the rate of polymerization, causing the total monomer conversion lasts hours. Figure 8 compares the average molecular weights obtained in different numerical values of Keq.

  Analyzing Figure 8, we see that as equilibrium constant is increased, there is a slight increase in the number average molecular weight (Keq = 10-5;  Mn = 9500 in 2 hours of reaction). Unlike to this, in low equilibrium constant, the polymers obtained will have low molecular weight (Keq = 10-9;  Mn = 3700 in 2 hours of reaction). Figure 9 expresses the influence of Keq on the polydispersity index.

  According to Figure 9, it can be seen that the polydispersity indexes tend to unity for the values of Keq = 10-9 and Keq= 10-7 . Comparing these two values, it can be seen that the lower equilibrium rate constant gives lower values of PDI, being the control more effective as described by Fischer.25 In contrast, for high equilibrium constant values (Keq = 10-5) the PDI values deviate from the unit in a progressive manner.

  The difference on the PDI when considering Keq = 10-7 and Keq = 10-9 is very small, however the polymerization rate is very fast when Keq =10-7 is considered (see Figure 7). All simulation profiles have to be analyzed together in order to choice the ideal Keq. This analysis is summarized in Table 3.
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  From the analysis of Table 3, it is evident that the equilibrium constant around 10-7 is more suitable for ATRP process, since it provides higher values of molecular weight and low polydispersity index. Also, the total conversion of monomer is achieved in less curing time (65 % in two hours of polymerization, according to Figure 7). This account for the majority of the researches available in the literature that adopt for catalytic systems values of Keq in this order of magnitude. Nevertheless, many studies in the literature address the applicability of other values of equilibrium constant to obtain a specific material characteristic.

  For example, Schroender et al. estimated Keq for different catalyst systems.21 The values ​​for this constant ranged from 10-9 to 10-5. Thus, this work can be a good reference for selecting the catalyst system to obtain a material with specific characteristics. The materials of low molecular weight and PDI close to unity, for example, are widely used in biomedical and pharmaceutical field.27,28 Thus, a catalyst system with Keq about 10-9 would be appropriate for this synthesis.

  On the other hand, several other applications require materials with higher molecular weights and low PDI, for example, specific applications in the automotive industry and aerospace.29 In this case, a higher value of Keq is more appropriate because, in addition to providing these macromolecular characteristics, also influence the velocity and yield of reaction, once a greater amount of material must be produced to meet the high demand. Therefore, an initial analysis of Keq for the ideal choice of initiator and catalyst system becomes an indispensable tool for the effective control of the polymerization and the future application of the material.

   

  Conclusion

  An analysis of the simulation data of styrene ATRP was carried out in this work using a kinetic mathematical model considering the method of moments. We evaluated the influence of equilibrium constant on the concentration profiles of all species ("living", "dormant" and "dead" polymer) involved in the process and also the influence on the average properties (Mn and PDI) in the formed polymers. The results suggest that an equilibrium constant around 10-7and 10-9 would be ideal for a controlled synthesis using ATRP. Therefore, the analysis proposed in this work becomes a starting point for an optimal choice of catalyst, binder and initiator. Plus provide the readers details of the behavior of chemical species involved in the process, which differentiates it from most of the works that discuss only the average properties. Furthermore, the modeling and simulation technique used in this work can be an easy and comprehensive tool for the analysis and design of chemical reactors, once it is robust and represent different ATRP systems (different monomers, catalyst and initiators), if the parameters are known.
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    O objetivo do presente trabalho foi otimizar o procedimento para extração de substâncias húmicas de turfa, utilizando fluxo contínuo, com diferentes extratores (NaOH, KOH e Na4P2O7). A influência do extrator na capacidade de complexação das substâncias húmicas por macro e micronutrientes também foi investigada. Os resultados mostraram que a extração por fluxo contínuo é eficaz, reduzindo o tempo necessário para o passo de extração e, além disso, indicando que as substâncias húmicas apresentaram elevada afinidade para os nutrientes essenciais Ca2+ e Mg2+ . Além disso, as maiores capacidades de complexação foram obtidas quando utilizou o extrator Na4P2O7, mostrando não só a eficiência desse composto como agente de extração, mas também a sua aplicação promissora no processo, uma vez que a sua elevada capacidade de complexação permite disponibilizar os nutrientes complexados, bem como diminuir a quantidade de estes nutrientes que podem ser lixiviados, contribuindo, assim, para evitar contaminação do meio ambiente.

  

   

  
    The aim of the present work was to optimize a procedure for extraction of humic substances (HS) from peat, using continuous flow with different extractants (NaOH, KOH and Na4P2O7). The influence of extractant on the complexing capacity of humic substances for macro and micronutrients was also investigated. Our results showed that the extraction by flow is efficient, reducing the time required in the extraction step and, furthermore, indicating that the extracted HS have a high affinity for the essential nutrients Ca and Mg. Moreover, an enhanced complexation was achieved by using Na4P2O7, demonstrating not only the efficiency of this compound as extractant, but also its promising application in the process, since its high complexing capacity allows to make available the complexed nutrients as well as diminishing the amount of these nutrients that could be lixiviated, thus contributing to prevent environmental contaminations.

    Keywords: humic substances, peat, complexation capacity, continuous flow extraction

  

   

   

  Introduction

  Peat are natural sinkholes of macro and micronutrients and carbon of the soil. The accumulation of these species in the peat is due to processes involving biochemical reactions and complexation with organic matter.1 The fraction of this organic matter, with undefined chemical structure, is called "humic substances" (HS) and the study of their characteristics as complexing agents is of great environmental interest, because they act directly on the bioavailability of different species in the environment.2

  One of the first issues, when studying HS, is the extraction of humic material, taking into account that the extraction conditions may change their physicochemical properties. Thus, it is fundamentally important to extract them with minimal change into its original structure.3

  Considering the extraction of humic substances from soil, two classes of extractants are designated:

  - moderate extractants;

  - alkaline extractants.

  The moderate extractants represent a class of less drastic extractants, and the major are: sodium pyrophosphate, organic complexing agents in aqueous medium, such as acetylacetone and 8-hydroxyquinoline, formic acid, acid mixture and organic solvents of various types.3-5 These extractants seem to decrease the occurrence of structural changes into the organic material, in spite being less effective than alkaline extractants.

  Due to the high extracting power, NaOH, Na2CO3 and KOH solutions have been the most used in the extraction of soil organic matter, however, different extractants, such as Na4P2O7 and their mixtures with NaOH, have also been used.6-11 Despite the higher efficiency, the use of alkaline solution for extracting HS can change the organic matter by hydrolysis or self-oxidation.5,12 Nevertheless, the most used procedure in such extractions is still based on the use of alkaline solution (NaOH), enabling comparisons among different works.9,11,13

  Nowadays, fertilizers commercialized as "organics" and/or "natural", e.g., peat or humic substances extracted from peat, are enriched with macro and micronutrients which, according to the manufacturers, are released to the plant as it needs. This is a relatively new market, with great economic potential and, therefore, very attractive. However, there is still no proper regulation for this sector, mainly because there is no scientific data about the releasing processes of those nutrients by HS. Having in view a better yield and lower environmental impact, studies are necessary to analyze the interactions (for example, the complexation capacity) between metal species (essential macro and micronutrients) and humic substances.14

  Several chemical models seek to evaluate the modeling of the interactions between the HS and metal species.15,16 The NICA-Donnan model is a combination of the non-ideal competitive adsorption (NICA) isotherm description of binding to a heterogeneous material, coupled with a Donnan electrostatic sub-model describing the electrostatic interactions between ions and the humic material. NICA-Donnan has been shown in several studies to be a versatile model capable of describing observed humic ion-binding behavior well over a wide range of conditions.17,18

  Therefore, the objective of this study was the optimization of the extraction process by continuous flow of humic substances from peat for commercial purposes, using different extractants (NaOH 0.1 mol L-1, Na4P2O7 0.1 mol L-1 and KOH 0.1 mol L-1) as well as the evaluation of the influence of the extraction on the complexation of nutrients by HS. In this way, these results may provide subsidies for the application of HS enriched with nutrients in agricultural soils, reducing environmental impacts.

   

  Experimental

  Sample collection and preparation

  The peat samples have been collected around the Mogi River region, near to Ribeirão Preto city, São Paulo State, Brazil. Figure 1 shows the sampling procedure, at a depth of 50 cm, so that single samples A1-A5 formed the composite sample A.

  
    

    [image: Figure 1. Diagram of the procedure]

  

  The samples were, then, transferred to wood trays and, after air drying, passed in a plastic sieve with a 2 mm mesh.

  Extraction of humic substances

  Continuous flow

  The extraction of HS by continuous flow was carried out by transferring a 5.00 g sample of peat into the extraction flask (EF), under magnetic stirring; the extractant solution (50.00 mL) (R1) was added at a flow rate of 1.0 mL min-1 through the tube 1 (T1). Nitrogen was injected into the EF at a flow rate of 100 mL min-1 to minimize the material oxidation. The extracted HS were suctioned to the tube 2 (T2) at a flow rate of 1.0 mL min-1, passing through the filter (F1) in order to retain the insoluble part, called 'humin' and the supernatant was then dried in a greenhouse with air exchange for subsequent determination of the yield (Figure 2). In the extraction of HS by continuous flow, the addition of the extracting agent occurs at a rate of 1.0 mL min-1, thus the overall extraction time decreases, being performed within 2 h. The extractants used were: NaOH, KOH and Na4P2O7, at the concentration of 0.1 mol L-1.
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  Batch

  The extraction of humic substances by batch was made through methodology, recommended by IHSS.13 The extractants solutions: NaOH, KOH and Na4P2O7 (0.1 mol L-1) were mixed with 5.0 g of peat in the ratio of 1:10 (m/v) and the mixture was left under mechanical stirring for 4 hours in the Jar Test equipment - JT 102, under a nitrogen atmosphere. Afterwards, the supernatant was separated by letting it to dry in a greenhouse, with air renovation for subsequent determination of the yield.

  Humic substances purification

  Inorganic (for example, salts, metal species etc. ) and organic (for example, carbohydrates, proteins, lipids etc. ) impurities are usually present in extracted HS.13 Thus, the material requires purification to avoid the influence of contaminants on results related to the properties and characteristics of the HS.

  Preparation of dialysis membranes

  The procedure used for the preparation of dialysis membranes (SAMLESS CELL 16 X 100 CLEAR) was carried out as described by Town et al,.19 After treatment for 10 minutes with solutions of NaHCO3 2% (m/v) and Na2EDTA 0.01 mol L-1, the membranes were washed with water (at 65 ºC) and stocked at –6 ºC.

  Dialysis of humic substances

  The humic extract was purified using the dialysis membrane against deionized water, until it has given negative test for chlorides (with silver nitrate solution 0.10 mol L-1). In addition, measurements of the deionized water conductivity were made until it has reached the initial value, i.e., before the contact with the dialysis membrane.

  Determination of extraction yield

  Extraction yield was calculated as the ratio between the mass of organic material extracted by the system (using continuous flow or batch) and the mass of dry peat submitted to extraction.

  Determination of the complexing capacity of humic substances for macro and micronutrients by continuous flow with different extractants

  The tangential ultrafiltration system, proposed by Burba et al.,20 was used to determine the complexing capacity of HS extracted from peat samples by flow, for macronutrients (Ca2+ and Mg2+) and micronutrients (Zn2+, Co2+, Mn2+, Cu2+ and Mo2+), individually. The titrations were carried out in volumes of 250 mL of HS solution 100 mg L-1, extracted with NaOH 0.1 mol L-1, KOH 0.1 mol L-1 and Na4P2O7 0.1 mol L-1 (with the pH adjusted to about 5.5 with NaOH 0.1 mol L-1). Before the addition of the micro and macronutrients solutions, the system remained pumping during about five minutes for the membrane conditioning. Subsequently, the first aliquot was filtered (approximately 2 mL), corresponding to time zero, i.e., before the addition of nutrients solution. This aliquot includes a small amount of nutrients, corresponding to the free fraction (not complexed to HS) plus that fraction originally bound to the HS, with molecular size smaller than 1 kDa. Then, nutrients solution aliquots were added to the HS solution in order to achieve final concentrations of: 0.24, 0.48, 0.72, 1.32, 1.92, 2.52, 3.72, 4.92, 6.12 and 7.32 mg L-1 . After each addition, the system remained under stirring for 10 minutes to reach the complexation equilibrium. Aliquots were collected (about 2 mL) and the concentrations of free macro and micronutrients (not complexed by humic substances) determined by ICP-OES.14,21

  Determination of macro and micronutrients

  The concentrations of macro and micronutrients were determined by Atomic Emission Spectrometry with induced argon plasma (ICP-OES), Thermo Jarrell Ash, according to the manufacturer's guidelines.17

   

  Results and Discussion

  Comparison between HS extraction by batch and by continuous flow

  The extraction yields (Table 1) show that the extraction by continuous flow leads to better yields, when compared with the system by batch, decreasing about 2 hours the time required for extraction. These results may be attributed to the continuous renovation of the humic material and are in accordance with those obtained by Rosa et al.,22 which evaluated the continuous flow extraction of humic substances from soils with NaOH.
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  Considering the different extractants, the highest yields for both extraction systems were obtained with NaOH 0.1 mol L-1 . Among the different extractants, Na4P2O7 has been shown to be a strategic extractant, aiming agricultural applications of humic material, because the extraction in this case may occur simultaneously with the enrichment of the HS with phosphorus, an essential macronutrient. The literature has been suggesting the use of a mixture of NaOH and Na4P2O7 as extractant, due to the little modifications in the chemical structure of extracted humic material.9,10 However, it is important to emphasize that there should be a control on the amount of extractant added, especially of Na4P2O7 and the phosphorus amount retained in HS, because an excess of phosphorus might cause high environmental impact. Thus, parameters for controlling the amount of phosphorus released are of great environmental concern and the determination of the complexing ability of HS with macronutrients has shown to be a promising parameter to this purpose.

  Determination of the conditional complexing capacity of HS of peat extracted by flow with different extractants for macro and micronutrients.

  For the commercialization of humic substances as organic fertilizer, beyond the extraction step, the enrichment of the extracted material with macro and micronutrients is a common practice, providing to consumers a better product from the agronomic viewpoint. However, little is known about the ability of extracted HS to complex those nutrients. Therefore, the complexing capacity (CC) data are useful, giving the maximum concentrations of nutrients that HS can complex, preventing waste as well as possible environmental contaminations due to the excess of nutrients lixiviated into springs, which could lead to eutrophication.

  The determination of the conditional complexing ability of HS at pH 5.5, extracted from peat samples by flow for macronutrients (Ca2+ and Mg2+) and micronutrients (Zn2+, Co2+, Mn2+, Cu2+ and Mo2+) was made by titration, using the tangential ultrafiltration system. During titration, firstly occurs the saturation of the stronger binding ligands and, after that, the saturation of the weaker. Thus, a typical curve used in the determination of the complexing ability of HS with those nutrients is obtained by plotting the concentration of the free nutrient against the total nutrient concentration (mmol L-1) (Figure 3). The curve shows an inflection point and the complexing ability is obtained by the intersection of the two linear sections of the graphic (Figure 3).
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  The CC values determined for the HS bring important quantitative data, such as the complexed amount of each metal as well as information about the affinity of the HS for different metal species. Thereby, according to the Table 2, the following increasing order of affinity between the studied metal ions and the humic substances from peat, extracted with different extractants, can be established:

  HS extracted with NaOH 0.1 mol L-1 : Mo2+ < Co2+ < Cu2+ < Zn2+ < Mn2+ < Mg2+ < Ca2+

  HS extracted with KOH 0.1 mol L-1 : Mo2+ < Cu2+ < Co2+ < Zn2+ < Mn2+ < Mg2+ < Ca2+

  HS extracted with Na4P2O7 0.1 mol L-1 : Mo2+ < Cu2+ < Co2+ < Zn2+ < Mn2+ < Mg2+ < Ca2+
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  Analyzing the conditional complexing capacity of humic substances extracted from peat samples with different extractants, it was observed that the greater affinity is related to magnesium and calcium. This higher affinity, in turn, may be related to the great amount of oxygenated groups present in the HS samples. The elements Mo2+, Co2+ and Cu2+ showed low affinity for humic substances, independently of the extractant used.

  The results from Table 2 also show that the studied elements (Ca2+, Mg2+ and Mn2+) presented higher conditional complexing capacity for the humic substances extracted with sodium pyrophosphate, when compared to other extractants. Furthermore, several studies show that humic substances extracted with sodium pyrophosphate have higher concentrations of oxidized molecules.23,24 According to Gieguzynska et al.,24 Ca2+ and Mg2+ are able to establish bonds between the local charges of negative surface and anionic humic macromolecules.

  Studies proposed by Milne et al.16 using the NICA-Donnan model showed that in interactions between fulvic acid (FA) and calcium ions, the metal ions are almost entirely connected with the first distribution sites (carboxylic groups present in the structure of HS), with a greater contribution to the sites of the second distribution (smaller groups present in the structure of HS) for metal-FA. Thus, it might be inferred that the greater affinity of Ca2+ and Mg2+ for HS extracted with pyrophosphate may be related to the large amount of oxygenated groups present in the HS structures.

  The interactions between the metal species and HS strongly depend on the metal ion and pH. At pH 5.5 (experiments in this work) the contribution of electrostatic interactions will be through the Donnan effect.16

  In determination of the complexing ability of HS occurs the saturation of binding sites. In this case, the observed differences in the conditional complexing capacity shows the differences between the HS materials come from the extraction procedures and there are differences in the total number of sites available for binding metals.

  The highest conditional complexing ability of the extracted HS for the macronutrients calcium and magnesium was observed with all extractants, indicating a high affinity of HS for Ca2+ and Mg2+ . Moreover, the complexation of these macronutrients by HS is also favored when using sodium pyrophosphate as extractant. Studies proposed by Rosa et al.,22 showed that the use of different extractants influences directly the performance of the HS, however, they might not act, depending on the functional groups present in its structure. Accordingly, the greater affinity of HS extracted with pyrophosphate for nutrients is due to possible molecular rearrangements occurred during the extraction process. These results show that the use of sodium pyrophosphate as humic extractant is interesting, since it has high affinity for macro and micronutrients, compared to other extractants. Thus, the HS extracted with sodium pyrophosphate, can be enriched with nutrients, presenting interesting characteristics for commercial purposes.

  Once applied to the soil, these HS can provide the complexed nutrients and, thanks to a high complexing capacity, reduce the amount of these nutrients that could be leached. Therefore, our results provide a manner for an appropriate enrichment of HS extracted from peat for commercial purposes, preventing environmental impacts as well as adding commercial value to the product.

   

  Conclusions

  The continuous flow showed to be adequate and efficient, reducing the time required for extraction and providing higher yields when compared with the batch procedure, saving work in the steps of filtration, centrifugation, pH adjustment and handling of samples.

  The conditional complexing capacities showed that, independently of the extractant, the HS presented higher affinity for Ca and Mg, indicating that, even if a change in the chemical structure of humic molecules occurs during the extraction, it does not affect the complexing capacity. However, the molecular rearrangement during the extraction process, using sodium pyrophosphate, favored complexation with essential macronutrients. Thus, the use of sodium pyrophosphate as extractant, despite not presenting the highest yield, increases the complexation capacity of humic material with essential macronutrients, demonstrating to be very promising in the extraction of HS, aiming their agricultural application.
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    Quatro novas dibenzociclooctadienolignanas, neglectalignanas A-D (1-4), juntamente com dezenove compostos conhecidos (5-23), foram isolados das hastes de Schisandra neglecta. Suas estruturas e esteroquímicas foram elucidadas por métodos espectroscópicos, incluindo as técnicas de ressonância magnética nuclear (RMN) de 1D e 2D, e espectrometria de massas de alta resolução com ionização por electrospray (HR-ESI-MS). Avaliou-se as atividades anti-HIV e a citotoxicidade dos compostos 1-4, e os resultados mostraram que os compostos 1-4 apresentam atividadade anti-HIV moderadas com valores de índice terapêutico (TI) acima de 61,7, 22,6, 57,7 e 27,9, respectivamente, e atividades citotóxicas fracas contra algumas das linhas celulares selecionadas.

  

   

  
    Four new dibenzocyclooctadiene lignans, neglectalignans A-D (1-4), together with nineteen known compounds (5-23) were isolated from the stems of Schisandra neglecta. Their structures and stereochemistries were elucidated by spectroscopic methods, including 1D-, 2D-nuclear magnetic resonance (NMR) and high-resolution electrospray ionization mass spectrometry (HR-ESI-MS) techniques. Compounds 1-4 were evaluated for their anti-HIV activities and cytotoxicities. The results revealed that compounds 1-4 showed moderate anti-HIV-1 activities with therapeutic index (TI) values above 61.7, 22.6, 57.7, and 27.9, respectively, and weak cytotoxic activities for some selected cell lines.
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  Introduction

  The family Schisandraceae, consisting of Schisandra and Kadsura genera, is medicinally important. The stems and fruits of Schisandraceae plant are commonly used in traditional Chinese medicine for their diverse beneficial bioactivities.1,2 Previous studies showed that plant of the Schisandraceae family are rich in lignans, especially dibenzocyclooctadienes, which have been found to possess some beneficial pharmacological effects, including anti-HIV, antitumor, cytotoxic, antioxidant and antihepatotoxic effects.3-5

  Schisandra neglecta A. C. Smith is a climbing plant mainly distributed in southwest China. In previous studies, some new dibenzocyclooctadiene lignans were isolated from the fruits of S. neglecta from Dali Prefecture, Yunnan Province,6 the stems of S. neglecta from Xizang Autonomous Region,7,8 and the stems of S. neglecta from the Xichang Prefecture, Sichuan Province.9 In our continuing efforts to identify bioactive natural products from the Schisandraceae medicinal plants, a chemical investigation on the stem of S. neglecta, indigenous to the Dali Prefecture of Yunnan Province, was carried out, leading to the characterization of four new dibenzocyclooctadiene lignans, together with nineteen known compounds. In addition, the anti-HIV-1 activities and cytotoxicities of compounds 1-4 were evaluated.

   

  Results and Discussion

  The stems of S. neglecta were extracted with 70% acetone. The extract was subjected repeatedly to column chromatography on silica gel, Sephadex LH-20, RP-18, and semi-preparative reverse phase high performance liquid chromatography (RP-HPLC) to afford four new dibenzocyclooctadiene lignans, named as neglectalignans A-D (1-4), together with nineteen known compounds (5-23), which were identified by comparison with literature data as rubrisandrin A (5),10 schinegllignan A (6),6 schinegllignan B (7),6 marlignan B (8),11 rubrilignan B (9),12 marlignan G (10),11 epigomisin O (11),13 gomisin D (12),13 wilsonilignan C (13),14 rubschizantherin (14),13 isogomisin O (15),15 gomisin T (16),16 schizandrin (17),13 (+)-gomisin K (18),13 angeloygomisin Q (19),13 tigloygomisin Q (20),13 benzoylgomisin Q (21),17 gomisin D (22),18 and gomisin E (23)15 (Figure 1).
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  Compound 1 was obtained as a yellow gum, and the molecular formula was determined as C23H28O7 by HRESIMS at m/z 439.1725 [M+Na]+ (calcd m/z 439.1733). Its 1H and 13C NMR spectra (Table 1) showed signals for 28 hydrogens and 23 carbons, respectively, corresponding to two aromatic rings with two aromatic protons (δH 7.02 and 6.54), two methylene carbons (δC 36.0 and 39.8), two methine carbons (δC 34.1 and 41.8), two methyl groups (δC 12.8 and 21.8), three methoxy groups (δC 60.1, 60.6, and 60.5), two phenolic hydroxy groups (δH 10.61 and 11.16), and an acetoxy group (δC 169.9 and 21.0). UV spectrum displayed absorption bands at 210 and 245 nm. The IR spectrum showed the presence of hydroxy group (3452 cm-1) and ester group (1748 cm-1). In addition, 1H-1H COSY correlations of H-6/H-7/H-8/H-9, H-7/H-17, and H-8/H-18 (Figure 2), together with the HMBC correlations (Figure 2) of H-11 (δH 6.54) with C-9 (δC 36.0), C-10 (δC 134.9) and C-15 (δC 119.8), and of H-4 (δH 7.02) with C-5 (δC 135.2), C-6 (δC 39.8), and C-16 (δC 122.0) implied that 1 is a dibenzocyclooctadiene lignan possessing three methoxy groups, two phenolic hydroxy groups, and an acetoxy group. The 1H and 13C NMR spectra of 1 were found to be similar to those of marlignan A.11 Analysis of the 1H and 13C NMR data of 1 suggested that the only difference was due to a hydroxy group in marlignan A on an aromatic ring being replaced by an acetoxy group in 1. A hydroxy group located at C-3 was supported by HMBC correlations of the hydroxy proton signal at dH 10.61 with C-2 (δC 140.5), C-3 (δC 150.3) and C-4 (δC 107.0), and another hydroxy group located at C-14 was supported by HMBC correlations of proton signal at dH 11.16 with C-13 (δC 140.0), C-14 (δC 140.0), and C-15 (δC 140.0). The HMBC correlations of three methoxy protons (δH 3.84, 3.90, 3.89) with C-1, C-2, and C-13, suggested that these methoxy groups could be positioned at C-1 (δC 151.6), C-2 (δC 140.5), and C-13 (δC 140.0), respectively. Since the positions of hydroxy and methoxyl groups were determined, the acetoxy group should be located at C-12. In the cyclooctadiene ring, the signals for two methines were assigned to C-7 and C-8, two benzylic methylenes were attributed to C-6 and C-9, and two methyl groups located at C-17 and C-18, respectively, based on the analysis of its 1H-1H COSY and HMBC spectra. Thus, the planar structure of 1 was established.
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  The CD spectrum of 1 gave a negative Cotton effect at 252 nm and a positive Cotton effect at 225 nm, indicating that 1 has a S-biphenyl configuration.19,20 The ROESY correlations between H-4/H-7, H-4/H-6β, H-9β /H-11, H-9β/CH3-17, H-9α/CH3-18, H-9α/H-8, and CH3-17/CH3-18 in 1 suggested a twist-boat-chair (TBC) conformation for the cyclooctadiene ring.19,20 The substituent positions and stereochemical assignments in the cyclooctadiene ring of 1 were supported by computer generated molecular model using MM2 force field in CS Chem 3D (Figure 3). Thus, the structure of 1 was determined as shown, and this compound has been given the trivial name as neglectaphenol A.
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  Compound 2 was obtained as a yellow gum, and showed sodiated molecular ions at m/z 439.1736 in the HRESIMS (calcd m/z 439.1733), indicating the same molecular formula with that of compound 1. The 1H- and 13C NMR spectra of 2 were similar to those of 1 (Table 1). The IR spectrum also showed the presence of hydroxy group (3458 cm-1) and ester group (1746 cm-1). The obvious chemical shift differences resulted from the substituent group variations in the aromatic rings. Analysis of the HSQC, HMBC, and ROESY spectra of 2 showed that three methoxy groups are located at C-2, C-12, and C-13, two phenolic hydroxy groups at C-1 and C-14, and one acetoxy group located at C-3. Thus, the structure of 2 was established, and it has been accorded the trivial name neglectaphenol B.

  Compound 3, obtained as a yellow gum, was assigned the molecular formula, C24H32O7, from its HRESIMS at m/z 455.2034 [M+Na]+ (calcd m/z 455.2046). Its 1H, 13C and DEPT NMR spectra showed signals for 24 carbons and 32 hydrogens (Table 2), corresponding to two aromatic rings with two aromatic protons (δH 6.98 and 6.69), one methylene (δC 37.6), two methines (δC 37.8 and 36.5), one oxygenated methine (δC 88.2), two methyl (δC 17.1 and 17.3), four methoxy (δC 60.5, 60.9, 60.3 and 60.7), two phenolic hydroxy groups (δH 9.72 and 10.00), and an ethoxy group (δC 63.3, 15.5). The HMBC correlations of H-11 (δH6.69) with C-9 (δC 37.6), C-10 (δC 137.2), and C-15 (δC 121.2), and of H-4 (δH 6.98) with C-5 (δC 136.0), C-6 (δC 88.2), and C-16 (δC 123.5), together with 1H-1H COSY correlations of H-6/H-7/H-8/H-9, H-7/H-17, and H-8/H-18, as well as UV absorption bands at 205 and 240 nm, implied that 3 was also a dibenzocyclooctadiene lignan.19,20 However, the IR spectrum was different from that of 2 with the absence of an ester group (1746 cm-1). The ethoxy group located at C-6 was supported by the HMBC correlations of the oxygenated methylene proton (δH 3.22) with C-6 (δC 88.2), and of H-6 (δH 4.06) with oxygenated methylene carbon (δC 63.3). In dibenzocyclooctadiene lignans, the chemical shifts of methoxy groups at C-3 and C-12 occur at dC 55-56, whereas those of methoxy groups at C-1, C-2, C-13, C-14 are found to be dC 60-61.3,21 Four methoxy groups located at C-1, C-2, C-13, and C-14 were confirmed by the analysis of its HMBC spectrum in 3. According to the molecular formula, the quaternary carbon at C-3 and C-12 should both be substituted by a hydroxy group. In the cyclooctadiene ring, the oxygenated methine carbon was assigned to C-6 on the basis of the HMBC correlation from H-4 (δH6.98) to C-6 (δC 88.2). The CD spectrum of 3 (negative Cotton effect at 249 nm and a positive Cotton effect at 220 nm) indicated that 3 has a S-biphenyl configuration.19,20 The ROESY correlations between H-4/CH3-17 and H-11/H-9β in 3 suggested a twist-boat-chair (TBC) conformation for the cyclooctadiene ring.19,20 The configuration of the ethoxy group attached to C-6 was deduced as being b-oriented by the chemical shift (δC 88.2), which was similar to b-oriented derivatives of the marlignan J,11 and distinct from that of 6-a-oriented components in dibenzocyclooctadiene lignan family.22 This was confirmed by the ROESY correlations between H-4/H-6α and H-4/CH3-17. Thus, the structure of 3 (neglectaphenol C) was established, as shown.
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  Compound 4 was obtained as a yellow gum. Its molecular formula was determined as C22H26O7 by its HRESIMS m/z 425.1577 [M+Na]+. It showed absorption maxima in the UV spectrum at 210, 243 nm, and a strong negative Cotton effect at 250 nm in the CD spectrum, indicating that 4 is a C18 dibenzocyclooctadiene lignan with an S-biphenyl configuration.18,19 The 13C NMR spectrum showed the signals of 12 carbons belonging to a biphenyl at δC 103.9 -153.4 (Table 2). Besides the aromatic protons of biphenyl that appeared at δH 6.89 and 6.62 (1H each, s), the 1H NMR spectrum of 4 also indicated the presence of one methylenedioxy unit at δH 5.92, 5.99 (1H, each s), three methoxy groups at δH 3.93, 3.98, and 3.96 (3H each, s), one phenolic hydroxy group (δH 10.81, brs), and two secondary methyls at δH 0.96 (3H each, d, J 7.2 Hz) and 1.03 (3H, d, J 7.2 Hz). From the HMBC spectrum of 4, it was found that the single sp3 oxymethine carbon resonating at C-6 (δC 73.2, d) correlated with a proton at H-6 (δH 4.93, 1H, brs), and correlations observed from H-6 (δH 4.93, brs) to the aromatic C-4 (δC 110.0 d) and C-16 (δC 122.8 s) were used to assign the oxymethine group at C-6. Further analysis of the HMBC spectrum showed that the methylenedioxy unit was attached to C-12 and C-13, the three methoxy groups were located at C-1, C-3, and C-14, and the phenolic hydroxy group located at C-2 respectively.

  The α-orientation of the hydroxy group at C-6 was confirmed by its chemical shift of 13C (δC 73.2 d), and 1H (δH 4.93, brs), which was similar to that of the α-oriented derivatives of gomisins.15,23 This was further confirmed by the ROESY correlation for one of the C-9 protons (δH 2.15) with the aromatic H-11 (δH 6.62), which allowed the assignement of b H-9 orientation. The ROESY correlations found between H-9b (δH 2.15) and H-8 (δH 2.44) and between H-7 (δH 2.05) and H-6 (δH 4.93) confirmed the α-orientation of 6-OH.15,23 The above observations were used to establish the structure of neglectaphenol D (4) as shown.

  Since some dibenzocyclooctadiene lignans from Schisandra species are reported to possess anti-HIV activities and cytotoxicities,11,24,25 the anti-HIV-1 activities and cytotoxicities of compounds 1-4 were tested. The cytotoxicity assay against C8166 cells (CC50), and anti-HIV-1 activity were evaluated by the inhibition assay for the cytopathic effects of HIV-1 (EC50), using azidothymidine (AZT) as a positive control (EC50 = 0.034 μg mL-1 and CC50 > 200 mg mL-1).26 The results are shown in Tables 3 and 4. The results revealed that compounds 1-4 showed moderate anti-HIV-1 activities with therapeutic index (TI) values above 61.7, 22.6, 57.7, and 27.9, respectively.
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  The cytotoxicity tests for these compounds were performed using a previously reported procedure.27 All of the experiments were performed in triplicate. In the MTT assay, the IC50 was defined as the concentration of the test compound resulting in a 50% reduction of absorbance compared with untreated cells. The cytotoxic activities against NB4, A549, SHSY5Y, PC3, and MCF7 tumor cell lines by MTT-assay (with taxol as the positive control) were tested. The results showed that compounds 1-4 have weak cytotoxic activities for some selected cell lines, with IC50 > 1.3 µg mL-1 .

   

  Experimental Section

  General experimental procedures

  Optical rotations were measured with a Horiba SEPA-300 polarimeter. UV spectra were obtained using a Shimadzu UV-2401A spectrophotometer. CD spectra were measured on a JASCO J-810 spectropolarimeter. A Tenor 27 spectrophotometer was used for scanning IR spectrometry. 1D and 2D NMR spectra were recorded on a DRX-500 NMR spectrometer with TMS as internal standard. Unless otherwise specified, chemical shifts (δ) are expressed in ppm with reference to the solvent signals. HRESIMS was performed on a VG Autospec-3000 spectrometer. Semi-preparative HPLC was performed on a Shimadzu LC-8A preparative liquid chromatograph with Zorbax PrepHT GF (21.2 mm × 25 cm) or Venusil MP C18 (20 mm × 25 cm) columns. Column chromatography was performed using silica gel (200-300 mesh, Qing-dao Marine Chemical, Inc., Qingdao, People's Republic of China), Lichroprep RP-18 gel (40-63 µm, Merck, Darmstadt, Germany), and MCI gel (75-150 µm, Mitsubishi Chemical Corporation, Tokyo, Japan). The fractions were monitored by TLC, and spots were visualized by heating silica gel plates sprayed with 5% H2SO4 in EtOH.

  Plant material

  The stems of S. neglecta were collected in Dali Prefecture, Yunnan Province, People's Republic of China, in July 2009. The identification of the plant material was done by Prof Xi-Wen Li of Kunming Institute of Botany, Chinese Academy of Sciences. A voucher specimen (KIB 09-9-36) has been deposited in the State Key Laboratory of Phytochemistry and Plant Resources in West China, Kunming Institute of Botany, Chinese Academy of Sciences.

  Extraction and isolation

  The air-dried and powdered stems of S. neglecta (5.0 kg) were extracted four times with 70% acetone (4 × 50 L) at room temperature and filtered, with the filtrate evaporated under reduced pressure and partitioned with EtOAc (3 × 2 L). The EtOAc partition (385 g) was applied to silica gel (200-300 mesh) column chromatography, eluting with a CHCl3-acetone gradient system (20:1, 9:1, 8:2, 7:3, 6:4, 5:5), to give five fractions A-E. The further separation of fraction B (32.6 g) by silica gel column chromatography, eluted with petroleum ether-acetone (20:1-1:2), yielded mixtures B1-B6. Fraction B2 (4.65 g) was subjected to silica gel column chromatography using petroleum ether-acetone and semipreparative HPLC (75% MeOH-H2O, flow rate 12 mL min-1) to give 6 (22.6 mg, 13 min), 10 (22.4 mg, 18 min), 11 (8.8 mg, 25 min), and 13 (86.2 mg, 28 min). Fraction B3 (2.8 g) was subjected to silica gel column chromatography using petroleum ether-acetone and semi-preparative HPLC (65% MeOH-H2O, flow rate 12 mL min-1) to give 4 (42.1 mg, 18 min), 5 (16.4 mg, 23 min), 7 (16.3 mg, 26 min), 8 (13.4 mg, 28 min), 9 (14.6 mg, 35 min), and 12 (43.5 mg, 30 min). Fraction B4 (2.7 g) was subjected to silica gel column chromatography using petroleum ether-acetone and semipreparative HPLC (60% MeOH-H2O, flow rate 12 mL min-1) to afford 1 (11.5 mg, 20 min), 2 (13.4 mg, 23 min) and 3 (15.4 mg, 28 min). Fraction C (60 g) was subjected to silica gel column chromatography using petroleum ether-acetone (20:1-6:4) for elution followed by a reversed-phase column (RP-18) eluting with MeOH-H2O (30%-90%) and then by Sephadex LH-20 using MeOH as eluant. Further purifications were performed by semipreparative HPLC and preparative HPLC separation (60% MeOH-H2O) to give compounds 14 (3.5 mg, 38 min), 15 (7.8 mg, 20 min), 16 (10.4 mg, 23 min), 17 (5 mg, 25 min), 18 (3.2 mg, 36 min), 19 (4 mg, 26 min), 20 (3 mg, 29 min), 21 (6 mg, 22 min), 22 (5 mg, 21 min), and 23 (7 mg, 41 min).

  Anti-HIV-1 and cytotoxicity assays

  The cytotoxicity assay against C8166 cells (CC50) was assessed using the MTT method, and anti-HIV-1 activity was evaluated by the inhibition assay for the cytopathic effects of HIV-1 (EC50).26

  The cytotoxicity tests for these compounds were performed against NB4, A549, SHSY5Y, PC3, and MCF7 tumor cell lines by MTT-assay (with taxol as the positive control).27

  Neglectaphenol A (1)

  C23H28O7, obtained as yellow gum; [image: Entidade 01] = + 38.2 (c 0.25, MeOH); UV (MeOH) λmax/nm (log ε) 210 (4.18), 245 (3.26), 326 (1.22) ; CD (c 0.02, MeOH), nm (Δε) 252 (−17.5), 225 (+7.83), 220 (+4.87); IR (KBr) νmax/cm–1 3452, 2941, 2876, 2833, 1748, 1638, 1590, 1485, 1392, 1326, 1279, 1235, 1192, 1134, 1105, 1062, 1009, 876, 753; 1H and 13C NMR data (C5D5N, 500 and 125 MHz), Table 1; ESIMS (positive ion mode) m/z 439 [M+Na]+;  HRESIMS (positive ion mode) m/z 439.1725 [M+Na]+ (calcd. 439.1733 for C23H28NaO7).

  Neglectaphenol B (2)

  C23H28O7, obtained as yellow gum; [image: Entidade 02] = + 32.1 (c 0.25, MeOH); UV (MeOH) λmax/nm (log ε) 210 (4.22), 245 (3.18), 326 (0.97); IR (KBr) νmax/cm–1 3458, 2962, 2851, 1746, 1635, 1576, 1483, 1462, 1385, 1334, 1276, 1233, 1194, 1076, 1016, 988, 884, 749; 1H and 13C NMR data (C5D5N, 500 and 125 MHz), Table 1; ESIMS (positive ion mode) m/z 439 [M+Na]+;  HRESIMS (positive ion mode) m/z 439.1736 [M+Na]+ (calcd. 439.1733 for C23H28NaO7).

  Neglectaphenol C (3)

  C24H32O7, obtained as yellow gum; [image: Entidade 03] = + 28.6 (c 0.20, MeOH); UV (MeOH) λmax/nm (log ε) 205 (4.24), 240 (3.81), 329 (0.86); CD (c 0.10, MeOH), nm (Δε) 249 (–68.2), 240 (–39.5), 220 (+25.2), 210 (+6.3); IR (KBr) νmax/cm–1 3438, 2942, 2925, 2876, 1624, 1579, 1495, 1453, 1408, 1328, 1276, 1097, 1069, 984, 862; 1H NMR and 13C NMR data (CDCl3, 500 and 125 MHz), Table 2; ESIMS (positive ion mode) m/z 455 [M+Na]+;  HRESIMS (positive ion mode) m/z 455.2034 [M+Na]+ (calcd. 455.2046 for C24H32NaO7).

  Neglectaphenol D (4)

  C22H26O7, obtained as yellow gum; [image: Entidade 04] = – 45.2 (c 0.25, MeOH); UV (MeOH) λmax/nm (log ε): 210 (4.15), 243 (3.32), 314 (0.59); CD (c 0.05, MeOH), nm (Δε) 250 (–22.2), 240 (–16.5), 218 (+7.62), 210 (–2.24); IR (KBr) νmax/cm–1 3441, 2925, 2847, 1612, 1586, 1465, 1372, 1323, 1083, 1046, 1028, 952, 860; 1H NMR and 13C NMR data (C5D5N, 500 and 125 MHz), Table 2; ESIMS (positive ion mode) m/z 425 [M+Na]+;  HRESIMS (positive ion mode) m/z 425.1577 [M+Na]+ (calcd. 425.1576 for C22H26NaO7).

   

  Supplementary Information

  1H and 13C NMR, HSQC, HMBC COSY, ROESY, HRESIMS, and CD spectra of 1, 1H and 13C NMR, spectra of 2-4, are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    A reação de Belousov-Jabotinsky clássica foi modificada pela adição de fenol como um segundo substrato orgânico que compete cineticamente com o ácido malônico na redução de Ce4+ para Ce3+ e na remoção de bromo molecular da reação. A reação oscilante de dois substratos exibiu oscilações abruptas e período oscilatório de longa duração. A análise de dados experimentais mostra um aumento do fenômeno abrupto, com pico maior e estado quiescente mais longo, como função do aumento da concentração de fenol inicial. Hipotetizou-se que o fenômeno de oscilação abrupta pode ser explicado pela introdução de um ciclo redox entre as espécies fenólicas reduzidas (hidroxifenois) e as oxidadas onas (quinonas). A hipótese foi testada experimentalmente e numericamente e dos resultados concluiu-se que o fenômeno oscilatório abrupto exibido pela reação oscilante de dois substratos é impulsionado principalmente por um ciclo redox p-di-hidroxi-benzeno/p-benzoquinona. 

  

   

  
    The classic Belousov-Zhabotinsky reaction was modified by adding phenol as a second organic substrate that kinetically competes with the malonic acid in the reduction of Ce4+ to Ce3+ and in the removal of molecular bromine of the reaction mixture. The oscillating reaction of two substrates exhibited burst firing and an oscillatory period of long duration. Analysis of experimental data shows an increasing of the bursting phenomenon, with a greater spiking in the burst firing and with a longer quiescent state, as a function of the initial phenol concentration increase. It was hypothesized that the bursting phenomenon can be explained introducing a redox cycle between the reduced phenolic species (hydroxyphenols) and the oxidized ones (quinones). The hypothesis was experimentally and numerically tested and from the results it is possible to conclude that the bursting phenomenon exhibited by the oscillating reaction of two substrates is mainly driven by a p-di-hydroxy-benzene/p-benzoquinone redox cycle. 

    Keywords: reaction kinetics, mechanisms, phenolic compounds, BZ reaction, bursting phenomenon

  

   

   

  Introduction

  The Belousov-Zhabotinsky (BZ) and uncatalyzed bromate oscillator (UBO) reactions have been studied in a wide of experimental conditions in both batch and continuous stirred tank (CSTR) reactors.1-5 Complex dynamic behaviors in oscillating reactions have been found in non-stirred batch reactors and in CSTR and electrochemical setups.6-12 These amazing reactions have become relevant in science, and particularly in biochemistry, due to their similarity with the dynamic activity of many cellular control processes.13 On the other hand, travelling waves, Turing patterns, burst firing, sequential oscillations and chaotic phenomena are some of the more common spatio-temporal dynamics studied in oscillating reactions.14-18 Looking for a better understanding of the reaction mechanism and dynamics of oscillating reactions, researchers have employed several substrates, individually or mixed, in the study of BZ reaction. The induction period, frequency, amplitude, shape and periodicity of oscillations change by the presence of a new organic or inorganic substance in the reaction mixture of BZ reaction.19-29

  In the present work, the oscillatory dynamics of the classic BZ reaction30,31 (a mixture of malonic acid, Ce4+ and bromated in sulfuric acidic) were studied in a batch reactor in the presence of phenol as a second organic substrate that kinetically competes with the malonic acid in the reduction of Ce4+ to Ce3+ and in the removal of molecular bromine. With the two substrates (malonic acid-phenol), BZ reaction shows an astonishing variation of its dynamics as a function of the initial concentration of phenol, exhibiting enhanced periods of oscillations and bursting phenomenon. At first glance, the malonic acid-phenol BZ oscillator was thought as a system of coupled oscillators because the bromate-phenol-sulfuric acidic is a well-known oscillating chemical reaction (UBO). In order to test this idea of coupled oscillators, a set of numerical simulations by using an extended reaction mechanism based on the Marburg-Budapest-Missoula (MBM)32 and Gyorgyi, Varga, Körös, Field and Ruoff (GVKFR)33 reaction schemes was carried out. The MBM mechanism for the cerium-catalyzed BZ reaction is a complete reaction scheme that includes both negative feedback loops and radical-radical recombination reactions of organic species.32 Whereas the GVKFR model is a mechanism to explain the oscillations observed in the p-hydroxyphenol-bromate-acidic media reaction,33 the closer and complete mechanism available in the literature to UBO that uses phenol as organic substrate. As a result of these numerical simulations, some interesting behaviors were obtained, but there was nothing to indicate the possibility of burst firing. 

  In order to address the experimental evidence of that burst firing obtained in this work for the malonic acid-phenol BZ reaction, a second hypothesis is that the subproducts of phenol oxidation (hydroxyphenols-quinones) are involved in a novel redox cycle coupled to the main catalytic cycle of cerium ions. A series of experiments using 1,4-benzoquinone, 2-hydroxyphenol and 4-hydroxyphenol instead of phenol as a second organic substrate were carried out to test this hypothesis. The experimental results obtained by adding benzoquinone and hydroxyphenols to the BZ reaction suggest that the hypothesized hydroxyphenol-quinone redox cycle can be accepted as plausible. This hypothesis was materialized as a set of reaction steps, and they were incorporated into an extended MBM-GVKFR mechanism. The numerical simulation results of this new model (MBM-GVKFR-hydroxyphenols-quinones redox cycle) support the idea of the hydroxyphenols-quinones redox cycle. 

   

  Experimental

  Sulfuric acid (Merck 95-98% extra pure), KBrO3 (Carlo Erba Milano ACS Titolo min 99.8%), Ce(SO4)2•4H2O (Merck zur Analyse > 98%), malonic acid (Merck zur Synthese), phenol (JT Baker Chemicals B. V. "Baker Grade"), 2-hydroxyphenol (Fisher Scientific Company), 4-hydroxyphenol (Merck zur Synthese) and p-benzoquinone (Hopkin and Williams, LTD. ) were used as received. All solutions were prepared in deionized water. The initial concentration of phenol used in the experiments were: a. 0.00, b. 0.05347, c. 0.1337, d. 0.2673, e. 0.5347, f. 1.069, g. 1.337, h. 1.604, i. 1.871, j. 2.272, k. 2.673, l. 3.074, m. 3.476, n. 3.877, o. 4.278, p. 4.679, q. 5.347, and r. 10.69 mmol L-1 . The initial concentrations of classic BZ reagents were: 28.90 mmol L-1 KBrO3, 26.06 mmol L-1 malonic acid, 0.5606 mmol L-1 Ce(SO4)2 and 1.00 mol L-1 H2SO4. A thermostated (25.0 ± 0.1 ºC) 100 mL double jacket cylindrical cell, with magnetic stirring at 500 rpm, was used to obtain the potentiometric measurements, using a platinum electrode Mettler-Toledo Pt4805-60-88TE-S7/120 combination ORP/Redox with Ag/AgCl reference (movable PTFE reference junction). All the experiments were made at least by duplicate. 

   

  Results and Discussion

  The malonic acid-phenol BZ reaction exhibits a striking alteration of its temporal oscillatory dynamics as a function of the initial concentration of phenol. An enlargement of the oscillatory regime and the onset of bursting phenomenon are the more important observed effects by the addition of phenol to BZ reaction. The length of the induction time, the amplitude of sustained oscillations and the increasing of the total oscillatory reaction time are closely correlated with the initial concentration of phenol, and the burst firing appears when the malonic acid-phenol concentration ratio ranges between 25 and 6. Figure 1 shows the temporal redox potentiometric measurements of BZ reaction in the presence of an initial concentration of phenol (curves a to r). The BZ reaction (Figure 1 curve a) has an oscillatory reaction time of around 2 h, while at the same initial concentrations but in the presence of 3.074 mmol L-1 phenol (Figure 1 curve l), the oscillatory reaction time extends to almost 30 h. 

  
    

    [image: Figure 1. Redox potentiometric signal]

  

  Figure 1 also shows other highlighting features of this BZ oscillating reaction of two substrates. When the initial concentration of phenol is lower than 2.0 mmol L-1 (Figure 1 curves from a to i), the reaction mixture exhibits sustained oscillatory phase, and the period and the amplitude of the oscillations remain constant before a sudden ending. If the initial concentration of phenol, ranges between 2.0 and 10 mmol L-1 (Figure 1 curves j to q), the BZ reaction mixture shows a transition from sustained to damped oscillations during its temporal evolution. But the most astonishing observed effect of phenol on the dynamics of BZ reaction was the bursting phenomenon. If the initial concentration of phenol ranges between 1.069 and 3.476 mmol L-1 (Figure 1 curves f to m), the reaction mixture exhibits a complex temporal transition from burst firing and sustained oscillations (ended suddenly), to still burst firing but damped oscillations. This means that the malonic acid-phenol BZ reaction in a batch reactor evolves in time through different attractors: period-n bursting attractor, limit cycle and stable focus. 

  In order to explain the experimental results showed in Figure 1, a new redox cycle is propose: the Ce4+ oxidation of phenol to p-quinones34-37 followed by the reduction of p-quinones to phenolic compounds mediated by transient reactive organic free radicals in solution,38 like carboxyl (COOH•) or tartronyl (TA•).31,32,39 If this aromatic redox cycle is plausible, then the Ce4+/Ce3+ catalytic cycle of BZ reaction is involved in a kinetic competition, the reduction of BrO2• by Ce3+ or phenol. In a typical antioxidation action, common in phenols, the oxidation of Ce3+ is diminished, and because of this, the consumption of malonic acid is slower, whereas the phenol consumption is higher. These facts together increase the oscillation time of the BZ reaction of two substrates. Now, at low concentration of phenolic compounds, the Ce4+ concentration rises, and the Ce4+/Ce3+ catalytic cycle drives the BZ reaction while quinone type compounds are reduced to phenolic compounds by some reactive free radicals, like the carboxyl (COOH•) or the tartronyl (TA•) radicals. When the concentration of phenolic compounds increases, the aromatic cycle (phenol-quinone) restarts and drives the oscillating reaction. In this way, it is proposed that the two catalytic cycles alternate to drive the reaction until the oscillatory period ends. It is important to take into account that the polymerization of the quinones takes place at the reaction mixture conditions, as it is well-known from the UBO chemical oscillator.33,34 The polymers of quinone are almost insoluble and their reduction by free radicals is not a viable process and we suppose that they are involved in the burst firing by way of a non-synchronized action between catalytic processes. It is also important to remark that at high enough concentration of phenol, the Ce4+ oxidation of phenolic compounds is a kinetically preferred process, instead of the Ce4+ oxidation of aliphatic species of the BZ reaction.40

  All the above ideas have the aim to help to understand, from a mechanistic point of view, the complex behavior exhibited by the malonic acid-phenol BZ oscillating reaction, and those ideas are summarized in the next way: at the beginning of reaction, the oxidation of phenol by Ce4+ is the kinetically favored process with a slow consumption of bromate and malonic acid; in this way, whereas the concentration of phenolic compounds is over a critical value, the aromatic catalytic cycle drives BZ oscillations; and when the phenol concentration is high enough, insoluble polymers of quinone are produced and an irregular oscillatory dynamic appears, the bursting phenomenon. At long times, the phenolic compounds are decreased in the reaction mixture, and a sequential train of sustained oscillations, driven by the consumption of malonic acid by the Ce4+/Ce3+ catalytic cycle, leads the oscillations to its end. 

  In order to get some experimental clues about the participation of phenol in the malonic acid BZ reaction, the classic experiment was tested in the presence of some key aromatic compounds, 2-hydroxyphenol, 4-hydroxyphenol and p-benzoquinone. The results are in Figure 2, in which curves c and e show that the BZ reaction of two substrates (malonic acid with p-benzoquinone and malonic acid with 4-hydroxyphenol, respectively) exhibits a dynamic behavior of a similar type that the malonic acid with phenol, curve b. On the contrary, the 2-hydroxyphenol, curve d, does not modify, to an appreciable extent, the malonic acid BZ reaction, curve a. The main result in Figure 2 is the evidence suggesting that the proposal, about the oxidation-reduction cycle, among phenol and quinone compounds, is capable to explain the experimental results. Also, it says that the main compound in the phenol-quinone process is a para compound and not an orto compound, as could be inferred from UBO oscillators.33

  
    

    [image: Figure 2. Redox potentiometric signal against time]

  

  Numerical simulations

  Numerical simulations were used as a tool to treat the fully nonlinear dynamics of the complex chemical BZ reaction and to test the validity of the previously presented hypothesis. The following set of reactions 1 to 9 was added to the complete set of reactions of MBM plus the GVKFR mechanisms (the complete set of reaction rates, kinetic constants and the fortran source code used for these simulations are presented in the Supplementary Information (SI) section). 

  Phenol oxidation reactions:

  
    [image: Equation (1)]
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  Quinone reduction reactions:
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  Quinone consumption:

  
    [image: Equation (9)]

  

  In these reactions, TA is for tartronic acid and MOA is for meso-oxalic acid.30-32 The rate constants were estimated based on similar reactions of the MBM and GVKFR mechanisms. Reactions 1 to 4 describe a sequential electron transfer for the Ce4+ and the resulting oxidation of phenol to the corresponding quinone. Reactions 5 to 8 indicate a plausible sequential reduction of quinone, by reactive organic free radicals, to phenolic like compounds. The selection of free radical species involved in reactions 5 to 8 was based on redox potentials. The carboxyl radical (COOH•) has a standard redox potential of −1.82 V vs. NHE.38 On the other hand, the tartronyl radical (TA•) was chosen as a representative free radical that has been found in the BZ reaction (like the malonyl and bromomalonyl free radicals).30-32 Finally, the reaction 9 describes the irreversible degradation or polymerization of quinones. Figure 3 shows the results obtained for simulations. 

  
    

    [image: Figure 3. Numerical simulations]

  

  The numerical simulations have some of the experimental observed characteristics of the malonic acid-phenol BZ oscillating reaction, like an induction time enlargement and an increasing oscillatory reaction time as the initial phenol concentration increases. Also, the burst firing appears, and it is the most interesting result (inset in Figure 3). This qualitative agreement, between the experiments and the numerical simulations, is in favor of the hypothesized phenol-quinone redox cycle. However, it is necessary to confirm these ideas, in future works, by determining the experimental rate constant values, and by including, or deleting, some reactions. Also, a chromatographic and electron paramagnetic resonance (EPR) spectroscopy studies would be particularly useful to find the specific intermediaries. 

   

  Conclusions

  The results presented in this work show the dynamic behavior of the malonic acid-phenol BZ reaction. It is interesting the appearance of bursting phenomenon in a closed system. The burst firing origin was explained as a complex process that involves a kinetic competition between an aromatic redox cycle of phenolic compounds and the Ce4+/Ce3+ catalytic cycle of the BZ classic oscillator. In this way, the presence of phenol in the malonic acid BZ reaction plays a role as an antioxidant agent preventing the oxidation of the malonic acid, and its derivatives, by Ce4+ ions. 

   

  Supplementary Information

  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file. 
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    Este trabalho descreve um procedimento simples, rápido e sensível para a determinação de Al, Cd, Cu, Fe, Pb e Mn em amostras comerciais de óleo diesel B5, utilizando espectrometria de absorção atômica de alta resolução com fonte contínua e atomização eletrotérmica (HR-CS ET AAS). O procedimento consiste na simples diluição das amostras utilizando n-propanol, com posterior acidificação com HNO3. A calibração com padrões aquosos pôde ser empregada para a determinação de Cu, Fe, Pb e Mn, ao passo que soluções de calibração preparadas em n-propanol foram necessárias para a determinação de Al e Cd. Curvas de pirólise e atomização foram investigadas para os analitos preparados em soluções aquosas e para amostras de óleo diesel B5. Um estudo envolvendo o uso de modificadores foi conduzido. 480 µg de Zr para a determinação de Al, Mn e Pb e 500 µg de Ir para a determinação de Cd foram empregados como modificadores químicos permanentes. Temperaturas de pirólise de 700 ºC para Cd, 800 ºC para Pb e 1000 ºC para os demais elementos foram utilizadas. As temperaturas de atomização foram otimizadas em 1500 ºC para Cd, 1900 ºC para Pb, 2300 ºC para Cu, Fe e Mn e 2500 ºC para Al. Os limites de quantificação foram determinados como 0,001 µg g-1 para Cd e Mn, 0,002 µg g-1 para Pb, 0,006 µg g-1 para Fe e 0,01 µg g-1 para Al e Cu. Testes de recuperação resultaram em valores recuperados entre 89 e 120% para amostras de óleo diesel B5. O método provou ser rápido, preciso e exato para estas amostras.

  

   

  
    This work describes a simple, fast and sensitive procedure for the determination of Al, Cd, Cu, Fe, Pb and Mn in commercial B5-diesel oil samples using high-resolution continuum source electrothermal atomic absorption spectrometry (HR-CS ET AAS). The procedure consists on simple dilution of the samples using n-propanol, with further acidification with HNO3. Calibration against aqueous standards could be employed for the determination of Cu, Fe, Pb and Mn, whereas calibration solutions prepared in n-propanol were required for the determination of Al and Cd. The pyrolysis and atomization curves were investigated for the analytes prepared in aqueous solutions and for the B5-diesel oil samples. A study involving the use of modifiers was carried out. 480 µg of Zr for Al, Mn and Pb determination and 500 µg of Ir for Cd determination were employed as permanent chemical modifiers. Pyrolysis temperatures of 700 ºC for Cd, 800 ºC for Pb and 1000 ºC for the other elements were adopted. The atomization temperatures were optimized as 1500 ºC for Cd, 1900 ºC for Pb, 2300 ºC for Cu, Fe and Mn and 2500 ºC for Al. The limits of quantification were determined as 0.001 µg g-1 for Cd and Mn, 0.002 µg g-1 for Pb, 0.006 µg g-1 for Fe and 0.01 µg g-1 for Al and Cu. Recovery tests resulted in recovery values between 89 and 120% for diesel oil samples. The method has proved to be fast, precise and accurate.

    Keywords: B5-diesel oil analysis, trace elements, HR-CS ET AAS

  

   

   

  Introduction

  Most of the energy consumed in the world is generated from crude oil and coal. Diesel oil is a fossil fuel obtained from the process of fractional distillation of petroleum. Its physicochemical properties and structure are dependent on the procedures used to obtain the oil, as well as on its origin.1 The combustion of diesel oil results in the release of large quantities of polluting gases to the atmosphere, especially when the engine does not receive a sufficient amount of air to achieve complete combustion. The main pollutants are carbon dioxide, nitrogen oxides, alcohols, aldehydes, ketones, sulfur compounds and hydrocarbons,2 as well as various inorganic compounds. Thus, the search for biofuels as alternatives to minimize the environmental impact caused by emissions from the combustion of diesel oil is an important and current topic of research. An interesting alternative resides on the use of fuels obtained from vegetable oils, which are already used in diesel engines at low concentrations without the need for substantial modifications in the engine. Biodiesel has no sulfur and aromatics at appreciable concentrations in its composition, being produced from renewable energy sources and regarded as non-toxic and biodegradable.2,3

  Diesel oil is completely miscible with biodiesel, and the mixture of the two fuels in any proportion is possible. However, conventional engines that operate based on Diesel cycle can only work properly without the need for modifications with a maximum of 20% (v/v) of biodiesel in diesel oil.1,3,4 In Brazil, it is currently mandatory to add biodiesel to any diesel oil commercially available in the country up to a final concentration of 5%, i.e. , the so-called B5-diesel.5 In addition to the environmental aspects, the addition of biodiesel improves the lubricating properties of the fuel compared to pure diesel oil.

  The trace elemental content of B5-diesel, similarly to pure diesel oil, should be closely monitored in order to attest the quality of the fuel and the potential harmful effects originating from the release of trace elements to the environment. In addition, elements such as Cu, Pb and Zn can catalyze oxidation reactions when in contact with biodiesel, reducing significantly the lifetime of the final product.6,7

  Manganese appears naturally in a wide concentration range in fuels, but it is also intentionally added as an antiknock agent in gasoline.8 Copper and nickel are known to promote auto-oxidative reactions, especially concerning carbon-carbon unsaturated bonds, deteriorating the fuel efficiency due to the formation of "gums".9 Moreover, these elements reduce the efficiency of automotive catalysts, which results in an increase in emission of the carbon monoxide and oxides of sulfur and nitrogen.9 Iron, Cu, Al and Cr from storage tanks and from the distillation process are also known to corrode engines and boilers.10,11

  Various techniques are currently employed for the determination of trace metals in diesel oil and biodiesel samples, such as molecular absorption spectrometry,12-14 electroanalytical techniques15-17 and chromatography.18 However, although good results can be, in general, obtained using these techniques, atomic absorption and emission spectrometry appear to be the techniques of choice to perform this task.19-23

  Chaves et al.20 used emulsion sample preparation to determine Co, Cu, Fe, Mn, Ni and V in diesel oil and biodiesel samples by electrothermal vaporization inductively coupled plasma mass spectrometry (ETV-ICP-MS).20 Reyes et al.24 carried out the determination of Ni and Pb in diesel oil and gasoline samples by electrotermal atomic absorption spectrometry (ET AAS), adopting microemulsion sample preparation and the use of permanent chemical modifiers.24 Ghisi et al.25 used tetramethylammonium hydroxide (TMAH) to allow solubilization of biodiesel in water for the determination of Cu and Fe by ET AAS. This procedure allowed the reduction of the organic content of the samples, although it involved several preparation steps, including sample heating and sonication. Calibration was carried out using TMAH in the calibration solutions.25 Overall, although analytical procedures involving the preparation of fuel samples as emulsions and microemulsions have been proven efficient for trace element determination in these samples, these procedures are often characterized by the addition of several reagents and the need for temperature control, sonication and homogenization, leading to a somewhat lower analytical frequency when compared to a typical dilute-and-shoot process.

  In this work, high-resolution continuum source electrothermal atomic absorption spectrometry (HR-CS ET AAS) was used to carry out the determination of six elements (Al, Cd, Cu, Fe, Pb and Mn) in B5-diesel oil samples. The main goal is to have a very simple and fast dilute-and-shoot approach that can be readily applied for the analysis of diesel oil, which is an interesting alternative to the most frequently used procedures that include emulsion or microemulsion formation21,24-27 or acid digestion.28,29

   

  Experimental

  Instrumentation

  All measurements were carried out using a ContrAA 700 high-resolution continuum source electrothermal atomic absorption spectrometer (Analytik Jena AG, Jena, Germany). The analytical lines for Al, Cd, Cu, Fe, Pb and Mn at 309.271, 228.8018, 324.754, 248.330, 283.306 and 279.482 nm, respectively, were used. The spectral bandwidth is approximately 1.6 pm per pixel, and the assessment of all 200 pixels of the detector corresponds to the evaluation of a spectral region of approximately ± 0.16 nm on both sides of the analytical wavelength. The integrated absorbance for all elements was measured over three pixels (center pixel ± 1), i.e. , integrating over a spectral range of approximately 5 pm.

  All the experiments were performed using pyrolytically-coated transversely heated graphite furnaces with pyrolytically-coated PIN-integrated graphite platforms (Analytik Jena). Sample introduction was carried out using a MPE-5 furnace autosampler (Analytik Jena).

  Argon with a purity of 99.996% (White Martins, São Paulo, Brazil) was used as purge and protective gas. The temperature program of the graphite furnace used for the determination of Al, Cd, Cu, Fe, Pb and Mn is shown in Table 1.

  
    

    [image: Table 1. Temperature program]

  

  Reagents and samples

  All reagents used were at least of analytical grade. Water with a resistivity of 18.2 MΩ cm was deionized in a Milli-Q system (Millipore, Bedford, MA, USA). Nitric acid was purified by double sub-boiling distillation in a quartz still (Kürner Analysentechnik, Rosenheim, Germany). Aqueous 1000 mg L-1 stock standard solutions of Al, Cd, Cu, Fe, Pb and Mn (Merck, Darmstadt, Germany) were used. N-propanol (Vetec, Rio de Janeiro, Brazil) was used for dilution of B5-diesel oil samples without additional purification. Thermally deposited Zr or Ir were used as permanent chemical modifiers. In order to perform the deposition of the permanent chemical modifiers, the temperature program shown in Table 2 was applied.
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  Polypropylene flasks (BD, Franklin Lakes, NJ, USA) were used to prepare all solutions and samples.

  A total of 12 B5-diesel oil samples, purchased at local gas stations located in the state of Santa Catarina, Brazil, were analyzed. The samples were collected and stored for short periods in polypropylene bottles. For simplification, the B5-diesel oil samples will be referred to as D1-D12 from this point on.

  Sample preparation

  Approximately 0.5 g of each B5-diesel oil sample was accurately weighed on polypropylene flasks and mixed with 1.0 mL of n-propanol and 25 µL of concentrated HNO3. The final volume was made up to 2.5 mL using n-propanol. Prior to the determination of Cu and Fe in some of the samples, further dilutions between 2 to 10 times were carried out, due to the naturally higher concentrations of these elements.

  All samples were prepared at least in triplicate. Calibration against aqueous standards was used for Cu, Fe, Mn and Pb determination, whereas Al and Cd required calibration solutions to be prepared in n-propanol.

  In order to carry out the determination of Cd, Pb and Mn in some samples, multiple injections of the sample in the graphite furnace were necessary as a means to improve the detection capacity. Total volumes ranging between 60 µL and 120 µL were inserted into the graphite furnace in successive 20 or 30 µL injections. In these cases, after each injection, the temperature program was applied and interrupted at the end of the pyrolysis stage, except after the last injection, when the temperature program was applied until its completeness.

   

  Results and Discussion

  Sample preparation

  Method development initiated with the choice of an adequate solvent to dilute the B5-diesel oil samples. Aiming at the use of a low-toxicity compound, ethanol and n-propanol were both evaluated. Preliminary tests indicated no significant differences in the magnitude of the analytical signals obtained in either of the solvents, but direct dilution of the diesel oil samples in ethanol lead to phase separation within a few seconds after mixing. This was, to some extent, expected given the natural composition of diesel oil, which is mostly paraffins, olefins and aromatics, with lower solubility in polar media. Fortunately, phase separation was absent when n-propanol was used as the solvent for dilution of B5-diesel oil, and simple dilution with n-propanol was finally chosen as the sample preparation step prior to analysis using HR-CS ET AAS.

  Temperature program optimization

  Considering the high organic content of the samples, it became necessary to introduce three drying steps prior to pyrolysis. These steps involve a relatively mild heating in order to avoid that the sample is projected on the walls of the graphite tube or even the quartz windows. This could result in analyte loss and negatively influence the accuracy and precision of the procedure. Pyrolysis and atomization curves for the analytes are presented in Figure 1.
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  Aluminum

  The optimization of pyrolysis and atomization temperatures was performed using a 20 µg L-1 Al aqueous standard, a 20 µg L-1 solution of Al prepared in n-propanol and the sample D2. The results are shown in Figure 1a.

  The curves show that although thermal stability for Al is high, as expected, the precision obtained in the absence of a chemical modifier was seriously compromised, leading to typical relative standard deviation (RSD) values around 10-15% due to memory effect. This effect was already reported in a previous work30 and it can be at least partially explained considering the atomization mechanism for Al, which involves the formation of carbides, suggesting significant interaction of the analyte with the graphite surface of the platform. Regarding the D2 B5-diesel oil sample, it is assumed that despite the decomposition that occurs during the pyrolysis step, a relatively large amount of carbon is available to interact with Al. However, the direct interaction of Al with the graphite platform may result in the formation of intercalation compounds, with additional influence on the atomization efficiency and on the precision of successive measurements.30 As an attempt to overcome this effect, pyrolysis and atomization curves were also conducted using a graphite platform containing 480 µg Zr as a permanent chemical modifier, which could inhibit the interaction of aluminum with the structure of the graphite platform. As expected, the precision was significantly improved upon the use of Zr modifier, and this condition was considered as optimum for all further experiments.

  Figure 1a shows that Al was stable up to temperatures as high as 1800 ºC, with or without a chemical modifier. However, the use of pyrolysis temperatures higher than 1000 ºC resulted in no evident benefits, since the organic content of the B5-diesel oil matrix is likely to be completely decomposed and volatilized at temperatures below 1000 ºC. The use of excessively high temperatures could also shorten the lifetime of the graphite tube. Considering these aspects, a pyrolysis temperature of 1000 ºC was adopted. Pyrolysis and atomization curves were also carried out using a 20 µg L-1 Al solution prepared in n-propanol, and no significant differences in the thermal behavior of the analyte were noticed, when compared to the D2 sample or with an aqueous 
    standard.

  The atomization curves show an approximate linear increase in signal with an increase in the temperature, which is expected, considering the refractory nature of Al. As a compromise between sensitivity and longer tube lifetime, atomization was maintained at 2500 ºC.

  Cadmium and lead

  Pyrolysis and atomization temperatures for Cd and Pb were established considering 2 and 30 µg L-1 aqueous standards, respectively, in addition to a 2 µg L-1 Cd standard prepared in n-propanol and the sample D6 for both analytes. The referred sample was enriched with 2 µg L-1 Cd only for the purpose of this study. The results are shown in Figures 1b and 1e for Cd and Pb, respectively.

  Due to the high volatility of these analytes and considering the need to adopt relatively high pyrolysis temperatures due to the highly concentrated matrix, the use of a permanent chemical modifier was proven necessary. Several studies in the literature report on the use of chemical modifiers for the determination of Cd and Pb in different samples.31 The performance of two permanent modifiers was evaluated: 500 µg Ir for Cd and 480 µg Zr for Pb determination, thermally deposited onto the graphite platform surface.

  As the most volatile element amongst the group of analytes in this study, Cd has shown to be more sensitive to the use of a chemical modifier. Figure 1b shows that without the use of a modifier, the signal was maintained stable up to 600 ºC pyrolysis, whereas the use of thermally-deposited Ir provided thermal stability up to 700 ºC, allowing more efficient elimination of the matrix and reduced background levels to be obtained. Under these conditions, the optimum atomization temperature was chosen as 1500 ºC. Similarly to the procedure adopted for Al, the pyrolysis and atomization curves for Cd were also carried out for a standard solution prepared in n-propanol. As shown in Figure 1b, the observed thermal behavior of the analyte in the organic solvent is very similar to that observed for an aqueous standard and for the D6 diesel oil sample.

  In Figure 1b, it can be noted that Cd showed good thermal stability (up to 700 ºC pyrolysis) and the integrated absorbance increased up to an atomization temperature of 1500 ºC using 500 µg Ir as a permanent chemical modifier. For Pb determination, the use of 480 µg Zr as a permanent modifier allowed a pyrolysis temperature of up to 800 ºC and atomization at 1900 ºC to be used.

  Copper and iron

  Figures 1c and 1d show the pyrolysis and atomization curves obtained for Cu and Fe, respectively, in aqueous standards prepared to contain 15 µg L-1 of each analyte and in the sample D2. It is possible to observe that pyrolysis temperatures of up to 1300 ºC for Cu and 1200 ºC for Fe can be used without any appreciable loss in sensitivity and without the need for a chemical modifier. Good precision was obtained for both elements (RSD < 5%). A pyrolysis temperature of 1000 ºC was selected for both elements, for the same reasons provided on the discussion regarding the pyrolysis temperature chosen for Al.

  The atomization curves show that the integrated absorbance for both analytes remained approximately constant at temperatures higher than 2300 ºC, and this temperature was selected as optimum for the determination of both elements.

  Manganese

  The pyrolysis and atomization curves for a 6 µg L-1 Mn aqueous standard and for the D2 sample, which was enriched with 6 µg L-1 Mn, are shown in Figure 1f. The pyrolysis curve obtained for an aqueous solution of Mn shows that the element is thermally stable up to approximately 1000 ºC. However, when the same study was conducted using the D2 diesel oil sample, an intriguing phenomenon was observed. As shown by the ball-labeled curve in Figure 1f, an increase in the pyrolysis temperature led to an increase in the integrated absorbance. This phenomenon was also observed during the optimization of the atomization temperature.

  This behavior is highly suggestive of a memory effect, wherein the analyte is accumulated within the graphite structure after the execution of the temperature program and is gradually released into the gas phase in subsequent analytical cycles, resulting in erroneously high signals. In order to check and confirm this hypothesis, the integrated absorbance was measured using only n-propanol immediately after completing an analytical cycle with the D2 sample, and signals as high as 1.6 s could be detected in the absence of the analyte. It is believed that n-propanol is capable of infiltrating the pores of the graphite platform, resulting in a carry-over effect of Mn into the interstice of graphite, causing the accumulation of the metal. The ability of Mn to form carbides certainly contributes to this assumption.

  In order to reduce memory effects, the use of a carbide-forming chemical modifier was proven successful. Pyrolysis and atomization curves were carried out using 480 µg Zr thermally deposited as a permanent modifier, and RSD values lower than 5% were obtained. Optimum conditions for Mn determination include pyrolysis and atomization temperatures of 1000 and 2300 ºC, respectively, using 480 µg Zr as a permanent chemical modifier.

  Analytical figures of merit

  Prior to the analytical determination of the analytes, three different calibration approaches were evaluated regarding the sensitivity: calibration against aqueous standards, against standards prepared in n-propanol and analyte addition calibration. The relative sensitivities obtained from the various calibration approaches are comparatively shown in Figure 2. For reference, the sensitivity obtained with analyte addition calibration was taken as 100%, and it is marked as the dotted horizontal line in Figure 2.
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  Calibration curves were all conducted on the same day and under the same analytical conditions for each analyte. The results indicate that the differences in sensitivity obtained using calibration standards prepared with n-propanol or with deionized water are less than 10% compared to analyte addition calibration for Cu, Fe, Mn and Pb. Due to this negligible difference in sensitivity, calibration against aqueous standards could be employed to carry out interference-free determination of this group of elements.

  The slopes of the calibration curves were significantly different from each other in the case of Al and Cd. For Al, a difference in sensitivity of over 32% comparing calibration against aqueous standards to analyte addition calibration was obtained, whereas for Cd the difference was 14%. However, the sensitivities were roughly the same when calibration was carried out using inorganic standards prepared in n-propanol and with analyte addition calibration, suggesting that simple dilution using n-propanol would be sufficient to provide good accuracy for Al and Cd determination.

  Following the definition of the calibration procedures for all elements, the figures of merit of the method were determined and are presented in Table 3.
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  The limit of detection (LOD) was calculated as three times the standard deviation obtained from ten consecutive readings of the blank divided by the slope of the calibration curve, and the limit of quantification (LOQ) as 3.3 times the calculated LOD. Both methods showed good linearity (R > 0.999), LOQ lower than 0.01 ng g-1 and a good precision with RSD values better than 7%, suitable for the proposed determinations in B5-diesel oil samples. The calculated characteristic masses (m0) were all within 10% of the variation range concerning the values informed by the manufacturer, which attests the adequate operating conditions of the instrument.

  Analytical application

  Initially, the accuracy and precision of the proposed method for all analytes was investigated by means of recovery tests in commercial B5-diesel oil samples. Enrichment of the samples was accomplished by the addition of known amounts of inorganic standards, after dilution with n-propanol. The results are shown in Table 4.
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  The recovery values obtained for Al, Cd, Cu, Fe, Mn and Pb in B5-diesel samples were all within 89-120% range, which is considered adequate for the purpose of recovery experiments.

  The proposed method was applied to the analysis of twelve B5-diesel oil samples from different regions of the state of Santa Catarina, Brazil, using the conditions previously described. The values determined for Al, Cd, Cu, Fe, Mn and Pb are shown in Table 5.
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  As shown in Table 5, the overall concentrations are relatively low, which justify the need for highly sensitive quantification approaches. The majority of the concentration values are around a few tens of ng g-1.

   

  Conclusions

  The sample preparation procedure proposed proved to be very fast and extremely simple, avoiding complicated procedures, such as digestion, which often requires strong acids and heating. Dilution of samples with n-propanol is less prone to contamination, and if necessary, organic solvents can be fairly easily purified and dilution can be easily adjusted to the expected concentration of the elements of interest. Moreover, the procedure adopted for the pre-concentration of analytes such as Cd, Pb and Mn in the graphite furnace through multiple injections of the sample is a simple and elegant alternative to allow quantification of these elements, which are typically found at very low concentrations in diesel oil samples. The analytical method was proven to be precise, accurate and allowed the determination of trace elements in most of the analyzed B5-diesel oil samples. The use of Zr and Ir permanent modifiers has shown to be required for the determination of Al, Cd, Pb and Mn, allowing better repeatability, thermal stability and reducing memory effects. The other elements do not require the use of a chemical modifier, which further simplifies the procedure. Calibration can be performed using aqueous standards for Cu, Fe, Mn and Pb, whereas calibration solutions in n-propanol are required for the determination of Al and Cd. In all cases, inorganic standards were found to be suitable for calibration. Low limits of quantification and good recovery values proved that the method is suitable for the determination of Al, Cd, Cu, Fe, Mn and Pb in B5-diesel oil samples.
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    O principal objetivo deste trabalho foi avaliar a presença de resíduos de clorpirifós e tiametoxam em amostras de batata e solo em diferentes circunstâncias, após a otimização e validação da técnica de extração sólido-líquido e partição em baixa temperatura. Porcentagens de recuperação entre 93% e 105% foram obtidas para os pesticidas nas amostras. O método otimizado e validado foi aplicado às amostras de batata obtidas em supermercado e foi obtido resíduo de clorpirifós na concentração de 0,67 mg kg-1. Batatas cultivadas no campo foram tratadas com os pesticidas em diferentes dias e resíduo de clorpirifós foi detectado. As batatas cultivadas em vasos foram tratadas com clorpirifós e tiametoxam somente no plantio. Após 91 dias, foi observada uma concentração de tiametoxam acima do LMR permitido. O método proposto foi eficiente na determinação de clorpirifós e tiametoxam e foi concluído que o monitoramento de agrotóxicos deve ser realizado periodicamente para garantir a qualidade dos produtos e a saúde do consumidor.

  

   

  
    The main objective of this work was to evaluate the presence of residues of chlorpyrifos and thiamethoxam in potato and soil samples under different circumstances after optimization and validation of solid-liquid extraction and partitioning at low temperature technique. Recovery percentages between 93% and 105% were obtained for pesticides in the samples. The optimized and validated method was applied to potatoes from supermarkets and it was obtained chlorpyrifos residue at concentrations of 0.67 mg kg-1 . Potatoes grown in the field were treated with pesticide on different days and chlorpyrifos was the only residue detected. The potatoes grown in pots were treated with chlorpyrifos and thiamethoxam only at planting. After 91 days, it was observed the concentration of thiamethoxam in the potatoes higher than the tolerable MRL. The proposed method was efficient in the determination of chlorpyrifos and thiamethoxam and it was concluded that the monitoring of pesticides in food must be performed periodically to ensure the product quality and the safety of consumer's health.

    Keywords: gas chromatography, chlorpyrifos, thiamethoxam, potato (Solanum tuberosum L.), soil

  

   

   

  Introduction

  The potato (Solanum tuberosum L.) is considered a crop of great importance worldwide,1 however, one of the limiting factors of this crop is closely linked to its susceptibility to pests and diseases, which results in the use of large amounts of pesticides throughout its growing cycle.2,3

  The southeastern state of Minas Gerais, Brazil, has on potato cultivation an important economic activity, being considered one of the main producing areas of the country. The association of producers in that region uses, under appropriate technical guidance, agricultural practices in order to get high productivity without severely contaminate the environment.

  Among the main pesticides used in this crop, chlorpyrifos and thiamethoxam (Figure 1) are the most cited due to their high efficiency of pest control. When improperly applied, residues from these pesticides can remain in the product or soil, generating an important pathway to human exposure and environmental contamination.
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  Considering this, several studies have been conducted to verify the presence of pesticides residues in vegetables and soil, as well as their dissipation and adsorption in the soil.4-10

  The conventional method for determining pesticide residues in fruits and vegetables is based on solvent extraction, followed by clean up steps and the chromatography analysis of the extract.11 The techniques of solid-liquid or liquid-liquid extraction with low temperature partitioning (SLE/LTP and LLE/LTP),12-14 used in this study allow that the analyte extraction and the clean up of the extracts are performed in a single step. When lowering the temperature (–20 ºC), the matrix is solidified and the solvent extractor (supernatant) can be recovered for further analysis.

  The main objective of this study was to evaluate the presence of pesticide residues in soil and potatoes that were purchased at supermarkets, grown in the field or in containers and treated with chlorpyrifos and thiamethoxam. For this purpose, the extraction method was optimized and validated by the SLE/LTP technique for determination of pesticides in potatoes and soils using gas chromatography electron capture detection (GC/ECD).

   

  Experimental

  Chemicals

  In this work, standards of chlorpyrifos (99.0% (m/m), Chem Service) and thiamethoxam (97.0% (m/m), Syngenta) were used. The solvents acetonitrile (Mallinckrodt, HPLC grade) and ethyl acetate (Mallinckrodt) were used as extractants and anhydrous sodium sulfate (Mallinckrodt) was used to remove water from the extracts.

  The stock standard solutions at concentrations of 500.0 mg L-1 of chlorpyrifos and thiamethoxam were individually prepared in acetonitrile and stored in the freezer. After dilution of the stock solutions, a working standard solution containing the pesticides chlorpyrifos and thiamethoxam at a concentration of 10.0 mg L-1 was prepared. The solutions were stored at approximately –20 ºC.

  Equipment

  A Shimadzu (GC-17-A) gas chromatograph equipped with an electron capture detector (ECD) was used for pesticide determination. The capillary column used in the separation was a HP-5 from Agilent Technologies, with the stationary phase consisting of 5% diphenyl and 95% dimethylsiloxane, measuring 30 m long, 0.25 mm of id and 0.1 µm of film thickness, and nitrogen used as the carrier gas at a flow rate of 1.2 mL min-1 . The column-heating program began at 200 ºC, increasing at 10 ºC per min until reaching 260 ºC. The total analysis time was 6 min. The injector and detector temperatures were maintained, respectively at 280 and 300 ºC. A volume of 1.0 µL from the sample was injected into the chromatograph with a split ratio of 1:5.

  Samples Preparation

  Potato

  Pesticide free potato samples acquired from local grocery stores have been used as verified by the blank sample analysis. To study the extraction efficiency, the potato samples were crushed using a blender and 3.00 g of the sample were fortified with a standard solution containing the active ingredients, at the final concentration of 1.67 mg kg-1 . The mixture was allowed to stand for 3 h to evaporate the solvent and to promote a greater interaction between the pesticides and the sample, prior to extraction.

  Soil

  Soil classified as Oxisol Red-Yellow was collected at the campus of the University of Viçosa in a single location at depth of 0 to 20 cm after removal of vegetation cover, and used in the optimization and technical validation stages of SLE/LTP. This site was selected for being a pesticide free area. The sample was air dried and sieved through a 2 mm mesh.

  For evaluation of extraction efficiency, 1.00 g of soil sample was spiked with known amounts of pesticides, homogenized and the mixture allowed to stand for 2 h before initiating the extraction procedure. The final pesticide concentration in these soil samples was 5.0 mg kg-1 .

  Optimization of the solid-liquid extraction technique with low-temperature partition

  Potato samples

  The methodology optimized and validated by Dardengo et al. (2011)15 for the extraction of chlorpyrifos, λ-cyhalothrin, cypermethrin and deltamethrin in potato samples has been adapted for the simultaneous extraction of chlorpyrifos and thiamethoxam from these samples. In this method, 3.00 g of potato pulp was placed in contact with 1.0 mL of the 0.2 mol L-1 NaH2PO4 solution, 6.5 mL of acetonitrile and 1.5 mL of ethyl acetate, followed by 45 min of mechanical stirring at 180 rpm. Subsequently, the mixture was placed in the freezer at approximately –20 ºC for 12 h. After the allotted time, the extract was filtered through filter paper, previously washed with 5.0 mL of acetonitrile containing 1.5 g of anhydrous sodium sulfate. The extract was recovered in 10.0 mL volumetric flask and volume completed with acetonitrile. The solution was stored in a vial and frozen prior to chromatographic analysis.

  The technique optimized and validated was used for all samples, with recovery percentages averaging 93% and 96% for chlorpyrifos and thiamethoxam, respectively.

  Soil samples

  Factorial design

  In optimizing the SLE/LTP technique for chlorpyrifos and thiamethoxam extraction from soil samples, a 23 factorial design was used to study the concurrent behavior of three factors: (1) proportion of acetonitrile:ethyl acetate in the extraction solvent, (2) ionic strength and (3) sample agitation time. These three factors were studied at two levels (Table 1) and analysis was performed in triplicate. The levels of the three factors used in the factorial design were established based on previous experiments.
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  To a clear 22.0 mL vial with a cap, 1.00 g of the soil sample spiked with known amounts of chlorpyrifos and thiamethoxam was added. This was followed by the addition of either 4.0 mL of water or the NaH2PO4 0.2 mol L-1 solution, corresponding to the (–) and (+) levels, respectively. Next, 8.0 mL of the extraction solution was added as indicated in the factorial design (Table 1). This solution was maintained under mechanical agitation in a shaker (TE Tecnal - 420) for 30 or 45 min corresponding to the levels (–) and (+), respectively, at 25 ºC and 180 oscillations per minute (rpm).

  The samples were stored at –20 ºC for approximately 12 h. After this period, the organic liquid phase was recovered by simple filtration containing 1.5 g of anhydrous sodium sulfate (Nuclear - P.A. ). The paper filter was previously rinsed with approximately 5.0 mL of cooled acetonitrile. The volume of the extracts were adjusted to 10.0 mL, transferred to vials and stored in a freezer until chromatographic analysis.

  The recovery percentages obtained in each test were used to evaluate the effects of each factor and their interactions.

  Ultrasound effect on the extraction efficiency of the chlorpyrifos and thiamethoxam from soil

  After the 23 factorial designs using the best conditions for extraction efficiency, the effect of ultrasonic waves on pesticide extraction was evaluated.

  Soil samples (1.00 g) previously spiked with pesticides were added to the ideal solvent extractor mixture, established in the factorial design. Subsequently, samples were subjected to ultrasound for 5 and 10 min. The later stages of freezing and filtering through paper with sodium sulfate were identical to those described previously.

  Analytical curve

  Quantification of potato and soil extracts containing the pesticides chlorpyrifos and thiamethoxam was evaluated through an external standard; analytical curves were constructed with seven concentrations ranging from 10.0 to 1000.0 µg L-1 .

  Method validation

  The figures of merit related to the validation process including selectivity, limit of detection (LOD), limit of quantification (LOQ), linearity response, precision and accuracy were determined as recommended by Brazilian16,17 and international regulatory agencies,18 and by related publications.19,20

  SLE/LTP technique application

  Potato samples purchased at supermarkets in Viçosa

  The validated method was applied for determination of pesticides in potato samples randomly acquired from three supermarkets in the city of Viçosa, Minas Gerais, Brazil. Samples of 1 kg of potatoes of each supermarket were collected and stored in a freezer until analysis. These samples were purchased in November, during a warm and rainy season.

  Potato samples grown in the field

  Experiments were conducted under field conditions to determine residue levels in potatoes in comparison with pesticides recommended for pest control in this crop. Experiments were conducted in the municipality of Senador Amaral, in southern Minas Gerais which is the largest potato producing region in Brazil. The experiment consisted of the following treatments:

  Treatment 1: control (free of pesticides); treatment 2: application of thiamethoxam in the furrow before planting as recommended by the manufacturer (15 kg ha-1); treatment 3: application of chlorpyrifos in the furrow before planting as recommended by the manufacturer (4.0 L ha-1) plus two sprayings of the plant tillers (5 and 8 weeks after planting) and once during drying of the foliage, using the same pesticide. Pesticides were applied using a manual backpack sprayer, coupled with conical jet nozzle and pressure of 30 psi. The volume of each solution was approximately of 600 L ha-1 . A randomized block experimental design with three treatments and seven replications was used. Each replicate (experimental unit) consisted of two rows of 200 plants.

  After foliage drying, fifteen potato samples were harvested (about 3.00 kg) from each replicate per treatment. The samples were packed in coolers with dry ice and taken to the laboratory. Each potato sample was crushed, subjected to the stages of extraction using the SLE/LTP technique, and analyzed by GC/ECD.

  Potato samples grown in containers

  In this study, seed potatoes certified by Embrapa were planted in containers (diameter: 19 cm, height: 16 cm). In the planting furrow of the three containers, 0.1 mL of the commercial suspension was applied containing chlorpyrifos as the active ingredient. This dose is in accordance with the one recommended by the manufacturer of 4 L ha-1 . In three other containers, 0.4 g of the commercial product containing the active ingredient thiamethoxam was applied to the furrow, corresponding to 15 kg ha-1 as recommended by the manufacturer. Three containers were maintained as control (Blank). The containers were kept in open air at the Laboratório de Química Analítica (Analytical Chemistry Laboratory) Laqua/UFV, being irrigated every three days.

  Collection of potatoes and soil samples for analysis was performed on the 13th week after planting. All soil and potato samples were collected from each container. Samples from each treatment were carefully homogenized and tests were performed in triplicate, submitted to the same extraction stages, and analyzed by GC/ECD.

   

  Results and Discussion

  Chromatographic analysis

  Figure 2 shows a chromatogram of the standard solution, consisting of 500 µg L-1 of the pesticides prepared in acetonitrile. Peaks with retention times (tR) equal to 2.61 min and 2.81 min correspond to chlorpyrifos and thiamethoxam, respectively.
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  It is observed in Figure 2 that the total analysis time was of 6 min. Despite the pesticides tR being close, the resolution was adequate, with non-overlapping peaks, thus allowing the identification and quantification of the pesticides.

  Optimization of the solid-liquid extraction technique with low-temperature partitioning for soil samples

  Factorial design

  During optimization of the extraction technique and analysis of pesticides, effects of the three factors were evaluated simultaneously: the proportion acetonitrile to ethyl acetate in the solvent extraction, ionic strength and sample agitation time. In this evaluation, a 23 factorial design was utilized and the effects evaluated with regards to recovery percentages. The assays, conducted in duplicate, generated 16 responses allowing for estimation of the experimental errors associated with determining each average response. With these repetitions it was also possible for the statistical software Statistic® to calculate the average recovery percentages, the effects of each factor and the interactions among the factors in the extraction of each pesticide. Errors associated with each effect and their interactions were assessed by the "t" test at 95% probability. Some results of the statistical analysis are presented in Table 2.
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  Statistical analysis of the results contained in Table 2 shows that none of the factors have a significant effect at the probability level of 95% on the percent recovery of pesticides in the matrices.

  Although at the assessed levels the factors had no significant effect on the recovery percentages of active ingredients, a tendency is noted. Table 2 shows that for chlorpyrifos extraction from the soil, factors 1 and 2, evaluated separately, showed a significant trend, i.e. , when working with the level (+) of the solvent extractor mixture and level (–) in relation to ionic strength of the medium. Factor 3, agitation time, presented no significance and can be used at any level within the limits studied.

  For extraction of thiamethoxam from soil, the interaction between factors 2 and 3 shows that better results are obtained when these factors are at level (+). Factors 1 and 3, the proportion of solvent extractor and agitation time, should also be utilized at the level (+), as shown in Table 2.

  The decrease in the solvent extractor polarity favored the extraction of the pesticides chlorpyrifos and thiamethoxam in soil samples. The increase in ionic strength generally results in reduced solubility of the analyte in the matrix, facilitating its extraction.12 This was observed for the extraction of thiamethoxam in soil samples. However, it was found in the present work that for the extraction of chlorpyrifos from soil, the increase in the salt concentration can hinder the formation of a single phase, thus decreasing the pesticide extraction percentage.

  Effects of ultrasound on the extraction efficiency of chlorpyrifos and thiamethoxam in soil

  The sample agitation stage is a relevant factor in the optimization of technique. Agitation plays a role on interaction of the solvents with the analyte of interest in this stage.

  Sonication has been used as an option for agitation and to assist extraction processes.21 Soil samples spiked with chlorpyrifos and thiamethoxam were subjected to 5 and 10 min of sonication, following the other parameters optimized in the 23 factorial designs.

  The use of ultrasound during the period studied did not favor extraction of the referred pesticides from soil samples, therefore mechanical agitation was the option used.

  Optimization methodology

  The optimized method for analysis of chlorpyrifos and thiamethoxam in soil samples using the SLE/LTD technique was as follows: 1.00 g of soil was weighed, and then 4.0 mL of water, 6.5 mL of acetonitrile and 1.5 mL of ethyl acetate were added, with subsequent mechanical agitation for 45 min at 180 rpm.

  Samples were then placed in the freezer for about 12 h. After this period, the extracts were filtered through paper along with 1.5 g of anhydrous sodium sulfate, where the paper filter was previously washed with 5.0 mL of cold acetonitrile. The extract volumes were adjusted to 10.0 mL with acetonitrile, and then transferred to vial and stored in the freezer until the moment of chromatographic analysis.

  It is relevant to mention that due to the complexity of the soil matrix and the low concentration levels at which pesticides are found, the sample preparation becomes an important step in the analysis to obtain reliable results. Thus, the extraction procedure used in this work is very important because it involves fewer steps and these ones are enough for cleaning of extracts, not necessitating a subsequent clean up.

  Method validation

  The detector response was linear in the range of the concentration studied (10.0 to 1000 µg L-1). Determination coefficients (r2) obtained from the linear regression of experimental data are in accordance with the minimum established by Inmetro (2010)17 which recommends values higher than 0.99.

  Detection and quantification limits were determined by the signal to noise ratio method.22,23 The detection limit of chlorpyrifos in potato and soil samples was lower than 0.004 mg kg-1 and the quantification limit was less than 0.012 mg kg-1 . As for the pesticide thiamethoxam, the detection and quantification limits in potato and soil samples were 0.006 and 0.015 mg kg-1 . The LOQ values were lower than the maximum residue levels for chlorpyrifos and thiamethoxam in potato established by the Codex Alimentarius (FAO/WHO),24 which are 1.0 and 0.02 mg kg-1, respectively.

  The repeatability of the SLE/LTP technique for analysis of the pesticides chlorpyrifos and thiamethoxam in potatoes and soils was determined by pesticide extraction from spiked samples in seven replicates for calculation of the coefficient of variation CV (%), as recommended by the Inmetro (2010).17 The obtained coefficients of variation were below 5% for pesticides found in potato and soil samples. These values are considerably lower than the maximum acceptable level for complex samples, which can be up to 20%.18-19

  Intermediate precision of the method was evaluated using the coefficient of variation CV (%), obtained from tests performed on different days by the same analyst. The results showed a coefficient of variation lower than 5% for chlorpyrifos and thiamethoxam in the matrices studied. It was also confirmed that the technique of extraction and analysis of pesticides in potato and soil is not influenced when performed on different days in the same laboratory and by the same analyst on different days.

  The accuracy was calculated according to the Inmetro (2010)17 recommendations. The substances of interest were added in concentrations close to 1, 2 and 10 times the limit of quantification. Recovery percentages obtained in this study are between 93 and 105%, noting a greater dispersion of results for samples spiked with lower concentrations. Because the sample concentration is very close to the LOQ, CV (%) values of up to 20% are acceptable.18,19

  SLE/LTP technique application

  Potato samples purchased at supermarkets in Viçosa

  The optimized and validated SLE/LTP technique was applied to potato samples collected in supermarkets located in Viçosa, MG (Brazil). Of all samples analyzed, only one sample from supermarkets showed chlorpyrifos residues at concentrations equal to 0.67 mg kg-1, which is below the maximum residue limit (MRL) established for potatoes (1.0 mg kg-1).

  Figure 3 shows the chromatogram of the potato sample with a high concentration of chlorpyrifos.
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  Samples of potatoes grown in fields

  In this study, the optimized and validated SLE/LTP technique was used to determine residues of chlorpyrifos and thiamethoxam in potato samples treated with these commercial products.

  In samples of treatment 1 (control) and 2 (thiamethoxam applied in the planting furrow at the recommended dose) there were no signs of residues from the active ingredients studied.

  Application of thiamethoxam in the planting furrow indicated that the use of commercial products according to manufacturer instructions results in samples that are reliable and suitable for consumption.

  The treatment with chlorpyrifos (treatment 3) showed that residues were found at levels lower than the MRL established for this crop (1.0 mg kg-1). The average concentration of chlorpyrifos determined in samples of potato was 0.084 mg kg-1.

  Samples of potatoes grown in containers

  The optimized and validated SLE/LTP technique was applied in potato and soil samples obtained from the container in which the potatoes were grown to determine the presence of chlorpyrifos and thiamethoxam residues.

  According to the results obtained, the amount of chlorpyrifos residue in potatoes and soil at 91 days after planting was 0.19 mg kg-1 and 5.0 mg kg-1, respectively. This pesticide concentration in the potato is below MRL allowed by law. Chlorpyrifos concentration in the soil was determined to be approximately 25 times higher than in potato samples. This is relevant since this active ingredient in soil can be leached or remain in the soil until its complete degradation, with impacts on the environment. This fact can be explained by considering that chlorpyrifos is a non-systemic pesticide, thus, it is not absorbed by the roots and transferred to all parts of the plants, tending to remain close to where it is applied (soil) forming a deposit on the potato surface (skin).25

  Regarding thiamethoxam, concentrations of 0.12 and 0.19 mg kg-1 were determined in the potato and soil samples, respectively. According to the results obtained, thiamethoxam concentration in potato is higher than the allowed MRL (0.02 mg kg-1). The levels of this pesticide residue found in soil were similar to those found in the potatoes, a different behavior from that one observed for chlorpyrifos. Because of its systemic properties (rapid penetration and distribution within the plant), thiamethoxam can be found in similar concentrations both on the soil and in the potato.

  This experiment was conducted in containers in order to maintain better control over environmental factors such as: rainfall, soil volume and quantities of the active ingredients used and their residue in both soil and potatoes, therefore, this experiment simulates a real situation of planting, so the results were evaluated only as a tendency.

   

  Conclusions

  The optimized and validated solid-liquid extraction with low temperature partitioning technique was efficient in the determination of chlorpyrifos and thiamethoxam in potato and soil samples, with recovery percentages greater than 93% and good precision and accuracy.

  Potatoes samples purchased from supermarkets in Viçosa, MG (Brazil) were analyzed and the pesticide chlorpyrifos was found at a concentration of 0.67 mg kg-1 . Although, this value is lower than the MRL permitted, potatoes samples should be routinely evaluated to verify the reliability of these vegetables.

  The concentrations of chlorpyrifos and thiamethoxam were lower than the MRL allowed in potato samples analyzed after planting. This shows that, by following the recommendations of the manufacturer, it is possible to obtain potatoes with low pesticide concentrations.

  According to the results obtained for soil and potato samples and for the potatoes grown in containers, it was observed that chlorpyrifos tends to remain at high levels in the soil, with little transfer to the potato. For thiamethoxam, similar concentrations were found in the soil and potato, both above the MRL allowed for potato samples.
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    Um eletrodo de partículas compósitas de carbono modificado com níquel níquel (Ni/AC) foi preparado por deposição sem aplicação de corrente com pré-tratamento livre de paládio para melhorar o desempenho eletrocatalítico do eletrodo compósito em uma cela eletroquímica. As condições de preparo do eletrodo de partículas compósitas de Ni/AC foram otimizadas usando-se como índice a razão do descoramento de uma solução do corante alaranjado de metila. Os eletrodos de partículas compósitas foram caracterizados por microscopia eletrônica de varredura, difração de raios-X e análises por espectrometria de energia dispersiva. Os desempenhos eletrocatalíticos do eletrodo de partículas Ni/AC foram examinados por meio de vários parâmetros, incluindo dosagem do eletrodo de partículas, concentração de sulfato de sódio, tensão da cela e tempo de eletrólise. Os resultados foram comparados com os de eletrodo de partículas convencionais de carbono ativado (AC). Esses resultados indicaram ser possível preparar um eletrodo de partículas compósitas de Ni/AC por revestimento electroless com pré-tratamento sem paládio. As condições ótimas de preparo do eletrodo Ni/AC eram 40 g L-1 NiSO4·6H2O, 27 g L-1 NaH2PO2·H2O, 50 ºC temperatura de revestimento, e 20 min tempo de revestimento. O desempenho eletrocatalítico do eletrodo Ni/AC foi superior ao do eletrodo AC sob as mesmas condições de eletrólise. A constante de velocidade de oxidação do alaranjado de metila pelo eletrodo Ni/AC foi 1,5 vezes maior que o do eletrodo AC.

  

   

  
    A nickel-loaded activated carbon (Ni/AC) composite particle electrode was prepared by electroless deposition with palladium-free pretreatment to improve the electrocatalytic performance of a composite particle electrode in a three-dimensional electrode cell. The preparation conditions of the Ni/AC particle electrode were optimized using the decolorization ratio of methyl orange dye solution as an index. The composite particle electrodes were characterized by scanning electron microscopy, X-ray diffraction, and energy dispersive spectrometry analyses. The electrocatalytic performances of the Ni/AC particle electrode were examined by a series of parameters, including particle electrode dose, sodium sulfate concentration, cell voltage, and electrolysis time. The results were compared with those of conventional activated carbon (AC) particle electrode. These results indicated the feasibility of preparing a Ni/AC composite particle electrode by electroless plating with non-palladium pretreatment. The optimal conditions for preparing the Ni/AC electrode were 40 g L-1 NiSO4·6H2O, 27 g L-1 NaH2PO2·H2O, 50 ºC plating temperature, and 20 min plating time. The electrocatalytic performance of Ni/AC electrode was superior to that of AC electrode under the same electrolysis conditions. The rate constant of the Ni/AC electrode electrochemical oxidation of methyl orange was 1.5 times larger than that of AC electrode.

    Keywords: composite particle electrode, electroless plating, palladium free, preparation, electrocatalytic performance

  

   

   

  Introduction

  The control and purification of water pollution is gaining increased attention. The release of dyes into water accounts for only a small proportion of water pollution; however, the presence of dyes in water even at very low concentrations is highly visible and undesirable.1 Therefore, the decolorization of dye wastewater is one of the indispensable processes in wastewater treatment.2 Several physical, chemical, and biological decolorization methods have been used to treat dye-containing wastewater. Among the numerous techniques of dye removal from an effluent, adsorption and biological treatment are two of the widely used methods.3 However, adsorption is limited by the high cost of adsorbents and their regeneration, whereas biological treatment cannot be used to treat non-readily biodegradable pollutants, such as most dyes. Therefore, many alternative oxidation methods of wastewater treatment have been studied, including ozonation, photocatalytic oxidation, and electrochemical oxidation.

  Electrochemical oxidation is gaining interest because of its high efficiency and ease of operation, as well as its potential use in enabling "green" processes for the prevention of pollution problems.4 Electrochemical processes involve the heterogeneous electron transfer between a solid electrode and the ionic species in an electrolytic solution.5 Therefore, the electrochemical reaction rate depends on the electron transfer rate, which is directly proportional to the specific surface area of an electrode. However, the surface area cannot be readily enlarged in a conventional two-dimensional electrode cell.

  Electrochemical technology based on a three-dimensional electrode (TDE) has been proposed to overcome such problem. Compared with a conventional two-dimensional electrode cell, the conversion rate can be increased using a particle electrode with a large specific surface area in the TDE cell.6,7 In recent years, research on the use of TDEs for organic pollutant removal focuses on the design of the TDE reactor and the preparation of the particle electrode.8–11 The properties of particle electrodes play the most important role in estimating the performance of the entire system.12 The most commonly used particle electrode is activated carbon (AC), which has been used to treat dye wastewater and has positive effects.13,14 In previous studies, the performance of a particle electrode could be further improved by loading certain catalysts. A particle electrode made of ITO mesoporous film coated with TiO2 has been prepared using sol-gel method.15 An impregnating method has also been used to load catalysts on particle electrodes, such as quartz sand-loaded TiO216 and AC-loaded Sb2O3.17 Calcination at a high temperature is required in both methods. To our knowledge, similar reports on the preparation of a composite particle electrode by electroless plating are limited.

  Electroless nickel plating is an autocatalytic chemical reduction process in which the reducing agent reduces Ni2+ ions to Ni0 atoms on the substrate surface. The non-catalytic substrate usually is catalyzed to produce catalytic nuclei prior to electroless deposition. Conventionally, for materials without a catalytic surface, a sensitization (SnCl2)-activation (PdCl2) step is the most prevalent pretreatment. Ceramic substrate SiC,18 carbon nanotubes,19 porous carbon,20 and graphite21 are some reported examples. However, Pd is very expensive and PdCl2-SnCl2 colloid is unstable.22

  In the present work, in order to produce a catalytic center, AC particles were activated using oxidation with nitric acid and reduction with KBH4 instead of using PdCl2-SnCl2 colloid. The feasibility of preparing of a Ni-loaded AC (Ni/AC) particle electrode by electroless plating was further determined. The electrocatalytic performances of the Ni/AC particle electrode prepared by the electroless plating were also discussed and compared with the AC particle electrode.

   

  Experimental

  Materials

  Commercial granular AC with an average particle size of 4.5 to 6.8 mm was used as a working electrode. The AC particle electrode was washed with boiling water four times and then dried at 100 ºC about 4 h before use.

  Nitric acid, sodium hydroxide, potassium borohydride and nickel sulfate were purchased from Shanghai Chemical Reagent Co. , Ltd. (China). Sodium hypophosphite, sodium citrate, sodium fluoride and ammonia were obtained from Sinopharm Chemical Reagent Co. , Ltd. (China). All chemicals are of analytical grade.

  Preparation of Ni/AC particle electrode

  AC must be pretreated prior to electroless nickel plating. In a typical procedure, AC was initially oxidized with 60 mL of concentrated nitric acid solution at 80 ºC for 10 min to create carboxyl surface groups. The unsaturated groups on the AC surface such as hydroxy and aldehyde groups were oxidized into saturated groups (primarily carboxyl) and then soaked in 80 mL of 0.1 mol L-1 NaOH solution at 80 ºC for 10 min to ionize the carboxyl group. After cleaning with distilled water, AC was soaked in 100 mL of 0.2 mol L-1 NiSO4 at room temperature for 10 min to absorb Ni2+ ions. AC was then soaked in 100 mL of 5 g L-1 KBH4 solution for 10 min to reduce Ni2+ ions into Ni-activated nuclei. Finally, AC was washed with distilled water to remove the KBH4 absorbed on the surface, and can be used for electroless nickel deposition.

  About 10.0 g of the pretreated AC was introduced into 100 mL of an electroless nickel-plating bath, whose composition is given in Table 1. Nickel sulfate was the source of metal ions, sodium hypophosphite was the reducing agent, sodium citrate was the complexing agent, sodium fluoride was the accelerating agent, and ammonia was used to control the pH of the bath during plating. Electroless plating was performed on an hot bath with a stirrer by maintaining the temperature at 30-90 ºC for 2-75 min. After electroless plating, the Ni/AC particle electrode was thoroughly washed with distilled water several times and dried.

  
    

    [image: Table 1. Chemical composition]

  

  Surface characterization

  The surface morphologies of the Ni/AC composite particle electrode were characterized with a scanning electron microscopy (SEM) system (Carl Zeiss SUPRA55) and compared with those of AC particles. The specimens were sprayed with gold prior to analysis. The phase structure of the composite particle electrode was examined by X-ray diffraction (XRD) on a Rigaku D/max 2500PC diffractometer using a Cu Kα radiation generator with settings of 60 kV and 300 mA. The results were compared with those of AC particles. In addition, the elemental compositions of the Ni/AC particle electrodes were determined on an OXFORD energy dispersive spectrometer (EDS).

  Electrolytic experiment

  Figure 1 shows a batch rectangular TDE cell. The cell support was made of plastic and had dimensions of 15 cm × 8 cm × 6 cm. The stainless steel anode and cathode (main electrodes) were situated 4.2 cm apart, and a certain amount of particle electrode was packed between the two main electrodes. Compressed air was sparged at a rate of 1.0 L min-1 into the particle electrodes from a micropore plate located at bottom of the cell. A regulated DC power supply provided electric power.

  
    

    [image: Figure 1. Schematic diagram]

  

  Prior to electrolysis, the particle electrodes were first soaked in methyl orange solution for 24 h to decrease the effect of the adsorption of particle electrodes on the decolorization ratio. The particle electrodes were then used to degrade methyl orange solution in the TDE cell. The cell was timed after the DC power and compressed air supply were switched on. The treated solution was then subjected to analysis of the remaining methyl orange concentration at selected electrolysis time intervals.

  Analysis

  The decolorization ratio of methyl orange was used to determine the electrocatalytic performance of the particle electrode in a TDE cell. The amount of methyl orange remaining in the solution after electrolysis was determined with a UV1102 spectrophotometer. The analytical wavelength selected for the absorption measurements was 463 nm. The decolorization ratio was calculated as follows:

  
    [image: Equation]

  

  where C0 is the initial concentration and Ct is the concentration of the treated solution after electrolysis time t (min).

   

  Results and Discussion

  Optimization of preparation condition

  The SnCl2-PdCl2 method is commonly used for the pretreatment of carbon materials for electroless nickel plating on their surface.23 In the conventional pretreatment process, the precious metal palladium has been employed as the catalyst to activate the surface of substrates. The biggest weakness of the conventional pretreatment process is that Pd compounds are expensive and can significantly increase the cost of the plating process.24 The palladium-free electroless method is to activate the substrate without the use of SnCl2 and PdCl2. In this paper, nickel was electrolessly plated onto the AC particle surface with the following pretreatment: oxidation with nitric acid, ionization with NaOH, coordination adsorption of Ni2+, and reduction with KBH4. Through the above steps, Ni nanoparticles as catalytic centers were produced on carbon materials without precious metal palladium. The palladium-free pretreatment method can lower the processing cost and prevent environmental pollution with the precious metal palladium.

  The effect of pretreatment was studied with two kinds of Ni/AC particle electrode: one was prepared with palladium-free pretreatment, and the other was prepared without pretreatment. Table 2 shows the differences in the decolorization ratio of the Ni/AC particle electrode prepared by the two methods. The average decolorization ratio of the particle electrode with pretreatment was higher than that without pretreatment. Furthermore, the decolorization ratio of the particle electrode with pretreatment ranged from 43.8% to 36.9% with increased frequency of use, whereas that of the particle electrode without pretreatment showed a downward trend from 39.7% to 20.3%. In fact, the lifetime of the Ni/AC particle electrode prepared with palladium-free pretreatment was to use a frequency of 16 times. Thus, preparation of a Ni/AC particle electrode by palladium-free electroless nickel plating was feasible. Moreover, pretreatment can enhance the reactivity of the particle electrode and improve the adhesion of catalyst nickel on AC.
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  More than an oxidizing agent, NiSO4 plays the role of source of Ni2+ ions that, after reduction, provides the Ni0 atoms deposited on the activated carbon surface. Figure 2 shows the relationship of the decolorization ratio of the particle electrode with the NiSO4·6H2O concentration. The decolorization ratio of the particle electrode increased with increased NiSO4·6H2O concentration, reached the maximum at 40 g L-1 NiSO4·6H2O, and maintained this maximum value from 40 g L-1 to 56 g L-1 . The plating bath appeared cloudy and some sediments were produced when the NiSO4·6H2O concentration exceeded 56 g L-1, which was produced by the excessive Ni2+ reduction in the bulk solution besides the occurrence on the AC particles surface. Therefore, the NiSO4·6H2O concentration was set as 40 g L-1 henceforth.
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  Ni2+ ions adsorbed on the AC surface were reduced by hypophosphite anion in catalytic center, forming the first layer of metallic Ni on the AC surface. Upon the start of deposition, the plating proceeded as long as sufficient metal ions and reducing agents were available. NaH2PO2 was used as a reductant in electroless nickel plating. Different concentrations of NaH2PO2·H2O solution such as 8, 15, 27, 37, and 45 g L-1 were chosen to study the effect of NaH2PO2·H2O concentration. Figure 3 shows the effect of NaH2PO2·H2O concentration on the decolorization ratio of Ni/AC particle electrode. The decolorization ratio of the particle electrode reached the maximum value at 27 g L-1 NaH2PO2·H2O. NaH2PO2·H2O affected the stability of the plating solution. When the NaH2PO2·H2O concentration reached 37 g L-1, too much H2PO2– made the plating solution unstable, and some nickels were deposited onto the reactor walls. Furthermore, excessive NaH2PO2·H2O concentration may increase the phosphorus content of the nickel plating layer,25 which affected the performance of the particle electrode.
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  NiSO4 and NaH2PO2 are two important components of electroless nickel plating. The concentration and concentration ratio affect the stability of a plating solution and the electrocatalytic activity of a particle electrode. According to the above results, the appropriate molar ratio of NiSO4·6H2O and NaH2PO2·H2O was about 1:1.7. Therefore, 27 g L-1 NaH2PO2·H2O solution was used for electroless plating.

  A higher plating temperature results in a higher rate of plating and deposited layer. However, too high temperature may lead to bath instability and failure to deposit a coating layer on the particles.26 Therefore, the effect of plating temperature on the performance of the composite particle electrode was investigated. The relationship of the decolorization ratio of Ni/AC particle electrode with the plating temperature is shown in Figure 4. The decolorization ratio of the particle electrode rapidly increased with increased plating temperature and reached 57.3% at 50 ºC. When the temperature was higher than 50 ºC, the decolorization ratio began to decline and decreased to 35.6% at 90 ºC. Nickel cannot be easily deposited onto the surface of AC at low temperatures, and the electrocatalytic performance of the particle electrode was poor. The increase in temperature was favorable for nickel deposition. However, the high temperature resulted in too rapid nickel deposition rate easily leading to particulate deposition, and weakened stability of the plating solution which was prone to decompose at high temperature. Therefore, the appropriate temperature should be selected and maintained in a constant-temperature water bath. The temperature of 50 ºC was more appropriate in this experiment.
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  Plating time also affected the performance of the Ni/AC composite particle electrode. Figure 5 shows the relationship between the decolorization ratio of the Ni/AC particle electrode and plating time at a plating temperature 50 ºC. The decolorization ratio of the particle electrode increased with increased plating time and reached the highest state at 15 min to 30 min. Given the catalytic activity of nickel produced during pretreatment, nickel was evenly deposited onto the AC surface and electroless nickel plating continued. However, when electroless plating reached a certain stage, nickel tended to form particles of deposition instead of laminar deposition.27 These particles blocked the pores of carbon, affected the mass transfer diffusion of methyl orange in the solution, and made the nickel layer be easily stripped down from the AC. The decolorization ratio of the particle electrode declined when the plating time was more than 30 min. Thus, the optimal plating time was deemed to be 20 min.
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  Surface properties of Ni/AC particle electrode

  Figure 6a shows the particles of AC before oxidation. The surfaces of the AC particles were rough because of the presence of impurities. After oxidation, the impurities were removed and the surfaces became smooth (Figure 6b), which was favorable for the firm deposition of nickel on the surface. Figure 6c shows that the entire surface was covered by a layer of nickel. In addition, some pores were found to remain after plating, which was conducive to mass transfer during electrolysis. Figure 6d (high magnification) shows that the layer comprised countless particles deposited closely together on the surfaces.
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  Figure 7 shows the XRD pattern of Ni/AC particle electrode before and after plating. The strong peak at 2θ = 26.3° before plating was a characteristic peak of AC particles, and this peak increased after plating. The peak at 2θ = 43.6°, which was more clearly observed in Figure 7b than in Figure 7a, was attributed to Ni deposited onto the AC surface by electroless plating, and indicated the existence of a crystal core in Ni/AC particle electrode. However, this peak was weaker than that at 2θ = 26.3°. The weak peak at 2θ = 43.6° was mainly due to the lower P content and small distortion of crystalline Ni caused by P atoms.
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  Figure 8 shows the EDS spectrum of the plated Ni/AC particle electrode. The peak of carbon was from AC, whereas the peaks of nickel and phosphorus were attributed to the deposited layer. Ni2+ adsorbed on AC reacted with KBH4 to produce Ni0 catalytic center during pretreatment. Ni0 reduction was immediately initiated to catalyze the subsequent electroless Ni–P co-deposition. The EDS results proved that the layer contained Ni–P alloy, in which the percentage contents of Ni and P atoms were 11.3% and 2.4%, respectively, and the rest were C atoms.
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  Electrocatalytic performance of Ni/AC particle electrode

  The effect of particle electrode dose on the decolorization ratio of Ni/AC and AC electrodes in the same TDE cell is shown in Figure 9. Under the influence of an electric field at an electrochemical cell, these particles can be polarized to form charged microelectrodes, by means of which, increasing the specific surface area of the electrode, resulting in higher electrolytic efficiency.14 The decolorization ratios of the two kinds of electrode increased with increased dose of the particle electrode from 5.0 g to 40.0 g. The increased decolorization ratio was attributed to the increased surface area of the electrodes, indicating that the polarization strength was directly related to the filling dose. Furthermore, the decolorization ratio of the TDE filled with Ni/AC electrode was higher than that filled with AC electrode. A decolorization ratio of 68% was obtained using only 30.0 g of Ni/AC, but as much as 40.0 g of AC was necessary to achieve the same ratio (Figure 9). The loaded Ni appeared to enhance the electrochemical activity of AC, resulting in improved decolorization ratio of Ni/AC electrode. The incremental change in the decolorization ratio depended on the dose of the particle electrode added. When the dose was < 10.0 g, the incremental change corresponded to the increase in dose of the particle electrode. However, when the dose added was beyond 10.0 g, the incremental change decreased with increased dose of particle electrode. Based on these findings, 10.0 g dose of particle electrode was used to study the electrocatalytic performance of Ni/AC particle electrode.
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  In this study, Na2SO4 was added to the methyl orange solution as an electrolyte. When a cell is operated controlling the applied voltage, the electrolyte concentration in the cell is important because it primarily determines the electric resistance of the solution and influences the electrolytic current. The enhancement in electrolytic current improved the degradation of wastewater and a complementary reaction such as H2(g) production at the cathode and a side reaction such as O2(g) production at the anode.28 Salt is usually used to increase the conductivity of water to be treated. However, when the salt concentration reached a certain value, the diffusion flux of ions decreased and thus inhibiting the mass transfer process in the solution.29

  Figure 10 shows the decolorization ratio of methyl orange at various Na2SO4 concentrations. The decolorization ratio of AC particle electrode increased with increased Na2SO4 concentration. However, the decolorization ratio began to decrease significantly at > 12 g L-1 Na2SO4, and more bubbles began to appear in the cathode. This observation showed that the increase in solution conductivity also increased the occurrence of H2 and O2 production in the cell beyond a certain level, which led to the reduction of the current efficiency of AC particle electrode. The decolorization ratio of Ni/AC particle electrode was higher than that of AC electrode under the same Na2SO4 concentration. Furthermore, Ni/AC electrode maintained a high decolorization ratio when 12 g L-1 to 20 g L-1 of Na2SO4 was added to the solution, whereas the decolorization ratio of AC electrode decreased more rapidly. Therefore, Ni/AC particle electrode had good electrocatalytic properties and the ability to eliminate disadvantages resulting from increased salt concentrations.
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  Cell voltage is a driving force of an electrolytic reaction. The effects of cell voltage on the decolorization ratio of the electrochemical process were investigated, and the results are shown in Figure 11. The decolorization ratio varied with increased cell voltage in a TDE cell using Ni/AC and AC particle electrodes. Based on the figure, the decolorization ratio of AC particle electrode gradually increased with increased cell voltage from 3.0 V to 15.0 V. With increased electric field strength, electrical charges on polarized AC particle electrodes increase.30 The cell voltage increase can directly and indirectly accelerate the rates of dye decolorization on the electrode surface. In this work, the decolorization ratio markedly increased in Ni/AC electrode with increased cell voltage from 3.0 V to 6.0 V. The increase in the decolorization ratio can be attributed to the increase in the current of the electrode reaction and improvement in electrode performance. However, the decolorization ratio of Ni/AC electrode decreased with increased cell voltage from 6.0 V to 15.0 V because some side reactions such as hydrogen and oxygen evolution occurred on the electrodes with increased cell voltage.31 Consequently, electrolytic efficiency declined. Moreover, the decolorization ratio of Ni/AC electrode was higher than that of AC electrode when the cell voltage ranged from 3.0 V to 9.0 V. The electrocatalytic performance of Ni/AC particle electrode allowed efficient decolorization at low cell voltages, thereby saving electric energy during the decolorization of methyl orange.
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  Figure 12 illustrates the methyl orange concentration of the treated solution in a TDE cell using different particle electrodes at various electrolysis times. The degradation of methyl orange by the two particle electrodes were basically the same in the first 5 min of electrolysis. However, with increased electrolysis time, the concentration of Ni/AC particle electrode decreased faster than that of AC particle electrode. The highest decolorization ratio obtained was 51% at 40 min. By contrast, the TDE cell with AC particle electrode generated a maximum decolorization ratio of only 37.5%.
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  In this work, the electrocatalytic decolorization of methyl orange was found to follow pseudo first-order kinetics. Table 3 lists the kinetic regression equations and parameters determined from the experiment. The rate constant of TDE cell with AC particle electrode was 0.0108 min-1, whereas that of TDE cell with Ni/AC particle electrode was 0.0158 min-1 . The rate constant of Ni /AC electrode was 1.5 times larger than that of AC electrode. The performance of Ni/AC electrode was superior to that of AC electrode. The synergetic effect was produced between Ni and AC in the Ni/Ac composite particle electrode, leading to the high electrocatalytic activity. Therefore, the combination of a catalytic Ni and three-dimensional particle electrode by electroless plating exerted apparent electrocatalytic effects on the decolorization of methyl orange.
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  Conclusions

  A new method of preparing a composite particle electrode, i.e. , electroless plating with non-palladium activation, was successfully applied to prepare a Ni/AC composite electrode. The conventional SnCl2-PdCl2 activation method was replaced by oxidation with nitric acid and reduction with KBH4. Using the decolorization ratio of methyl orange dye solution as an index, the following optimal parameters for the preparation of Ni/AC electrode were determined: 40 g L-1 NiSO4·6H2O, 27 g L-1 NaH2PO2·H2O, 50 ºC plating temperature, and 20 min plating time. Compared with the AC particle electrode, improvements in the electrolytic performance of Ni/AC composite electrode were confirmed by a series of parameters, specifically, particle electrode dose, Na2SO4 concentration, cell voltage, and electrolysis time.
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    A síntese eficiente de novas 1,1,1-tricloro-4-metoxi-3-alquen-2-onas graxas [Cl3CC(O)C(R2)=C(R1)OMe, onde R1 = n-hexil, heptil, nonil, undecil, tridecil e R2 = H] e 1,1,1-tricloro-2,4-alkanediones [Cl3CC(O)CHR2C (O) R1, onde R1 = n-pentil e R2 = Me, R1 = Et e R2 = n-butil, R1 = n-butil e R2 = n-propil] é apresentada, com bons rendimentos (85-95%) a partir da acilação dos respectivos acetais com cloreto de tricloroacetila. As 1,1,1-tricloro-4-metoxi-3-alquen2-onas e 1,1,1-tricloro-2,4-alkanediones graxas reagem com cloridrato de hidrazina produzindo os respectivos 1H-pirazol-5-carboxilatos, uma classe de novos ésteres metílicos (FAMEs) e etílicos (FAEEs) graxos não comuns. As estruturas moleculares dos compostos sintetizados foram confirmadas por análise elementar e ressonância magnética nuclear (NMR) de 1H e 13C. As 1,1,1-tricloro-4-metoxi-3-alquen-2-onas graxas e seus derivados 1H-pirazol-5-carboxilatos são novos oleoquímicos com propriedades diferenciadas e potencialmente interessantes.

  

   

  
    The efficient synthesis of new fatty 1,1,1-trichloro-4-methoxy-3-alken-2-ones [Cl3CC(O)C(R2)=C(R1)OMe, where R1 = n-hexyl, heptyl, nonyl, undecyl, tridecyl and R2 = H] and 1,1,1-trichloro-2,4-alkanediones [Cl3CC(O)CHR2C(O)R1, where R1 = n-pentyl and R2 = Me, R1 = Et and R2 = n-butyl, R1 = n-butyl and R2 = n-propyl] in good yields (85-95%) from acetal acylation with trichloroacetyl chloride is reported. The fatty 1,1,1-trichloro-4-methoxy-3-alken2-ones and 1,1,1-trichloro-2,4-alkanediones were reacted with hydrazine hydrochloride, leading to respective 1H-pyrazole-5-carboxylates, unusual class of fatty acid methyl (FAMEs) and ethyl (FAEEs) esters. Their structures were confirmed by elemental analysis and 1H and 13C nuclear magnetic resonance (NMR). The fatty 1,1,1-trichloro-4-methoxy-3-alken-2-ones and 1H-pyrazole derivatives are new oleochemicals with potentially interesting and differential properties.

    Keywords: fatty ketones, acylation, fatty 1H-pyrazoles

  

   

   

  Introduction

  We have developed a general method for synthesizing a large number of 1,1,1-trihalomethyl-4-alkoxy-3-alken2-ones, important halogen-containing building blocks, and we have demonstrated their usefulness in bioactive heterocyclic synthesis.1–3 These 1,3-dielectrophilic precursors have been used as a 3-atom block for the synthesis of 5-, 6-and 7-member heterocycles.4–6 Conventionally, enol ethers have been prepared from symmetrical ketone or aldehyde acetals. However, the isolation of these enol ethers involves a tedious distillation process and in some cases (e.g. , those derived from asymmetrical ketones) a mixture of kinetic and thermodynamic enol ethers is obtained.7,8 Our method, with in situ generating of enol ether, offers a convenient alternative to produce acylated regiospecific derivatives 1,1,1-trihalomethyl-4-alkoxy-3-alken-2-ones. Moreover, the transformation of the trichloromethyl group under mild conditions into carboxylic groups prompted us to devote special attention to these substrates.9,10

  Among the heterocycles obtained from 1,1,1-trihalomethyl-4-alkoxy-3-alken-2-ones, the pyrazole derivatives have remained the focus of research in particular regarding their biological effects of interest in the agrochemical and pharmaceutical industries.11–13 Systematic investigations of this class of heterocycle have revealed that pyrazole-containing pharmacoactive agents play an important role in medicinal chemistry, leading to further research on the chemistry of this heterocycle.14–16

  On the other hand, fatty substances are important in the food, pharmaceutical, personal care and paint industries.17–19 There is a constant commitment to developing new surfactants and detergents with potentially interesting properties.20,21 As a continuation of our research project on the synthetic potential of acetal acylating method, it is here reported the preparation of a series of new fatty 1,1,1-trichloro-4-alkoxy-3-alken-2-ones derived from fatty ketones and their conversion into 1H-pyrazole-carboxylate derivatives substituted with a long fatty chain, which are unusual fatty acid methyl (FAMEs) and ethyl (FAEEs) esters.

   

  Results and Discussion

  Dimethoxy ketals 1a-g were synthesized from the acetalization of the respective fatty ketones a-g with trimethylorthoformate in the presence of p-toluenesulfonic acid.19 The trichloroacylation reactions were carried out in chloroform and pyridine at 30 to 50 ºC for 12 h as outlined in Scheme 1. Two equivalents of acylating agent per acetal were required to obtain the fatty 1,1,1-trichloro-4-methoxy3-alken-2-ones 2a-g since one molecule of the acylating reagent promotes the formation of enol ether by trapping a methoxy group from acetal, and the second molecule of acylating reagent promotes the formation of C-C bonds. As previously reported, acetals of alkyl methyl ketones are always acylated at methyl sites.22 The acylated products 2a-e were obtained as black oil in very good yields of 85-95% (see Supplementary Information (SI) section, Table S1) and high purity (Scheme 1).

  
    

    [image: Scheme 1. Sybthesis of long chain]

  

  From alkyl methyl ketones (alken-2-ones), acylated products were obtained as 1,1,1-trichloro-4-methoxy-3-alken-2-ones without hydrolysis products from the work-up of acid water solutions. However, acylated products from octan-3-one and nonan-5-one were obtained as the respective trichloromethyl-β-diketones (3f,g). A mixture of 1,1,1-trichloro-3-methylnonan-2,4-dione (3f) and 1,1,1-trichloro-3-butylhexan-2,4-dione (3f') was obtained from octan-3-one, and 1,1,1-trichloro3-propyloctan-2,4-dione (3g) was obtained from nonan5-one. During the acylation of 3,3-dimethoxyoctane with trichloroacetyl chloride, there was a preference for reactions at ethyl sites, leading to 3f in larger quantities than the isomer 3f', demonstrating that the reaction had some degree of regioselectivity, probably for steric reasons as the reaction selects the lowest substituent between the carbonyl groups. The large sterical volume of the trichloromethyl group is likely one of the factors that prompted hydrolysis of 1,1,1-trichloro-4-methoxy-3-alken-2-ones substituted at position-3 and could help explain the preference of the respective trichloromethyl diketones for nonplanar keto-keto forms (Scheme 2).23
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  The structures of acylated products were characterized based on their nuclear magnetic resonance (NMR) spectra. The 1H NMR signal of the vinylic hydrogen for pattern H-3 of the 1,1,1-trichloro-4-methoxy-3-alken-2-one 3a appeared during high field analysis, δ 5.9 ppm, and the spectrum showed the characteristic signals of the fatty alkyl chain: a triplet at δ 2.7 ppm (2H, 5-CH2), a multiplet at δ 1.5 ppm (2H, 6-CH2), the broad signal from the inner –CH2 – at δ 1.25 ppm, and the triplet from the terminal methyl at δ 0.8 ppm. Further support for fatty acylated products was provided by the 13C NMR spectra. Pattern 3a showed high field signals from carbonyl C-2 and enol ether C-4 at δ 179.8 and 183.9 ppm, respectively. There was a signal from vinylic C-3 at δ 89.6 ppm, a short signal from CCl3 at δ 98.05 ppm, an intense signal from the methoxy group at δ 56.1 ppm, signals from methylenes at 22-34 ppm, and a methyl signal at δ 13 ppm from the fatty alkyl chain. For tricloromethyl-β-diketones, the 1H NMR spectrum showed signals from H-3 at 4.5 ppm, for 3b as a quartet with JHH 6.8 Hz, together with the methyl doublet (JHH 6,8 Hz), demonstrating the presence of the keto form in CDCl3 solution. Signals from the C5 chain were also detected. For 3b', the H-3 signal appeared as a doublet of doublets (JHH 8.6 and 5.5 Hz) and the signals from alkyl chains were hidden by those from the predominant product (Scheme 2). The same pattern was observed in the 1H NMR spectrum from 3d, in winch the signal from H-3 was a doublet of doublets (JHH 8.8 and 5.2 Hz) and the spectrum showed all of the signals from 4-propyl and 3-butyl substituents. The NMR data for the fatty trichlomethylketones obtained are shown in the SI section.

  Cyclization of 1,3-dielectrophilic precursors 2a-g and 3f,g with hydrazine hydrochloride proceeded smoothly in alcohol (methanol or ethanol) at reflux for 8 h to produce pyrazole-5-carboxylic esters 4, 5a-g in isolated yields of 93-96% (Table 1). After completion of the reaction, solvent was evaporated and the product was dried in a desiccator with anhydrous CaCl2 (Scheme 3).
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  Mechanistically, cyclocondensation between precursors 2 and hydrazine hydrochloride proceeds via conjugate addition of nitrogen into the C-4 of 1,1,1-trichloro4-methoxy-3-alken-2-ones. Then, one molecule of methanol is eliminated to give the enaminoketone intermediate, which isomerizes to thermodynamically more stable hydrazone. Subsequent cyclization affords the 5-trichloromethyl-5-hydroxy-4,5-dihydro-1H-pyrazole intermediates, which are unstable in alcohol medium.24 Then, one molecule of water is eliminated to give the aromatic 5-trichloromethyl-1H-pyrazole intermediate. Further elimination of chloride with the aid of the adjacent nitrogen atom leads to reactive intermediate I, which is attacked by water in the reaction medium, leading to the formation of an acid chloride that reacts with the solvent used in the reaction (MeOH or EtOH) (Scheme 4).
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  The 1H-pyrazole-5-carboxylates were identified based on NMR spectroscopy. The 1H NMR spectrum showed the characteristic signals of the fatty alkyl chain: a triplet at δ 2.7 ppm (2H, 5-CH2), a multiplet at δ 1.5 ppm (2H, 6-CH2), the broad signal from the inner –CH2– at δ 1.25 ppm and the triplet from the terminal methyl at δ 0.8 ppm. The signal from H-4 on the pyrazole ring appeared at δ 6.5-6.6 ppm. The 13CNMR spectra displayed the trichloromethylcarbon as a characteristic small signal at approximately δ 102.7; furthermore, the signals for pyrazole carbons C-3, C-4 and C-5 appeared at δ 147, 106 and 141 ppm, respectively. For compounds substituted at C-4, the carbon C-4 was deshielded to 122 ppm and C-5 was shielded to 136 ppm. The signal from the carboxyl carbon appeared at 162 ppm.

   

  Conclusion

  In conclusion, we have established the versatility of the acetal acylation process for synthesizing fatty 1,1,1-trichloro-4-methoxy-3-alken-2-ones, which are versatile building blocks for heterocyclic compounds. It was found that trichloromethylated precursors react with hydrazine hydrochloride, leading to new methyl or ethyl 1H-pyrazole-5-carboxylates, fatty substances with potentially interesting properties.

   

  Experimental

  Unless indicated otherwise, all common reagents were used as obtained from commercial suppliers without further purification. All melting points were measured using a Reichert-Thermovar apparatus. Listed yields are of isolated compounds.1H and 13C NMR spectra were acquired on a Bruker DPX 200 or Bruker DPX 400 spectrometer (1H at 200.13 or 400.13 MHz and 13C at 50.32 or 100.63 MHz) at 300 K, using 5 mm sample tubes, and with a digital resolution of ± 0.01 ppm. CDCl3 was used as a solvent with TMS (tetramethylsilane) as the internal standard.

  General procedure for 1,1,1-trichloro-4-methoxy-3-alken2-ones (2a-g)

  To a stirred solution of dimethoxy acetal derived from fatty ketones 1a-g (30 mmol) and pyridine (60 mmol, 4.8 g) in CHCl3 (30 mL) kept at 0 ºC, a solution of trichloroacetyl chloride (60 mmol, 6.8 mL) in CHCl3 (20 mL) was added dropwise at –5 ºC. The mixture was stirred for 8-12 h at room temperature (30-50 ºC). After, the mixture was quenched with a 2 mol L-1 HCl solution (30 mL), the organic layer was separated and dried with Na2SO4, the solvent was evaporated, and the residue was distilled to remove methyl trichloroacetate. The products 2a-e were obtained as black oil with high purity, and all are inedited. Yields, NMR data and spectra for 1,1,1-trichloro-4-methoxy-3-alken-2-ones 2a-e are presented in the SI section.

  General procedure for 1H-pyrazole-5-carboxylate derivatives (4, 5)

  A mixture of one precursor 2a-e or 3f,g (10 mmol) and NH2NH2. HCl (12 mmol, 0.82 g) in 10 mL alcohol (MeOH or EtOH) was stirred under reflux for 4 to 8 h. Then solvent was evaporated, the residue was dissolved in CH2Cl2 (20 mL) and washed with water (15 mL) twice, and the organic layer was dried with Na2SO4. After evaporation of the solvent, the residues were obtained as reddish orange oils (R = hexyl, heptyl and nonyl) or brown greases (R = undecyl and tridecyl). Spectroscopic data for derivatives 1H-pyrazole carboxylate 4a-g and 5a-g and the full data series can be seen in the SI section.

  Methyl 3-hexyl-1H-pyrazole-5-carboxylate (4a): yield 95%, orange oil; 1H NMR (400 MHz, CDCl3) δ 6.49 (s, 1H, H4), 3.78 (s, 3H, OMe), 2.60 (t, 2H, H6), 1.53 (qu, 2H, H7), 1.18 (m, 6H, –(CH2)3 –), 0.77 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 162.5 (CO2Me), 147.3 (C3), 141.5 (C5), 106.0 (C4), 51.5 (OMe), 31.3, 28.8, 28.6, 25.7, 22.3 (CH2), 13.8 (Me); MS (70 eV) m/z 211 (M+ + 1, 10), 210 (M+, 60); anal. calcd. for C11H18N2O2: C, 62.83; H, 8.63; found C, 62.7; H, 8.7.

  Methyl 3-heptyl-1H-pyrazole-5-carboxylate (4b): yield 93%, red orange oil; 1H NMR (400 MHz, CDCl3) δ 6.49 (s, 1H, H4), 3.77 (s, 3H, OMe), 2.61 (t, 2H, H6), 1.52 (qu, 2H, H7), 1.18 (m, 8H, –(CH2)4 –), 0.77 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 162.3 (CO2Me), 147.3 (C3), 141.4 (C5), 106.1 (C4), 51.7 (OMe), 31.6, 28.97, 28.93, 28.8, 25.6, 22.5 (CH2), 13.9 (Me); MS (70 eV) m/z 225 (M+ + 1, 10), 224 (M+, 58); anal. calcd. for C12H20N2O2: C, 64.26; H, 8.99; found C, 64.5; H, 8.9.

  Methyl 3-nonyl-1H-pyrazole-5-carboxylate (4c): yield 96%, red orange oil; 1H NMR (400 MHz, CDCl3) δ 6.48 (s, 1H, H4), 3.77 (s, 3H, OMe), 2.60 (t, 2H, H6), 1.52 (qu, 2H, H7), 1.18 (m, 12H, –(CH2)6 –), 0.78 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 162.5 (CO2Me), 147.2 (C3), 141.6 (C5), 106.0 (C4), 51.5 (OMe), 31.7, 29.3, 29.16, 29.12, 28.99 28.93, 25.6, 22.5 (CH2), 13.9 (Me); MS (70 eV) m/z 253 (M+ + 1, 12), 252 (M+, 65); anal. calcd. for C14H24N2O2: C, 66.63; H, 9.59; found C, 66.8; H, 9.5.

  Methyl 3-undecyl-1H-pyrazole-5-carboxylate (4d): yield 93%, brown grease; 1H NMR (400 MHz, CDCl3) δ 6.6 (s, 1H, H4), 3.77 (s, 3H, OMe), 2.70 (t, 2H, H6), 1.65 (qu, 2H, H7), 1.28 (m, 16H, –(CH2)8 –), 0.88 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 162.5 (CO2Me), 147.2 (C3), 141.6 (C5), 106.0 (C4), 51.5 (OMe), 31.8, 29.57, 29.55, 29.46, 29.27, 29.09, 29.07, 26.1, 22.6 (CH2), 14.0 (Me); MS (70 eV) m/z 281 (M+ + 1, 9), 280 (M+, 60); anal. calcd. for C16H28N2O2: C, 68.53; H, 10.06; found C, 68.3; H, 10.1.

  Methyl 3-tridecyl-1H-pyrazole-5-carboxylate (4e): yield 93%, brown grease; 1H NMR (400 MHz, CDCl3) δ 6.59 (s, 1H, H4), 3.77 (s, 3H, OMe), 2.69 (t, 2H, H6), 1.62 (qu, 2H, H7), 1.18 (m, 20H, –(CH2)10 –), 0.88 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 161.8 (CO2Me), 148.1 (C3), 141.2 (C5), 106.2 (C4), 51.7 (OMe), 31.8, 29.61, 29.58, 29.46, 29.28, 29.10, 29.07, 26.1, 22.6 (CH2), 14.0 (Me); MS (70 eV) m/z 309 (M+ + 1, 15), 308 (M+, 60); anal. calcd. for C18H32N2O2: C, 70.09; H, 10.46; found C, 70.0; H, 10.7.

  Methyl 4-methyl-3-pentyl-1H-pyrazole-5-carboxylate (4f): yield 65%, red orange oil; 1H NMR (400 MHz, CDCl3) δ 3.89 (s, 3H, OMe), 2.60 (s, 2H, H6), 2.22 (t, 3H, 4–CH3), 1.61 (qu, 2H, H7), 1.18 (m, 4H, –(CH2)2 –), 0.89 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 162.0 (CO2Me), 148.2 (C3), 135.8 (C5), 117.5 (C4), 51.6 (OMe), 31.4, 28.6, 25.2, 22.3 (CH2), 13.9 (Me), 8.57 (4-Me); MS (70 eV) m/z 211 (M+ + 1, 6), 210 (M+, 71); anal. calcd. for C11H18N2O2: C, 62.83; H, 8.63; found C, 62.6; H, 8.5.

  Methyl 3-butyl-4-propyl-1H-pyrazole-5-carboxylate (4g): yield 95%, red orange oil; 1H NMR (400 MHz, CDCl3) δ 3.81 (s, 3H, OMe), 2.56 (q, 4H, –(CH2)2 –), 1.55 (m, 2H, –CH2– ), 1.48 (m, 2H, –CH2– ), 1.30 (m, 2H, –CH2– ), 0.85 (t, 3H, Me), 0.83 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 162.1 (CO2Me), 147.1 (C3), 136.1 (C5), 122.2 (C4), 51.4 (OMe), 31.3, 25.2, 24.7, 24.0, 22.3 (CH2), 13.9, 13.6 (Me); MS (70 eV) m/z 225 (M+ + 1, 8), 224 (M+, 65); anal. calcd. for C12H20N2O2: C, 64.26; H, 8.99; found C, 64.3; H, 9.1.

  Ethyl 3-hexyl-1H-pyrazole-5-carboxylate (5a): yield 96%, orange oil; 1H NMR (400 MHz, CDCl3) δ 6.49 (s, 1H, H4), 4.25 (q, 2H, OCH2), 2.59 (t, 2H, H6), 1.54 (qu, 2H, H7), 1.25 (t, 3H, Me), 1.19 (m, 6H, –(CH2)3 –), 0.77 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 161.9 (CO2Et), 147.7 (C3), 141.4 (C5), 106.1 (C4), 60.8 (OCH2), 31.4, 28.9, 28.7, 25.8, 22.4 (CH2), 14.1 (Me), 13.8 (Me); MS (70 eV) m/z 225 (M+ + 1, 12), 224 (M+, 97); anal. calcd. for C12H20N2O2: C, 64.26; H, 8.99; found C, 64.4; H, 9.2.

  Ethyl 3-heptyl-1H-pyrazole-5-carboxylate (5b): yield 95%, red orange oil; 1H NMR (400 MHz, CDCl3) δ 6.49 (s, 1H, H4), 4.26 (q, 2H, OCH2), 2.60 (t, 2H, H6), 1.54 (qu, 2H, H7), 1.25 (t, 3H, Me), 1.19 (m, 8H, –(CH2)4 –), 0.77 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 162.0 (CO2Et), 147.5 (C3), 141.6 (C5), 106.0 (C4), 60.7 (OCH2), 31.6, 29.02, 28.99, 28.87, 25.84, 22.5 (CH2), 14.2 (Me), 13.9 (Me); MS (70 eV) m/z 239 (M+ + 1, 9), 238 (M+, 70); anal. calcd. for C13H22N2O2: C, 65.51; H, 9.30; found C, 65.2; H, 9.5.

  Ethyl 3-nonyl-1H-pyrazole-5-carboxylate (5c): yield 95%, red orange oil; 1H NMR (400 MHz, CDCl3) δ 6.51 (s, 1H, H4), 4.28 (q, 2H, OCH2), 2.60 (t, 2H, H6), 1.56 (qu, 2H, H7), 1.28 (t, 3H, Me), 1.18 (m, 12H, –(CH2)6 –), 0.80 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 161.7 (CO2Et), 148.3 (C3), 141.0 (C5), 106.3 (C4), 60.8 (OCH2), 31.8, 29.4, 29.23, 29.17, 29.05, 29.04, 26.14, 22.5 (CH2), 14.2 (Me), 13.9 (Me); MS (70 eV) m/z 267 (M+ + 1, 12), 266 (M+, 70); anal. calcd. for C15H26N2O2: C, 67.63; H, 9.84; found C, 67.3; H, 10.0.

  Ethyl 3-undecyl-1H-pyrazole-5-carboxylate (5d): yield 90%, brown grease; 1H NMR (400 MHz, CDCl3) δ 6.6 (s, 1H, H4), 4.37 (s, 2H, OCH2), 2.70 (t, 2H, H6), 1.65 (qu, 2H, H7), 1.37 (t, 3H, Me), 1.28 (m, 16H, –(CH2)8 –), 0.89 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 161.8 (CO2Et), 148.3 (C3), 141.1 (C5), 106.3 (C4), 60.8 (OCH2), 31.85, 29.57, 29.55, 29.46, 29.27, 29.09, 29.07, 26.1, 22.6 (CH2), 14.2 (Me), 14.0 (Me); MS (70 eV) m/z 295 (M+ + 1, 17), 294 (M+, 90); anal. calcd. for C17H30N2O2: C, 68.53; H, 10.06; found C, 68.3; H, 10.1.

  Ethyl 3-tridecyl-1H-pyrazole-5-carboxylate (5e): yield 95%, brown grease; 1H NMR (400 MHz, CDCl3) δ 6.59 (s, 1H, H4), 4.36 (s, 2H, OCH2), 2.69 (t, 2H, H6), 1.62 (qu, 2H, H7), 1.35 (t, 3H, Me), 1.25 (m, 20H, –(CH2)10 –), 0.88 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 161.8 (CO2Et), 148.1 (C3), 141.2 (C5), 106.2 (C4), 60.8 (OCH2), 31.8, 29.61, 29.58, 29.46, 29.28, 29.10, 29.07, 26.1, 22.6 (CH2), 14.2 (Me), 14.0 (Me); MS (70 eV) m/z 323 (M+ + 1, 17), 322 (M+, 93); anal. calcd. for C19H34N2O2: C, 70.76; H, 10.63; found C, 70.2; H, 10.9.

  Ethyl 4-methyl-3-pentyl-1H-pyrazole-5-carboxylate (5f): yield 62%, red orange oil; 1H NMR (400 MHz, CDCl3) δ 4.36 (s, 2H, OCH2), 2.63 (s, 2H, H6), 2.23 (t, 3H, 4-CH3), 1.63 (qu, 2H, H7), 1.37 (t, 3H, Me), 1.18 (m, 4H, –(CH2)2 –), 0.89 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 162.0 (CO2Et), 148.2 (C3), 135.8 (C5), 117.5 (C4), 60.3 (OCH2), 31.4, 28.6, 25.2, 22.3 (CH2), 14.2 (Me), 13.9 (Me), 8.57 (4-Me); MS (70 eV) m/z 239 (M+ + 1, 8), 238 (M+, 70); anal. calcd. for C12H20N2O2: C, 64.26; H, 8.99; found C, 64.0; H, 9.2.

  Ethyl 3-butyl-4-propyl-1H-pyrazole-5-carboxylate (5g): yield 95%, red orange oil; 1H NMR (400 MHz, CDCl3) δ 4.36 (q, 2H, OCH2), 2.63 (q, 4H, –(CH2)2 –), 1.62 (m, 2H, –CH2– ), 1.53 (m, 2H, –CH2– ), 1.38 (m, 2H, –CH2– ), 0.85 (t, 3H, Me), 0.83 (t, 3H, Me); 13C NMR (100 MHz, CDCl3) δ 161.5 (CO2Et), 148.0 (C3), 135.6 (C5), 122.3 (C4), 60.5 (OCH2), 31.3, 25.3, 24.9, 24.1, 22.4 (CH2), 14.2 13.9, 13.7 (Me); MS (70 eV) m/z 239 (M+ + 1, 15), 238 (M+, 85); anal. calcd. for C13H22N2O2: C, 65.51; H, 9.30; found C, 65.1; H, 9.8.

   

  Supplementary Information

  Supplementary material (spectra data and spectra of synthesized compounds) is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Supplementary Information

     

     

    1H and 13C NMR data and spectra for 1,1,1-trichloro-4-methoxy-3-alken-2-ones (2a-e), trichloromethyl-β-diketones (3f,g) and 1H-pyrazole-5-carboxylates (4a-g, 5a-g) are shown. The 1H and 13C spectra were recorded at 298 K on a Bruker DPX 400 spectrometer (1H at 400.13 MHz, 13C at 100.63 MHz) with digital resolution of ± 0.01 ppm. All the chemical shifts are expressed in ppm, 1H and 13C are reported with respect to internal TMS (tetramethylsilane). 0.1 mol L-1 CDCl3 solutions were used except with compounds 2, 0.1 mol L-1 in DMSO-d6. H-H and C-F coupling constants (J) are in Hz. Furthermore,   a reaction mechanism for cyclcocondensation between 1,1,1-trichloro-4-methoxy-3-alken-2-ones and hydrazine  hydrochloride is proposed.
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Figure 55. *C NMR spectrum of Cyclofi-Leu-1-Pro) (4) (125 MHz, CDCLy).
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Figure S12. 'H NMR of Cyclo(L-Val-p-Pro) (2) (500 MHz, CDCl,).
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Figure S11. 'H-"H COSY of Cyclo(t-Thr-L-Leu) (1).
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Figure S14. '"H-"H COSY of Cyclo(L-Val-D-Pro) (2).
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Figure S13. "C NMR of Cyclo(L-Val-p-Pro) (2) (125 MHz, CDCI,).
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Figure $8. HMBC spectrum of Cyclott-Let-1-Pro) ).
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Figure §7. HMQC spectrum of Cyelot-Leuri-Pro) ).
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Figure S10. °C NMR of Cyclof:-

r--Leu) (1) (125 MHz CD,0D).
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‘Figure $9. 'H NMR of Cyelo(e-The--Leu) (1) (500 MHz, CD,0D).
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Figure $4. "H NMR spectrum of Cyclo(i-Leu-1-Pro) (4) (500 MHz CDCly).
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‘Table 2. Comparison of the temperature dependence corrections AA#(T)
of the calorifc values for RME and SME B100 biodiesel blends oblained

from experimental data for the combustion raction 2 with those estimated
with equation 12,
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Figure 1. The values of temperature dependence corrections AA(T) of
the calorific values for RME and SME B100 biodiesel blends: thombs,
‘are RME B100; squares,are SME B100 blends; solid lines, are calculated
‘with equation 12.
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Figure 2. The value of thermal expansion contribution in to the pressure
adiustment of calorific values for SME.
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Table S1. Molar fractions of RME and SME determined by Institute for Reference Materials and Measurements (IRMM), Geel, Belgium in the frame of
the EURAMET Joint Research Project “ENG-09 Biofuels™.

T %o X %o X% X%
Components* —E e Components* o eE
Water 028 039 ci120 0.02 002
Methanol 037 027 ci5:0 003 002
Mono-glycerides 051 059 cl6:l 023 000
Di-glycerides 007 006 ci17.0 0.06 010
Tri-glycerides 001 000 c20:1 118 022
Glycerol 061 066 c202 0.06 -

C140 006 o011 €203 001 -

C160 501 1151 €20 027 002
C180 163 391 c22:1 035 004
Cclg:1 50.60 2443 22 001 012
cis2 1970 49.10 €230 002 002
clg3 876 726 €240 000 002
€200 051 037 c24:1 012 004
C100 001 - Unknown residue 034 029

* Notification of the unsaturated esters: e.g. for the C18:3 the number 18 means the fatty acid alkyl chain length, and the number 3 indicates the amount
of double bonds is the alky chain.
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. Formula, density p (T'=293 K), massic heat capacity ¢, (T'= 298.15 K), and expansion coefficients (dV/dT), of the materials used in the present study

e o 10° VAT
Compounds Formula - o e
RME CHyOues 0877 202 028
SME CH,Ou 0877 202 028
polyethene CH,, 0920 253 03
cotton” CH, .0, 1.500 1.67 0.1
“From ref 1. *From ref 2. “From 10 combustion experiments, Au® = ~(16045.2 = 4.2) I .
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Table 55. Companson of the pressure correction for the calorific values for RME and SME B100 biotuel blends with certified composition and evaluated
using equation 16-18 and from thermodynamic functions of the combustion reaction participants.

P-lbar 10 20 30 40 S0 60 70 8 90 100 120 140 150 160 180 200
TIK

SME
—TA(Va)(P=1) /1 &' (from thermodynamic functions)

315 023 043 066 089 112 135 158 181 204 226 272 318 341 364 410 455
280 020 042 064 08 100 131 153 175 198 220 264 309 331 353 308 442
200 018 040 061 082 103 124 145 167 188 209 251 204 315 336 378 421

20815 017 038 058 078 098 118 138 150 179 199 230 280 300 320 360 401
30 017 037 057 077 097 117 137 15T 177 197 236 276 296 316 356 396
310 016 034 053 071 090 108 127 145 164 183 220 257 275 294 331 368
30 014 031 048 065 082 09 L6 133 150 167 201 235 25 260 303 337
330 012 027 042 058 073 088 103 119 134 149 180 210 225 241 271 302
340 010 023 036 050 063 076 090 103 116 130 156 183 196 200 236 262
35 008 019 030 041 052 063 074 085 096 108 130 152 16 174 196 219
360 005 014 022 031 040 048 057 066 074 083 100 118 126 135 15 170
370 002 008 014 020 026 032 038 044 050 056 068 080 086 092 104 LI6
373 001 006 011 017 022 027 032 037 042 047 058 068 073 078 088 099

—TA (Va)(P-1) /] g (using equation 16-18)

315 021 044 067 090 L4 137 160 185 206 230 276 322 346 360 415 462
280 020 043 066 088 LIl 134 156 179 201 224 269 315 337 360 405 450
200 019 041 063 084 106 128 149 171 193 214 257 301 322 344 38T 430

20815 019 039 060 081 101 122 143 163 184 205 246 287 308 328 370 411
300 018 039 050 080 100 120 141 161 182 202 243 284 304 325 365 406
310 017 036 055 074 093 L2 131 150 160 188 226 264 283 302 340 378
30 016 033 050 068 08 102 120 137 15 172 207 241 25 276 311 346
330 014 030 045 061 076 092 107 123 138 154 185 216 231 247 278 309
340 012 026 039 053 066 080 093 107 120 133 160 187 201 214 241 268
350 010 021 033 044 055 066 077 08 100 LIl 134 156 167 179 201 223
360 008 017 025 034 043 052 060 06 078 08 104 12 131 139 157 174
370 005 012 048 024 030 036 042 048 054 060 073 085 091 007 109 121
373 005 010 015 020 026 031 036 042 047 05 063 073 078 084 094 105

A CTA(Va)(P-1)) /1 g (deference of two methods)

27315 -002 001 001 00 002 002 002 0035 005 003 004 004 005 005 006 006
280 001 001 002 002 002 003 003 003 004 004 005 006 006 007 007 008
200 001 001 002 002 003 003 004 004 005 005 006 007 008 008 009 010

20815 001 002 002 003 003 004 004 005 005 006 007 007 008 008 009 010
30 001 002 002 003 003 004 004 005 005 006 006 007 008 008 009 010
30 002 002 002 003 003 004 004 005 005 005 006 007 008 008 009 010
30 002 002 002 003 003 004 004 004 005 005 006 007 007 007 008 009
330 002 002 003 003 003 003 004 004 004 005 005 006 006 006 007 007
340 002 002 003 003 003 003 003 004 004 004 004 005 005 005 006 006
35 003 003 003 003 003 003 003 003 004 004 004 004 004 004 005 005
360 003 003 003 003 003 003 003 004 004 004 004 004 004 004 004 005
370 003 004 004 004 004 004 004 004 004 004 005 005 005 005 005 006
373 004 004 004 004 004 004 004 004 005 005 005 005 005 006 006 006

RME
—TA(Va)(P-1)/J ¢ (from thermodynamic functions)
27315 020 043 066 089 112 135 158 181 204 227 273 319 342 365 410 456

280 020 042 064 087 109 131 154 176 198 221 265 310 332 354 399 444
290 019 040 061 082 104 125 146 168 189 210 253 295 317 338 380 423
20815 018 038 058 079 099 119 140 160 180 201 241 282 302 323 363 404
300 017 037 057 078 098 118 138 158 178 198 238 279 299 319 359 3.99
310 016 035 053 072 091 110 128 147 166 185 222 260 279 298 335 373
320 014 031 049 066 083 101 LI8 135 152 170 204 239 256 273 308 342
330 012 028 044 059 075 090 106 121 137 153 184 215 231 246 277 309
340 010 024 038 051 065 079 092 106 120 134 161 188 202 216 243 271
350 008 020 031 043 054 066 078 080 101 LI2 136 159 170 182 205 228
360 006 015 024 033 042 052 061 070 079 089 107 126 135 144 163 18l
370 003 009 016 023 029 036 042 049 056 062 076 08 095 102 115 129
373 002 008 013 019 025 031 037 042 048 054 066 077 083 089 100 LI12
~TA (Va,)(P-1)/J ¢ (using equation 16-18)
27315 021 045 068 092 LIS 139 162 186 209 233 280 327 350 374 421 468
280 021 044 067 089 112 135 158 181 204 227 273 319 342 365 41l 457

290 020 042 064 086 107 120 151 173 195 217 261 305 327 349 393 437
20815 019 040 061 082 103 124 145 166 187 208 249 291 312 333 375 417
300 019 039 060 081 102 122 143 164 184 205 247 288 309 330 371 412
310 017 037 056 075 095 114 133 153 172 191 230 268 288 307 346 384
320 016 034 051 060 087 104 122 140 157 175 210 246 263 281 316 352
330 014 030 046 062 078 093 109 125 141 157 188 220 236 252 284 315
340 012 026 040 054 068 08I 095 109 123 137 164 192 206 219 247 274
350 010 022 033 045 057 068 080 091 103 114 137 160 172 18 207 230
360 008 017 026 035 044 054 063 072 081 090 108 126 135 144 162 181
370 006 012 019 025 031 038 044 051 057 063 076 089 095 102 LIS 127
373 005 011 016 022 027 033 038 044 050 055 066 077 083 088 100 LIl
A (-TA(Va)(P~1)) /] ' (deference of two methods)
27315 001 001 002 002 003 004 004 005 005 006 007 008 009 009 010 012
280 001 002 002 003 003 004 005 005 006 007 008 009 010 010 012 013

290 001 002 002 003 004 004 005 006 006 007 008 010 010 011 012 014
20815 001 002 003 003 004 005 005 006 006 007 008 010 010 011 012 013
300 001 002 003 003 004 004 005 006 006 007 008 009 010 011 012 013
310 002 002 003 003 004 004 005 005 006 006 007 008 009 009 010 012
320 002 002 003 003 003 004 004 005 005 005 006 007 007 008 009 009
330 002 002 002 003 003 003 003 004 004 004 005 005 005 006 006 007
340 002 002 002 002 003 003 003 003 003 003 003 003 003 004 004 004
350 002 002 002 002 002 002 002 002 002 002 002 002 002 002 002 00l
360 003 002 002 002 002 002 002 002 00l 00l 00l 00l 000 000 000 000
370 003 003 003 002 002 002 002 002 001 00l 00l 000 000 000 -001 -001
a3 003 003 003 002 002 002 002 002 00l 00l 00l 000 000 000 -001 —-001

SME
Ak V) (P=1) 2 /] ¢”* (from thermodynamic functions)
27315 000 000 000 000 000 000 000 000 -001 -001 -001 —-001 —-002 —002 —002 003

280 000 000 000 000 000 000 000 -00I 001 001 -00I -002 -002 -002 -003 -004
200 000 000 000 000 000 000 -001 -00I 001 001 -002 -002 -0.03 -003 -004 —-005
20815 000 000 000 000 000 -001 -00I 001 001 001 -002 -0.03 -0.03 -0.04 —-005 —-006
300 000 000 000 000 000 -001 -001 -00I 001 002 002 -003 -0.04 -0.04 -005 —-0.06
310 000 000 000 000 000 -001 -001 -00I 001 -002 -003 -004 -004 -005 -0.06 —-0.08
30 000 000 000 000 -001 -001 -00I 001 002 -002 -003 -004 -005 -006 -007 -0.09
330 000 000 000 000 -001 -001 -00I -002 -002 -002 004 -005 -006 -006 -008 -0.0
340 000 000 000 000 -001 -001 -001 -002 -002 -003 004 005 -006 -007 -000 -0
35 000 000 000 000 -001 -001 -001 -002 002 003 004 006 007 -008 -010 -0.12
360 000 000 000 -001 -001 -001 -002 002 -003 003 005 007 008 000 -011 -0.14
370 000 000 000 -001 -001 -001 -002 -002 -003 004 005 007 008 000 -0.02 -0.15
373 000 000 000 -001 -001 -001 002 -002 -003 004 005 007 009 010 -0.02 -0.15
A(k,V) (P-1)2" /] g (from Egs. 16 - 18)
27315 000 000 000 000 000 001 00 001 -002 002 -005 -004 -004 005 -006 -007
28 000 000 000 000 -001 -001 -001 -001 -002 002 003 004 005 -006 007 -0.00

200 000 000 000 000 001 00 -001 -002 -002 003 004 005 -006 -007 -008 -0.10
29815 000 000 000 000 -001 -001 -001 002 002 003 -004 -006 -007 -008 010 -0.12
300 000 000 000 000 -0.01
310 000 000 000 001 -0.01

001 002 002 -003 004 006 007 -008 -010 -012
002 002 003 -003 005 007 008 009 -011 -014

30 000 000 000 -001 -001 -001 -002 -002 -003 004 006 008 009 010 -013 -016
330 000 000 000 -001 -001 -002 -002 003 -004 004 006 008 010 011 -014 017
340 000 000 000 -001 -001 -002 -002 003 004 005 007 009 011 012 0I5 -0.19
35 000 000 000 -001 -001 -002 -003 -003 004 005 -007 010 012 013 017 021
360 000 000 001 -001 -001 -002 -003 -004 005 006 008 011 013 -014 -0I8 -023
370 000 000 001 -001 -002 -002 -003 004 005 006 009 012 014 016 -020 -024
373 000 000 001 001 -002 -002 -003 -004 005 006 009 012 014 016 -020 -025
AA(k,V) (P-1) 2" /] g (deference of two methods)
27315 000 000 000 000 000 000 -00I -00I -00I -001 -002 -002 -003 -003 004 -005
280 000 000 000 000 000 000 -001 -001 -001 -001 002 002 -003 -003 -004 -005

290 000 000 000 000 000 -001 -001 -001 -001 -00I 002 003 -003 -003 -004 -005
29815 000 000 000 000 000 -001 -001 -001 -00I 001 -002 -003 -003 -004 -005 -006
300 000 000 000 000 000 -001 -001 -001 -001 -001 002 003 -003 -004 -005 -006
310 000 000 000 000 000 -001 -001 -001 -001 -002 002 003 -004 -004 -005 -006
320 000 000 000 000 000 001 -001 -001 -001 -002 -002 003 -004 -004 -006 -007
330 000 000 000 000 000 -001 -001 -001 -002 -002 -003 -004 004 -005 -006 -007
340 000 000 000 000 -001 001 -001 -001 -002 -002 003 -004 -004 -005 -006 -008
350 000 000 000 000 -001 -001 -001 -001 -002 -002 003 004 005 -005 -007 -008
360 000 000 000 000 001 -001 -001 -001 -002 -002 003 004 005 -006 -007 -009
370 000 000 000 000 001 001 -001 -002 -002 -002 003 005 005 -006 -008 -0.09
a3 000 000 000 000 001 -001 -001 -002 -002 002 003 -005 -005 -006 -008 -0.10

RME
A(k;V) (P-1) 2/ g (from thermodynamic functions)

27315 000 000 000 000 000 000 000 000 -00I 00 001 001 -002 002 -002 -0.03
28 000 000 000 000 000 000 000 -001 -001 001 001 002 002 -002 -003 -004
200 000 000 000 000 000 000 -001 -001 -001 -001 -002 -003 -003 003 004 -005

20815 000 000 000 000 000 -001 -001 001 001 -002 -002 -005 -004 -004 -005 -0.06
300 000 000 000 000 000 -001 -001 -001 -001 -002 -002 -003 -004 004 005 -007
310 000 000 000 000 000 -001 -001 -001 -002 -002 003 -004 -004 005 006 -008
320 000 000 000 000 -00I -001 -001 -001 -002 -002 003 004 005 006 -007 -009
330 000 000 000 000 -001 -001 -001 -002 -002 -002 004 005 006 006 -008 -0.0
340 000 000 000 000 -001 -001 -001 -002 -002 -003 -004 006 006 -007 009 -0
350 000 000 000 000 -001 -001 -001 -002 -002 -003 004 006 -007 008 010 -0.I3
360 000 000 000 001 -001 -001 -002 -002 -003 -003 -005 -007 008 009 011 -0.14
370 000 000 000 001 -001 -001 -002 -002 -003 004 005 007 008 010 012 0I5
373 000 000 000 -00I -001 -001 -002 -002 -003 004 006 008 -009 010 013 -016

A(k,V) (P1) 2" /] g (from Egs. 16 - 18)

27315 000 000 000 000 000 -001 -001 -001 -002 002 0035 004 004 005 -006 -0.08
28 000 000 000 000 -001 -001 001 -001 -002 002 003 004 005 -006 -007 -0.09
200 000 000 000 000 001 001 -001 -002 -002 -003 -004 -005 -006 -007 009 -0l

20815 000 000 000 000 -001 -001 001 002 002 003 -004 006 -007 -008 -0.10 -0.12
300 000 000 000 000 001 -001 -002 002 -002 -003 -004 -006 -007 008 010 -0.12
310 000 000 000 -001 -00I -001 -002 -002 -003 -004 005 -007 -008 009 011 014
320 000 000 000 001 -00I -001 -002 -003 -003 -004 006 008 009 010 013 016
330 000 000 000 001 -001 -002 -002 -003 -004 004 006 -0.09 011 014 018
340 000 000 000 -001 -001 -002 -002 -003 004 005 007 -009 012 016 -0.19
35 000 000 000 -001 -001 -002 003 -003 -004 005 008 -0.10 013 017 021
360 000 000 001 001 001 002 -005 -004 -005 -006 -008 -0.11 015 018 -023
370 000 000 001 001 002 002 003 -004 -005 006 -009 -0.12 016 020 -025
373 000 000 001 001 -002 -002 003 -004 -005 -006 009 012 014 016 020 025

AA (k;V) (P-1) 2/ J g (deference of two methods)

27315 000 000 000 000 000 000 -001 -001 -00 001 002 002 005 005 -004 -005
28 000 000 000 000 000 000 -001 -001 -001 001 002 002 -005 -003 -004 -0.05
200 000 000 000 000 000 -001 -001 -001 -001 -001 -002 -003 -003 003 004 -005

20815 000 000 000 000 000 -001 -001 001 001 -001 -002 -003 -005 -004 -005 -0.06
300 000 000 000 000 000 -001 -001 -001 -001 -001 -002 -003 -003 004 005 -006
310 000 000 000 000 000 -001 -001 -001 -001 -002 002 003 -004 004 005 -006
320 000 000 000 000 000 -001 -001 -001 -001 -002 002 003 004 004 006 -007
330 000 000 000 000 000 -001 -001 -001 -002 -002 003 004 004 005 006 -007
340 000 000 000 000 -001 -001 -001 -001 -002 -002 003 004 004 005 006 -008
350 000 000 000 000 -001 -001 -001 -001 -002 -002 003 004 005 005 007 -008
360 000 000 000 000 -001 -001 -001 -001 -002 -002 -003 004 005 006 007 -0.09
370 000 000 000 000 -001 -001 -001 -002 -002 002 -003 -005 005 006 -008 -0.00
373 000 000 000 000 -001 -001 -001 -002 -002 002 003 -005 -005 -006 -008 -0.10

The differences between two procedures are shown without rounding of the correction values.
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Table S3. Results for typical combustion experiments at T'= 298.15 K (p° = 0.1 MPa) of the RME*
m (substance) / g° 0.398118 0326414 0319642 0.324335 0338379 0340592 0338142
m'(cotton) / g* 0.00061 0.000653 0.000534 0.000621 0.000538 0.000654 0.000557
m”(polyethene) / g* 020512 0300751 0272259 0278885 0268108 0285115 0296148
AT, /Ke 1.99363 1.81955 1.71027 1.74376 1.74829 1.808 1.83629
(8, -AT) 13 ~29560.85 ~26987.92 -25367.06 -25863.81 -25931 —26816.64 2723622
(enu) AT) /T -33.15 -30.09 -2197 -28.62 287 2084 -3044
\U....., HNO, /] 119 0.896 0.597 0.597 0.597 0.597 0597
AUcorr/ J¢ 1045 8.64 8.05 824 829 8.62 876
—mAu' /] 1034 1107 9.05 10.52 9.2 11.08 9.44
—m™Au" /] 13681.08 13042.12 126213 12928.47 1242887 13217.28 1372874
Ave (lig) /T g —39937.8 ~39996.1 -399073 399112 -39934 ~39956.6 ~39980.6
Av° (lig) /T g 30046 + 34

“For the definition of the symbols see reference 3, macrocalorimeter: T, = 298.15 K; V(bomb) = 0.2664 dm*; pi(gas) =3.0 MPa; mi(H,0) = 1.00 g: "Masses
obtained from apparent masses. AT, = T'~ T + AT_: (€,.,)--AT) = (€, )T~ 208.15 K) + (¢, )(298.15 K - T+ AT, ). “AU, _, the correction to
standard states, is the sum of items 81 to 85, 87 to 90, 93, and 94 in reference 3. Acu®(polyethene) = —(46357.7£3.5)J g'; .= 14885.6.0£ 0.9 K.
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TABLE $4. Results for typical combustion experiments at T'=298.15 K (p°=

.1 MPa) of the SME*

m (substance) / g" 034219 0340654 0339909 0340818 0343887 0352777
' (cotton) / g* 0.000539 0.000493 0.000626 0.00073 0.000778 0.000702
m”(polyethene) / g* 0.288903 0267488 0208234 0291472 0267702 0284718
AT, /Ke 1.82118 1.749 1.84304 1.81757 1.75245 1.82791
(8, (-ATe) /3¢ ~26981.08 -25911.82 -273184 -27036.49 ~26067.83 -27190.19
(e} -ATe) 1] —30.04 -28.67 -30.52 ~30.06 -2881 -3021
AU, HNO,/J 0597 0597 0597 L19 0.896 0.896
AU 1 877 838 9.06 879 845 8.8
—m A’/ ] 9.13 835 1061 1237 1318 11.9
—m™Au" /] 13392.88 12400.13 13825.44 13511.97 12410.05 131704
Ave (lig) /T g -307432 -396973 -30726 ~39705.1 -307342 -30765.4
Av° (lig) /1 g 39729 +25

*For the definition of the symbols see reference 3, macrocalorimeter: Th =298.15 K; V(bomb) = 0.2664 dm*: pi(gas) = 3.0 MPa; mi(H,0) = 1.00 g: "Masses
obtained from apparent masses. AT, = T — T + AT...; (6 -AT.) = (€. AT — 208.15 K) + (£0,,)298.15 K — T+ AT...). ‘AU.... the correction to
standard states,is the sum of items 81 to 85, 87 t0 90, 93, and 94 in reference 3. Acu®(polyethene) =—(46357.7%3.5)J gl e, = 1488560209 T K-\,
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Figure S43. “C NMR (100 MHz, CDCL,) of racemic 3,4-epoxy-6.9-eneicosadieno (1).





OPS/images/a10img49.png
Figure S31. ORTEP diagram of (4i).
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Figure S42. NOE NMR (400 MHz, CDCL) of racemic 3,4-epoxy-6.9-eneicosadieno (1).
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Figure S$45. "C NMR (100 MHz, CDCL,) of racemic 3,4-epoxy-6.9-eneicosadieno (1).
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Figure S44. “C NMR (100 MHz, CDCL,) of racemic 3,4-epoxy-6.9-eneicosadieno (1).
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Figure $32. 'H NMR (400 MHz, CDCL,) of (4j).
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Figure $21. Effect of hydroxylactone 4 on the growth of Alternaria sp.
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Figure S39. "H NMR (400 MHz. CDCL) of racemic 3.4-epoxy-6.9-eneicosadieno (1).
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Figure S27. "H NMR (400 MHz, CDCL) of (4i).
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Figure $26. IR (KBr) of (4h).
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Figure S41. 'H NMR (400 MHz, CDCL) of racemic 3 4-epoxy-6.9-eneicosadieno (1).
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Figure $29. IR (KBr) of (4i).
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Figure S20. Effect of hvdroxylactone 4 on the erowth of Penicillium sp.
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Figure S40. 'H NMR (400 MHz, CDCL,) of racemic 3.4-epoxy-6,9-eneicosadieno (1).
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Figure $36. 'H NMR (400 MHz, CDCL,) of racemic 3.4-epoxy-6,9-eneicosadieno (1).
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Figure S24. "H NMR (400 MHz, CDCL,) of (4h).
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Figure S35. 'H NMR (400 MHz, CDCL,) of 3 4-cpoxy-Z6Z.9-encicosadiene (1).
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Figure $23. IR (KBr) of (4g).
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Figure S38. "H NMR (400 MHz, CDCL,) of racemic 3,4-epoxy-6.9-eneicosadieno (1).
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Figure S37. '"H NMR (400 MHz, CDCL,) of racemic 3,4-epoxy-6.9-eneicosadieno (1).
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Figure S34. "C NMR (400 MHz, CDCL,) of (3R.4S)-3.4-epoxy-6,9-encicosadiene (1).
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Figure S33. "C NMR (400 MHz, CDCL,) of (3R.45)-3.4-epoxy-6,9-eneicosadiene (1).
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Figure S36. 'H NMR (400 MHz, CDCL,) of (35.4R)-3 4-epoxy-6,9-encicosadiene (1).
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Figure S35. 'H NMR (400 MHz, CDCL,) of (35.4R)-3 4-epoxy-6,9-encicosadiene (1).
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Figure S30. "H NMR (400 MHz, CDCL,) of (3R.4S)-3.4-epoxy-6,9-eneicosadiene (1
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Figure $49. IR spectra of racemic 3.4-epoxy-6.9-eneicosadiene (1).
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Figure S52. "H NMR (400 MHz, CDCL,) of (3R.4S)-3 4-epoxy-6,9-encicosadiene (1).
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Figure S51. "H NMR (400 MHz, CDCL) of (3R.4S)-3 4-epoxy-6.9-eneicosadiene (1).
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Figure S35. MS (70 eV) of (4j).
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Figure S46. "C NMR (100 MHz, CDCL) of racemic 3 4-epoxy-6,9-eneicosadieno (1).
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Figure S34. IR (KBr) of (4).
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Figure S48. HSQC NMR (400 MHz, CDCL.) of racemic 3,4-epoxy-6.9-encicosadieno (1).
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Figure $39. °C NMR (100 MHz, CDCL) of (35.4R)-3.4-epoxy-6.9-eneicosadiene (1
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Figure S65. 'H NMR (400 MHz, CDCL,) of (35.45)-3 4-epoxy-6,9-encicosadiene (1).
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Figure S64. "C NMR (100 MHz, CDCL,) of (35.45)-3.4-epoxy-6.9-encicosadiene (1).
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'H NMR (400 MHz, CDCL,) of (35.45)-3.4-epoxy-6,9-encicosadiene (1).

Figure S67.
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Figure S66. 'H NMR (400 MHz, CDCl,) of (35.45)-3.4-epoxy-6.9-eneicosadiene (1).
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Figure S61. "H NMR (400 MHz, CDCL,) of (35.45)-3 4-epoxy-6,9-encicosadiene (1).
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Table 5. Effects of hydroxylactone 4 on the yeat growth

entry  Microorganism Effect
1 Debaryomycesdelayed growth (around 20 h longer
hansenii K122 lag-phase), similar to the OD control
2 Saccharomyces  growth inhibition, growth OD =0.59
cerevisiae SV30 (max. OD control = 1.546)
3 Yarmowia lipolytica no influence on the growth
ATCC 20460
4 Schizosaccharomyces no influence on the growth
pombe C-1
S Rhodotorula rubra C-9 no influence on the growth
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re S60. 'H NMR (400 MHz, CDCL,) of (35.45)-3.4-epoxy-6,9-eneicosadieno (1).
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Figure $63. *C NMR (100 MHz, CDCL,) of (35.45)-3.4-epoxy-6.9-eneicosadiene (1).
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Figure S$62. "H NMR (400 MHz, CDCL,) of (35.45)-3 4-epoxy-6,9-encicosadiene (1).
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Figure S3. HMQC (300 MHz, CDCL.) spectrum of bromolactone 2.

Fso

Fao

Fso

[so

Fro

Leo

fopm 1






OPS/images/a04img15.png
eussL

E

100

150

oom (1)

9
i
K
Z
5
g
[
z
8
o
E
H
g
=
H
z
o
b
f






OPS/images/a04img12.png
i

ggﬂ@g;mwgg; mmmmmmmmmmmmmmmm

W) () UL






OPS/images/a04img13.png
-r
L]

F20m

Fos

Fsm

Fas

Eem

Fas

pm (81

T T T T T
50 an 30 20 1o
om (2)

Figure $2. COSY (300 MHz, CDCI,) spectrum of bromolactone 2.
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Figure S7. "H NMR NMR (300 MHz. CDCL.) spectrum of hydroxylactone 4.
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eneicosadiene (1).





OPS/images/a04img19.png
- o & L
= & / s
-~ Lo =
Fzo
=3 “
- B .
-~ i
- for
- - o Lo
J - . -
[opmt
T T T T T T T T T
4% 4o s s 230 200 1w o

pom 22)

re S8. COSY (300 MHz. CDCL,) spectrum of hydroxylactone 4.





OPS/images/a06img78.png





OPS/images/a07img65.png
a
\\\|K o
wo \ - i

o oes

0s

10

o

1

12

i Lar

13

@i~

51
m_/
i
5
N

w1z
s
o
m

14

15

16

17

1a

15
1 o)

24
Figure S37. "H NMR (400 MHz, CDCL,) of (35.4R)-3 4-epoxy-6,9-eneicosadiene (1)
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Figure S5. IR Spectrum of bromolactone 2.
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Figure 2. Compounds (8-11) from active F14 of LH-20 by semi.
preparative RP-HPLC-DAD. HPLC conditions were the same s that of
FS in Figure 1.
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Figure S1. RP-HPLC-DAD profike of LH-20 fraction of pDC113 and NC. Blue line indicates profile of pDIC1 13; black line indicates profile of negative:
control.
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“ORFs 2-24 encoded in 24813 kb were reported as ORFs 1-23 involved in the biosynthesis of faty acids.”
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Figure S10. “C NMR (300 MHz, CDCL.) spectrum of hydroxylactone 4.
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Table 1. Yields, optical rotation and ESI MS data of cyclodipeptides

‘Compound Yiclds / (mg (30 platesy') [l / degree (c, solvent) _ Reported [a3/ degree (e sobven) ___miz [MI"
Cyclot-Thea-Leu) (1) 104 537 (0.06. MeOH) 565 (007 MeOH)® 251
Cyclo(t-Val-o-Pro) (2) 095 4348 (008, E©OH) 1970
Cyclo(t-lle--Pro) (3 103 471 008, EOH) 211
Cyclolt-Leva-Pro) () 4z 88 (032, E©OH) 133 (03, E1OH)" 2110
Cyclo(t-Val-1-Lev) 5) L8 53 (0.16, MeOH) 712.(0.10, MeOH® 2130
Cyclolt-Lev-lie) (6) 064 —52(0.05. MeOH) 566 0.10, McOH)* mo
Cyclo(t-Leva-Leu) (1) 068 45 (003, MeOH) 46.4(0.10, McOH)® 1
Cyelo(t-Phe-1-Tyr) ) L8 ~810.10.DMSO) 1176 (03, DMSOP* E
Cyclo(t-Trpa-Pro) (9) 121 48 (0.06, MeOH) 64069, McOH)™ 2840
Cyelo(-Val-1-Trp) (10) 051 59 (004, MeOH) 65011, MOH)™ 2861
Cyclot-lle+-Trp) (A1) 01 ~98 (001, EOH) +82 05 EOH™ 3001

*Optical rotation of cyclofo-lle-1-Trp) measured at 20°C
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Figure S11. IR Spectrum of hydroxylactone 4.
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Figure 3. Structures of isolated cyclodipeptides (1-11) from metagenomic library of the marine sponge D. calyx: Cyelo(t-Thr-L-Leu) (1), Cyclo(t-Val-0-
Pro) (2), Cyelo(t-Tle-0-Pro) (3). Cyelo(i-Leu-L-Pro) (4), Cyclo(L-Val-i-Leu) (5). Cyclo(t-Leu-L-lle) (6), Cyelo(i-Leu-L-Leu) (7). Cyclo(L-Phe-L-Tyr) (8).
Cyclo(L-Trp-L-Pro) (9), Cyclo(L-Val-L-Trp) (10) and Cyclo(t-lle-L-Trp) (11).
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Figure 5. Key HMBC correlations, evidence of the DKP ring formation
of compound 4 in CDCL,.
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Figure 4. Structure of diketopiperazines.
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Figure S14. GC-MS spectrum of hydroxylactone 4.
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Figure SI5. Effect of hydroxylactone 4 on the growth of M. flavus C-1.
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Figure S18. Effect of hydroxylactone 4 on the growth of D. hansenii K12a.
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Figure 1. Compounds (1-7) from active F§ of LH-20 by semi-preparative
RP-HPLC-DAD. HPLC Conditions: lincar gradient with a mixture of H,O
and MeCN, both containing 0.05% TFA. 0-20 min, 5-35% MeCN; 20-28
min, 35-56% MeCN; 28-29 min, 56-100% MeCN; and 20-32 min, 100%
MeCN. Column: Cosmosil SC,,-PAQ-Waters, 10 250 mm. 2.5 mL min".
DAD profiles were measured with a Shimadzu HPLC System: LC-20AD
and SPD-20A Prominence Diode Array Detector.
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Figure $19. Effect of hydroxylactone 4 on the growth of S. cerevisiae
SV-30.
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re S68. *C NMR (100 MHz, CDCL,) of (3R4R)-3 4-epoxy-6.9-eneicosadiene (1).
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Figure S16. Effect of hydroxylactone 4 on the growth of B. cereus C-2.
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Figure S17. Effect of hydroxylactone 4 on the growth of P. fluorescens
WL
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Figure 2. Mean EAG (= SD) elcited from T. arnobia male antennae.
at concentration of 100 mg mL" of synthetic epoxydiene 1 and control
(hexane). Mean values marked with the same leter are not significantly
different at P < 0.0, on the basis of the Tukey test (N = 10 antenna).
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Scheme 2. Regioselective synthesis of spiropyrroloisoqui
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Figure 6. Influence of K__ on the dead polymer concentration.
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Table 2. Crystal data and structure refinement of compounds 4i and 7f

4i 7
Empirical formula CuHLCINO, CH,NO,
Formula weight 540.03 476,51
Color Yellow plate Yellow plate
Temperature / K 208(2) 2082)
Wavelength /A 071073 071073
Crystal system Monoclinic Monoclinic
Space group Pi P2fe
Unit cell dimensions
alA 9.296(4) 15.6575(17)
bIA 17.754(7) 142478(13)
c/A 16.988(7) 11.3666(11)
o/ degree 89.54(3) 90.00
B/ degree 99.64(3) 109.676(8)
¥/ degree. 90253) 90.00
Volume / A® 2764.1(19) 2387.7(4)
z 4 4
Density (calc.)/ (mg m*) 1298 1326
w/mm? 0173 0089
F(000) 1128 1000
Crystal size / mm* 05%03x009 038x020x0.12
‘Theta range / degree. 243102032 292410091
Index ranges ~10sh<12, 21<h <21,
skl 195k <19,
23<1<23 ~1551<15
Reflections collected 20325 54018
Independent reflections 7467 6445
Refinement method Full marix least- Full matrix least-
squareson ¥ squares on
Data/ restraints / parameters ~ 3322/0/361  3741/0/325
Goodness-of-fit on F 1114
Final R indices [1 > 2sigma(l)] R,=0.0874,
WR,=0.1379
R indices (all data) R,=0.1534,
WR,=0.1589
Extinction coefficient None

Largest diff. peak and hole / ~ 0.301 and 0348 0.186 and -0.188
(eA)
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‘Table 1. Average size and concentration of nanoparticles by NTA analysis

Averagesize/  Conceniration/

SN Fusariam sp e el
1 F graminearum 4211 132x10°
2 F: solani 20214 Lo2x10°
3 E oxysporum 2al5 042x10°
4 E culmorum 38215 032x10°
s E scirpi 43219 078x10°
6 E wicinctum 45215 252100

SN Serial Number
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Figure 5. Influence of K__ on the dormant polymer concentration.
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Figure S1. GC-EAD of male 7. arnobia antennae with the mixture of

epoxydienes 1. 1" and 17,
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Figure 2. ORTEP diagram of 7f.
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Table S1. List of ITS sequences of Fusarium species and their GeneBank
accession numbers

S.N. Fusariam species ML Genefank accession
I F semitectum FRESIZ0
2 Forsporun FRES1220
3 Fequisei FRESIZ
s F acuminatum FRESIZ3I
5 F prolferatum FRESI23%
6 F monitforme FRESIZIS
7 Ftricinctum FRES123T
8 F graninearum FRESIZH
0 F culmorum FRESIZ
10 F solani FRET8062
i Escimi FRE78061

SIN.: Serial Number
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Figure 8. Influence of K., on the molecular weight development as a
PRSP
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‘Table 3. 1,3-Dipolar cycloaddition of nitrostyrenes 6a-1 to the in sifu gencrated azomethine ylide

eniry Product Ar R Yield*/ %
1 Ta @— H 8
2 k0 F @— H 81
3 Te cl @— H 76
4 7d Br @— H 78
5 Te Me @— H 78
6 7 MeO 4©— H 81
7 7 Q H 78
MeO
8 Th Me,N @— H 81
9 7i O,N @— H 78
10 % NC @— H 82
Cl
1 Tk Q H 80
O,N
12 7 @— Me 80

“Tsolated yield.
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‘“Table 2. Zeta potential reported for silver nanoparticles synthesized from
six different Fusarium species

SN Fusariam sp. Zeta potential/mV.
T . graminearun. “Razi7
2 F solani 136215
3 F oxysporum 15814
4 E culmoram ~103:15
s E scirpi “122:14
6 E iicinctun. 383:18

SN Serial Number
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Figure 7. Influence of K__ on the monomer conversion.
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Figure 4. Influence of K__ on the living polymer concentration.
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Table 1. 1.3-Dipolar cycloaddition of chalcones 3a-1 to the in situ
‘generated azomethine ylide

eniry Product R R Yield'/ %
1 4a H H 8
2 4 P H 78
3 4 Pl H 86
4 4d P-Br H 76
5 e PMe H 79
6 a P-OMe H 8
7 p-NO, H 80
8 H P-OMe 8
9 H P-Cl 8
10 4 H mCl 78
1 4 POMe  p-OMe 86
12 4 Pl mCl 76

“Isolated yield.
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Table 3. Values of k, and t,, for the reaction of disproportionation of nitro anion radical in different pH values: [compound] = 0.5 mmol L

kX 10°/ (L mol's*) /s

o NE NES NT NTS NE NFS NT NTS
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OPS/images/a16img16.png
Table 2. Kinetic rate constant for simulation of styrene ATRP at 110 °C
obtained from Fu et al.*
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Figure S37. 'H-"H COSY of Cyclo(i-Tle-L-Trp) (11).
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Figure S10. MS of (2R.3S)-3 4-anhydro-1.2-dideoxy-erythro-pentitol (12).
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Figure S9. NMR “C (100 MHz, CDCL,) of (25.3R)-3 4-anhydro-1.2-dideoxy-erythro-pentitol (12).
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Table S7. Bond angles (degree) for compound 7f

O(-C(1)-C2) 127.703) H(18A)-C(18)-H(18B) 1095
O(1-C(1)-C(12) 12432) 0(2)-C(18)-H(18C) 1095
CR)-C(1)-C(12) 107.32) H(I8A)-C(18)-H(18C) 1095
C3)-CR)-C(11) 119.53) H(18B)-C(18)-H(15C) 1095
C3)-CR)-C(1) 132.903) C(20)-C(19)-C(17) 120.82)
Can-c@-cay 107.6(2) C€(20)-C(19)-H(19) 1196
C(2-C3)-C4) 117.6(4) C(17)-C(19)-H(19) 1196
C(2)-C3)-HG) 1212 C(19)-C(20)-C(14) 12132)
C(4)-CR)-HE) 1212 C(19)-C(20)-H(20) 1194
C(5)-C4)-C(3) 1225(4) C(14)-C(20)-H(20) 1194
C(5)-C(A)-HE) 1187 N(@2)-C(21)-C(22) 1105(2)
C(3)-CA)-HE) 1187 N(2)-C@1)-C(13) 110.6(2)
C4)-C(5)-C(6) 1215(4) C(22)-C1-C(13) 10472)
C(4)-C(5)-H(5) 1192 N2)-C21)-H(21) 1103
C(6)-C(5)-H(5) 1192 C(22)-CQI-HE21) 1103
C(5)-C(6)-C(11) 114.8(4) C(13)-C(21)-H21) 1103
C(5)-C(6)-C(T) 128.7(4) N(1)-C(22)-C(23) 110.9(2)
CUD-CO)-CT) 1165(3) N(1)-C(22)-C21) 10231(19)
C(8)-C(7)-C(6) 120.103) C(23)}-C22)-C21) 11932)
C(8)-C(D-HT) 1199 N(1)-C(22)}-H(22) 107.9
C(6)-C(N)-H(T) 1199 C(23)-C(22)-H(22) 107.9
C(N-C®)-CO) 1224(4) C(21)-C(22)-H(22) 107.9
C(7)-C(8)-H(8) 188 C(28)-C(23)-C(24) 119.8(2)
C(9)-C(8)-H(S) 1188 C(28)-C(23)-C(22) 11932)
C(10)-C(9)-C(8) 119.03) C(24)-C(23)-C(22) 1209(2)
C(10)-C(9)-H©) 1205 C(25)-C(24)-C(23) 1205(3)
C(8)-C(9)-H(9) 1205 C(25)-C(24)-H(24) 119.8
C(9)-C10)-C(11) 119.33) C(23)-C24)-H(24) 1198
C(9)-C(10)-C(12) 131403) C(26)-C(25)-C(24) 119.73)
C(1D-C(10)-C(12) 109.4(2) C(26)-C(25)-H(25) 1201
C(10)-C(1)-C2) 1133(2) C(24)-C(25)-H(25) 1201
C(10)-C(11)-C(6) 122703) C(27)-C(26)-C(25) 120.13)
C(2)-C(11)-C(6) 124.003) C(27)-C(26)-H(26) 1199
N(1)-C(12)-C(10) 112.48(19) C(25)-C(26)-H(26) 119.9
N(1)-C(12)-C(13) 10257(19) C(26)-C(27)-C(28) 121503)
C(10)-C(12)-C(13) 11332) C(26)-CT1-HQ2T) 1193
N(1)-C(12)-C(1) 112.6(2) C(28)-C(27)-H(2T) 119.3
C(10)-C(12)-C(1) 1024(2) C(23)-C(28)-C2T) 118.4(3)
C(13)-C(12)-C(1) 11391(19) C(23)-C(28)-C(29) 12172)
C(14)-C(13)-C21) 11572) C(27)-C(28)-C(29) 119.83)
C(14)-C(13)-C(12) 115.14(19) C(28)-C(29)-C(30) 113.72)
CQD-C(13)-C(12) 105.21(19) C(28)-C(29)-H(29A) 108.8
C(14)-C(13)-H(13) 106.7 C(30)-C(29)-H(29A) 108.8
CQ1-C(13)-H(13) 1067 C(28)-C(29)-H(29B) 1088
C(12)-C(13)-H(13) 1067 C(30)-C(29)-H(29B) 1088
C(15)-C(14)-C(20) 11732) H(29A)-C(29)-H(29B) 107.7
C(15)-C(14)-C(13) 11932) N(1)-C(30)-C(29) 108.1(2)
C(20)-C(14)-C(13) 1233(2) N(1)-C(30)-H(30A) 101
C(14)-C(15)-C(16) 121.92) C(29)-C(30)-H(30A) 110.1
C(14)-C(15)-H(15) 19.1 N(1)-C(30)-H(30B) 110.1
C(16)-C(15)-H(15) 119.1 C(29)-C(30)-H(30B) 110.1
CUT)-C(16)-C(15) 119.42) H(30A)-C(30)-H(30B) 108.4
C(17)-C(16)-H(16) 1203 C(30)-N(1)-C(22) 11232)
C(15)-C(16)-H(16) 1203 C(30)-N(1)-C(12) 118.02)
0(2)-CT)-C(16) 1249(2) C(22)-N(1)-C(12) 107.51(19)
0(2)-C(1T)-C(19) 115.7(2) 0(4)-N(2)-03) 1243(3)
C16)-C(17)-C(19) 1193(2) 0@)-N@2)-C21) 118.73)
0(2)-C(18)-H(18A) 1095 0(3)}NQ2)-C21) 116.903)
0(2)-C(18)-H(18B) 1095 C(17)-02)-C(18) 118.12)
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Figure S12. '"H NMR (400 MHz, CDCL,) of (2R.3R)-3.4-anhydro-1.2-dideoxy-erythro-pentitol (12).
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Table $10. Torsion angles (degree) for compound 7f
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C(16)-C(17)-C(19)-C(20)
C(17)-C(19)-C(20)-C(14)
C(15)-C(14)-C(20)-C(19)
C(13)-C(14)-C(20)-C(19)
C(14)-C(13)}-C21D-N2)
C(12)-C(13)-C(21)-N(2)
C(14)-C(13)}-C21)-C(22)
C(12)-C(13)}-C21)-C(22)
N(2)-C21-C(22)-N(1)
C(13)-C(21)-C(22)-N(1)
N(2)-C(21)-C(22)-C(23)
C(13)-C(21)-C(22)-C(23)
N(1)-C(22)-C(23)-C(28)
C(21)-C(22)-C(23)-C(28)
N(1)-C(22)-C(23)-C(24)
C(21)-C(22)-C(23)-C(24)
C(28)-C(23)-C(24)-C(25)
C(22)-C(23)-C(24)-C(25)
C(23)-C(24)-C(25)-C(26)
C(24)-C(25)-C(26)-C(2T)
C(25)-C(26)-C27)-C(28)
C(24)-C(23)-C(28)-C(27)
C(22)-C(23)-C(28)-C2T)
C(24)-C(23)-C(28)-C(29)
C(22)-C(23)-C(28)-C(29)
C(26)-C(27)-C(28)-C(23)
C(26)-C(27)-C(28)-C(29)
C(23)-C(28)-C(29)-C(30)
C(27)-C(28)-C(29)-C(30)
C(28)-C(29)-C(30)-N(1)
C(29)-C(30)-N(1)-C(22)
C(29)-C(30)-N(1)-C(12)
C(23)-C(22)-N(1)-C(30)
C(21)-C(22)-N(1)-C(30)
C(23)-C(22)-N(1)-C(12)
C2D-C(22)-N(1)-C(12)
C(10)-C(12)-N(1)-C(30)
C(13)-C(12)-N(1)-C(30)
C(1)-C(12)-N(1)-C(30)
C(10)-C(12)-N(1)-C(22)
C(13)-C(12)-N(1)-C(22)
C(1)-C(12)-N(1)-C(22)
C(22)-C(21)-N(2)-0(4)
C(13)-C(21)-N(2)-04)
C(22)-C(21)-N(2)-0(3)
C(13)-C(21)-N(2)-0(3)
C(16)-C(17)-0(2)-C(18)
C(19)-C(17)-0(2)-C(18)

014
178.53)
1764y
-1783(2)
194)
~0.64)
~1.04)
176.8(2)
12132)
—~110.42)
—~119.6(2)
8.6(2)
88.4(2)
-3072)
-34403)
-1535(2)
233)
140.72)
~160.12)
—4173)
~134)
-1789(2)
0.04)
116)
-0.9(5)
154)
179.12)
~1788(2)
L1y
~04(4)
179.8(3)
11.664)
—168.6(3)
4240
67.2(3)
~166.8(2)
-56.6(3)
175.12)
172.00(19)
43.7(2)
72.003)
~166.0(2)
—43.103)
~150.8(2)
-37.12)
85.2(2)
~68.23)
47203)
1LIG)
-1335(2)
—5.84)
174.403)
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Table $9. Anisotropic displacement parameters (A%x 107) for 7¢

U = ) = g um
cm) 0.0507(15) 0.0498(16) 0.0432(15) ~0.0010(12) 0.0124(13) 0.0095(12)
c@ 0.0614(18) 0.0434(16) 0.0479(16) ~0.0014(13) ~0.0015(14) 0.0050(13)
cG) 0.086(2) 0.0497(18) 0.068(2) ~0.0051(16) ~0.0059(18) 0.0119(16)
c@) 0.115(4) 0.0370(19) 0.096(3) ~0.001(2) ~0.027(3) 0.0048(19)
cs) 0.1103) 0.058(2) 0.0803) 0.019(2) -0.022(2) ~0.0312)
c(©) 0.086(2) 0.0522) 0.0552(19) 0.0114(15) ~0.0102(18) ~0.0279(17)
o 0.0973) 0.1043) 0.0522) 0.022(2) 0.006(2) -0.047(2)
c®) 0.088(3) 0.113(3) 0.053(2) 0.005(2) 0.0278(19) ~0.037(2)
C©) 0.0742) 0.078(2) 0.0452(17) ~0.0052(15) 0.0265(16) ~0.0208(17)
C(10) 0.0599(17) 0.0483(16) 0.0381(14) ~0.0024(12) 0.0144(12) ~0.0133(13)
can 0.0630(18) 0.0470(17) 0.0420(15) 0.0015(12) 0.0017(13) ~0.0136(13)
c(12) 0.0478(14) 0.0410(14) 0.0399(14) ~0.0006(11) 0.0159(12) ~0.0002(11)
ca3) 0.0383(13) 0.0427(14) 0.0453(14) ~0.0013(11) 0.0181(12) 0.0013(10)
ca4) 0.0399(13) 0.0355(13) 0.0422(13) 0.0022(11) 0.0141(11) 0.0031(10)
cas) 0.0492(15) 0.0528(16) 0.0500(15) ~0.0006(13) 0.0252(13) ~0.0059(12)
ca6) 0.0434(14) 0.0504(16) 0.0554(16) ~0.0032(13) 0.0176(13) ~00141(12)
can 0.0421(14) 0.0451(14) 0.0457(15) ~0.0044(12) 0.0119(12) ~0.0005(11)
cas) 0.066(2) 0.077(2) 0.0732) ~0.0281(18) 0.0126(17) ~0.0207(17)
c(19) 0.0525(16) 0.0554(17) 0.0444(15) ~0.0017(13) 0.0251(13) ~0.0062(12)
cQo) 0.0467(14) 0.0424(14) 0.0517(15) ~0.0008(12) 0.0212(13) ~0.0079(11)
cen 0.0459(14) 0.0379(14) 0.0457(14) ~0.0050(11) 0.0135(12) 0.0047(11)
cQ2) 0.0404(13) 0.0402(14) 0.0456(14) 0.0010(11) 0.0194(11) 0.0022(10)
c@3) 0.0380(13) 0.0453(14) 0.0518(16) ~0.0045(12) 0.0226(12) ~0.0029(11)
ce 0.0451(15) 0.0453(15) 0.0640(18) ~0.0026(13) 0.0205(13) ~0.0005(12)
c@s) 0.0572(19) 0.0452(17) 0.090(2) ~0.0028(16) 0.0271(18) ~0.0033(14)
cQ6) 0.062(2) 0.055(2) 0.1003) ~0.0221(19) 0.028(2) ~0.0154(16)
cen 0.0598(19) 0.0712) 0.067(2) -0.0182017) 0.0194(16) ~0.0172(16)
ces) 0.0471(15) 0.0596(17) 0.0521(17) ~0.0084(14) 0.0233(13) ~0.0112(13)
cQ9) 0.0584(18) 0.079(2) 0.0514(17) 0.0010(16) 0.0084(14) ~0.0163(16)
€30y 0.0495(16) 0.0656(19) 0.0545(17) 0.0089(14) 0.0100(14) ~0.0010(14)
[«&) 0.0402(11) 0.0439(12) 0.0432(12) 0.0015(10) 0.0121(9) ~0.0016(9)
cG2) 0.0416(13) 0.0472(14) 0.0818(19) -0.0175(13) 0.0109(13) 0.0011(11)
B3 0.0694(14) 0.0739(14) 0.0694(14) 0.0114(11) 0.0383(12) 0.0246(11)
«E) 0.0662(13) 0.0744(14) 0.0585(12) ~0.0248(11) 0.0236(11) ~0.0211(11)
cGs) 0.0609(14) 0.0505(13) 0.1232) ~0.0066(14) 0.0074(14) 0.0184(11)
€(36) 0.0887(18) 0.0922(18) 0.1042) -0.0220(15) 0.0563(17) 0.0118(14)
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Table $6. Bond lengths (A) for compound 7f

C(-0(1)
C()-C2)
C(H-C(12)
C(2)-C3)
C@)-Cca1y
CB)-CH4)
C(3)-HB3)
C)-C(5)
C(4)-H4)
C(5)-C(6)
C(5)-H(5)
C@e)-C(11y
C(6)-C(T
C(N-C8)
C(N-H(T)
C(8)-C9
C(8)-H(®)
C(9)-C(10)
C(9)-H(9)
C0-C(11)
C(10)-C(12)
C(12)-N(1)
C(12-C(13)
C(13)-C(14)
caz-cen
C(13)-H(13)
C14)-C(15)
C(14)-C(20)
C(15)-C(16)
C(15)-H(15)
C16)-C(17)
C(16)-H(16)
€(17)-0(2)

1.21003)
1.478(4)
1.579(3)
1.372(4)
1.405(4)
1.416(5)
0.9300

1.370(6)
0.9300

1.409(6)
0.9300

1.410(4)
1.416(5)
1.361(5)
0.9300

1.408(4)
0.9300

1.362(4)
0.9300

1.401(4)
1.513(3)
1.466(3)
1.566(3)
1.509(3)
1.54803)
0.9800

1.386(3)
1.380(3)
1.300(4)
09300

1.378(3)
09300

1.363(3)

CA7-C(19)
C(18)-0(2)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)
C(19)-C(20)
C(19)-H(19)
C(20)-H(20)
CQ21)-N©2)
C@1-C22)
C@n-H21
C(22)-N(1)
C(22)-C(23)
C(22)-H(22)
C(23)-C(28)
C(23)-C(24)
C(24)-C(25)
C(24)-H24)
C(25)-C(26)
C(25)-H(25)
C(26)-C(2T)
C(26)-HQ26)
C27)-C28)
C27-H2T)
C(28)-C(29)
C(29)-C(30)
C(29)-H(29A)
C(29)-H(29B)
C(B0)-(N1)
C(30)-H(30A)
C(30)-H(30B)
N©2)-0(4)
N©2)-03)

1.381(4)
1.41003)
0.9600
0.9600
0.9600
1.370(4)
0.9300
0.9300
1.5133)
1.533(3)
0.9800
1.4573)
1.509(3)
0.9800
1.380(4)
1.395(4)
1382(4)
09300
1374(5)
09300
1368(5)
09300
1.396(4)
09300
1.508(4)
15114)
09700
09700
1.4573)
0.9700
0.9700
1.213(3)
1.223(3)
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Figure S1. 'H NMR (600 MHz. CDCL.) of compound 3.
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Figure 4. (a) and (b) were radically acetylated peptides and control
(¢): Tryptic digest of the radically acetylated BSA were obained in the
micro-HPLC-MS/MS coupled with a micro-LC:; the acquired data were
processed using peptide sequences from the Mascot 2.3 database.
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Figure S7. NMR 'H (400 MHz, CDCL) of (28.3R)- 3,4-anhydro-1,2-dideoxy-erythro-pentitol (12).
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Table S5. Torsion angles (degree) for compound 4i

C(9)-C(8)-C(25)-N(1)
C(7)-C(8)-C(25)-C(35)
C(9)-C(8)-C(25)-C(35)
C(D-C(8)-C(25)-C(26)
C(9)-C(8)-C(25)-C(26)
N(1)-C(25)-C(26)-0(2)
C(35)-C(25)-C(26)-02)
C(8)-C(25)-C(26)-0(2)
N(1)-C(25)-C(26)-C(2T)
C(35)-C(25)-C(26)-C(2T)
C(8)-C(25)-C(26)-C(27)
0(2)-C(26)-C(27)-C(28)
C(25)-C(26)-C(27)-C(28)
0(2)-C(26)-C(27)-C(36)
C(25)-C(26)-C(27)-C(36)
C(36)-C(27)-C(28)-C(29)
C(26)-C(27)-C(28)-C(29)
C(27)-C(28)-C(29)-C(30)
C(28)-C(29)-C(30)-C(31)
C(29)-C(30)-C(31)-C(32)
C(29)-C(30)-C(31)-C(36)
C(30)-C(31)-C(32)-C(33)
C(36)-C(31)-C(32)-C(33)
C(31)-C(32)-C(33)-C(34)
C(32)-C(33)-C(34)-C(35)
C(33)-C(34)-C(35)-C(36)
C(33)-C(34)-C(35)-C(25)
N(1)-C(25)-C(35)-C(34)
C(8)-C(25)-C(35)-C(34)

—8.6(5)
—6.0(7)
~130.0(5)
—-123.2(5)
1128(5)
53.5(8)
173.8(6)
-59.7(7)
—124.7(5)
—4.5(6)
122.05)
55(13)
-176.4(8)
~1749(7)
32m
1.0013)
-179.5(9)
13(19)
-22)
~1783(12)
L1an
~178.7(10)
1.9(12)
-2712)
23(10)
1209
-179.1(6)
—54.8(8)
62.1(8)

C(26)-C(25)-C(35)-C(34)
N(1)-C(25)-C(35)-C(36)
C(8)-C(25)-C(35)-C(36)
C(26)-C(25)-C(35)-C(36)
C(34)-C(35)-C(36)-C(27)
C(25)-C(35)-C(36)-C(27)
C(34)-C(35)-C(36)-C(31)
C(25)-C(35)-C(36)-C(31)
C(28)-C27T)-C(36)-C(35)
C(26)-C(27)-C(36)-C(35)
C(28)-C27)-C(36)-C(31)
C(26)-C(27)-C(36)-C(31)
C(32)-C(31)-C(36)-C(35)
C(30)-C(31)-C(36)-C(35)
C(32)-C(31)-C(36)-C(27)
C(30)-C(31)-C(36)-C(27)
CAT)-C(16)-N(1)-C24)
C(9)-C(16)-N(1)-C(24)
C(17)-C(16)-N(1)-C(25)
C(9)-C(16)-N(1)-C(25)
C(23)-C(24)-N(1)-C(16)
C(23)-C(24)-N(1)-C(25)
C(35)-C(25)-N(1)-C(16)
C(8)-C(25)-N(1)-C(16)
C(26)-C(25)-N(1)-C(16)
C(35)-C(25)-N(1)-C(24)
C(8)-C(25)-N(1)-C(24)
C(26)-C(25)-N(1)-C(24)

—~177.8(6)
127.2(5)
~116.0(6)
4.1(6)
179.2(6)
-2.5(1)
0.5(9)
178.9(6)
179.1(7)
—0.5(8)
-23(11)
178.1(6)
-0.3(10)
179.7(8)
~1793(7)
121
62.4(6)
-173.7(5)
-168.0(4)
—44.1(5)
—69.6(6)
164.8(5)
150.9(4)
33.2(5)
—84.1(5)
~73.9(6)
159.5(5)
4227
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Figure S6. NMR 'H (400 MHz. CDCL.) of (25.3R)- 3 4-anhydro-1.2-dideoxy-ervthro-pentitol (12).
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‘Table $4. Anisotropic displacement parameters (A% 10°) for 4i.

o = - = u um
c 0.063(4) 0.070(4) 0.067(4) 0.026(3) 0.015(3) 0.015(3)
c@) 0.082(5) 0.049(3) 0.090(5) 0.032(4) 0.0093) 0.0143)
C3) 0.053(3) 0.076(5) 0.059(4) 0.0293) —0.001(3) 0.002(3)
[} 0.062(4) 0.067(4) 0.061(4) 0.0103) 0.005(3) 0.002(3)
) 0.045(3) 0.054(4) 0.056(3) 0.0103) ~0.001(3) 0.0013)
C(6) 0.042(3) 0.037(3) 0.059(3) 0.011(3) 0.003(2) —0.002(2)
cm 0.048(3) 0.039(3) 0.056(3) 0.005(3) 0.004(3) ~0.001(2)
c®) 0.0423) 0.038(3) 0.0493) 0.008(2) 0.004(2) -0.002(2)
€ 0.044(3) 0.0403) 0.042(3) 0.003(2) 0.006(2) 0.006(2)
€10 0.054(3) 0.0423) 0.038(3) ~0.002(2) 0.003(2) ~0.003(2)
can 0.053(3) 0.054(4) 0.003(5) ~0.002(4) ~0.001(3) ~0.001(3)
€(12) 0.082(5) 0.046(4) 0.097(5) 0.001(4) —0.010(4) —0.0103)
ca3) 0.072(5) 0.059(4) 0.082(5) 0.021(4) ~0.013(4) ~0.021(3)
ca4) 0.046(3) 0.004(6) 0.084(5) 0.010(4) 0.009(3) ~0.021(4)
€as) 0.062(4) 0.059(4) 0.082(4) —0.001(3) 0.014(3) —0.003(3)
ca6) 0.033(2) 0.0453) 0.0453) ~0.001(2) ~0.001(2) ~0.006(2)
can 0.040(3) 0.038(3) 0.048(3) 0.001(2) 0.005(2) 0.003(2)
cas) 0.057(3) 0.049(3) 0.0493) ~0.001(3) 0.003(3) ~0.007(3)
C(19) 0.063(4) 0.071(5) 0.054(4) —0.006(3) —0.004(3) —0.002(3)
C(20) 0.062(4) 0.089(5) 0.041(3) 0.011(3) 0.003(3) 0.013(3)
cen 0.063(4) 0.056(4) 0.066(4) 0.018(3) 0.008(3) 0.001(3)
c2) 0.050(3) 0.050(4) 0.055(3) 0.005(3) 0.0042) 0.007(3)
C(23) 0.093(5) 0.039(3) 0.066(4) 0.007(3) 0.003(3) —~0.006(3)
ce 0.0714) 0.039(3) 0.077(4) ~0.004(3) -0.010(3) ~0.005(3)
ces) 0.0433) 0.0443) 0.0513) ~0.003(2) 0.003(2) 0.001(2)
C(26) 0.062(4) 0.049(4) 0.069(4) -0.001(3) 0.004(3) 0.002(3)
c@n 0.114(6) 0.060(4) 0.0423) 0.001(3) ~0.002(3) 0.008(4)
c@8) 0.153(8) 0.116(8) 0.062(5) ~0.014(5) 0.007(5) ~0.004(6)
C(29) 0.220(14) 0.149(10) 0.055(5) —0.038(6) —~0.010(8) —0.011(11)
€(30) 0.194(13) 0.143(11) 0.096(9) ~0.009(8) ~0.05909) ~0.030(11)
can 0.121(7) 0.074(5) 0.076(5) 0.007(4) ~0.039(5) ~0.006(5)
iy 0.071(5) 0.095(6) 0.129(8) 0.026(6) ~0.048(5) ~0.014(5)
cG3) 0.052(4) 0.068(5) 0.135(7) 0.030(5) ~0.019(4) ~0.007(3)
[eE) 0.057(4) 0.048(4) 0.093(5) 0.013(3) 0.001(3) ~0.002(3)
C(35) 0.057(3) 0.040(3) 0.057(3) 0.007(3) —0.003(3) —0.003(3)
€36) 0.079(5) 0.058(4) 0.073(4) 0.012(3) ~0.024(4) -0.003(3)
N() 0.059(3) 0.038(3) 0.050(3) ~0.001(2) -0.002(2) -0.002(2)
o) 0.073(3) 0.085(3) 0.060(3) —0.0102) 0.006(2) 0.027(2)
0Q) 0.067(3) 0.087(4) 0.099(4) ~0.014(3) 0.0243) 0.003(3)
can 0.0880(13) 0.152(2) 0.0724(12) 0.0388(13) —0.0110(10) 0.0253(13)
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igure 3. Eight independent traces representative of the CE-ESI-MS
acetylation experiments, 1: Acetyl-L-Ser (148 m/), 2 acetyl-L-Tyr
(224m/2), 3: acetyl-L-Phe (208 mz), 4: acetyl-L-His (198 m%), 5: acetyl-
L-Lys (189 m/2);6: acetyl-L-Met (192 m/z), T: acetyl-L-Arg (217 m/2) and
8: acetyl-L-Thr (162 m/). CE-MS conditions for the frec and acetylated
amino acids mixture containing 1 mmol L L-lysine. BGE of 1.0 mol L
formic acid clectrolyte (pH 1.8); uncoated fused silica capillary
50 umi.d. x 70 em 10s injection under 2 psi of pressure; applied voltage
25 kV: and capillary temperature of 25 °C. ESI conditions: positive ion
mode; spray voltage 4.5 kV; sheath liquid methanol/waterfacetic acid
(50/49.5/0.5 v/v) at 5.0 pL min'" drying gas flow (N,) of 3 L min'; and
drying temperature of 275 °C.
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Figure S8. NMR 'H (400 MHz, CDCL) of (25,3R)-3 4-anhydro-1.2-dideoxy-erythro-pentitol (12).
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Figure S3. NMR 'H (400 MHz, CDCL) of (2R.3S)- 3.4-anhydro-1,2-dideoxy-erythro-pentitol (12).





OPS/images/a10img09.png
‘Table S1. Bond lengths (A) for compound 4i

o)
Ca)-H(1)
c@-Ce)
CQHD)
CG3)1CE)
caren
@)
C-HE)
C5)-C6)
C5)-HE)
C6)-C7)
cm-om
cm-ce)
cE-ces)
C(8)-C0)
C(8)-HE)
co-C(10)
co-c6)
CO-HO)
C10)-C(11)
C(10)-C(15)
C(n-ca2)
CAD-HID
C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-H(14)
C(15)-H(15)
C(16-N(1)
cae-camn
C(16)-H(16)
CIM-C(22)
C7-C(18)
C(18)-C(19)

1.390(8)
0.9300
1.37009)
0.9300
1.375(8)
1.749(6)
1.380(7)
0.9300
1.3718)
0.9300
1.502(7)
1.209(7)
1.531(7)
1.553(7)
1.563(6)
0.9800
1.5107)
1.534(T)
09500
1.369(8)
1.401(8)
1.30209)
09300
1.349(9)
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‘Table 3. Summary of result analysis

Variable K,=10° K= 107 K= 10°
[P,..] Very low Low Low

P.X] Keep constant Decreases a litle Decreases very much
Pl Very low Low Increases very much
Conversion Slow. Fast Too fast

Mn Very low Increases Increases

PDI Very close to unity Close to unity Increases
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Figure S2. 'H NMR (400 MHz, CDCL,) of (2R.3S)- 3.4-anhydro-1,2-dideoxy-erythro-pentitol (12).
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Figure 9. Influence of K__ on the polydispersity index as a function of time.
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‘Table S3. Atomic coordinates (x 10°) and equivalent isotropic displacement parameters (A? x 1) for compound 4i

x y z Uleq)
cy 03108(6) 0.1219(4) ~0.0957(4) 0.0666(17)
H(D) 03471 0.1068 -0.1408 0.080
c@) 03857(6) 0.1038(4) ~0.0201(4) 0.0742)
HQ) 04722 0.0766 -0.0143 0.089
c3) 0.3306(6) 0.1265(4) 0.0457(4) 0.0642(17)
ce) 0.2023(6) 0.1661(4) 0.0398(4) 0.0640(17)
H4) 0.1657 0.1802 0.0852 0077
a5 0.1294(6) 0.1842(3) -0.0361(3) 0.0530(14)
H(S) 0.0433 02117 -0.0412 0.064
c6) 0.1802(5) 0.1629(3) ~0.1038(3) 0.0467(13)
(<) 0.1068(5) 0.1792(3) ~0.1878(3) 0.0480(13)
c®) ~0.0216(5) 0234203) -0.2002(3) 0.0433(12)
H(®) -0.0867 02206 -0.1626 0052
€ —0.1109(5) 0.2296(3) —0.2866(3) 0.0420(12)
H(O) ~0.0460 02122 -0.3226 0.050
cao ~0.2341(6) 0.1736(3) ~0.2887(3) 0.0450(13)
can ~0.2099(6) 0.0084(4) ~0.2982(4) 0.0683(18)
H(11) -0.1193 0.0830 -0.3083 0.082
C(12) —-03175(8) 0.0447(4) —0.2932(4) 0.078(2)
H(12) -02975 ~0.0060 -0.2995 0.003
ca3) ~0.4504(8) 0.0653(4) ~02793(4) 0.074(2)
H(13) -0.5211 0.0200 -02746 0.089
ca4) ~0.4794(T) 0.1388(4) ~02723(4) 0.075(2)
H(14) -0.5723 0.1531 02650 0.090
C(1s) ~0.3735(6) 0.1942(4) —0.2756(4) 0.0674(17)
H(15) -0.3953 02447 02692 0.081
ca16) ~0.(15)-22(5) 03118(3) ~03075(3) 0.0420(12)
H(16) -0.2367 03259 02832 0.050
can ~0.1787(5) 03336(3) -030956(3) 0.0425(12)
cas) -0.2530(6) 02861(3) 045413 0.0521(14)
H(18) -0.2814 02383 04397 0.063
ca19) ~0.2847(6) 0.3090(4) ~05326(4) 0.0641(17)
H(19) -0.3338 02767 -05708 0.077
c0) ~02443(6) 0.3790(4) ~0.55473) 0.0645(17)
H(20) 02655 03046 -06077 0.077
cen ~0.1714(6) 0.4265(4) —04971(4) 0.0621(16)
HQ1D) ~0.1454 04746 05119 0075
cQ2) ~0.1361(6) 0.4043(3) 041813 0.0522(14)
ce3) ~0.0475(7) 0.457203) ~035743) 0.0673(18)
H(234) 00517 0.4509 -0.3681 0.081
H(23B) -0.0887 0.5073 -0.3648 0.081
C4) ~0.0436(7) 0.433203) ~0.2719(4) 0.0650(18)
H(244) 0.0357 0.4585 -0.2376 0.078
H(24B) -0.1345 0.4463 ~0.2545 0.078
€@s) 0.0228(5) 0318103) ~0.1865(3) 0.0464(13)
€@26) —~0.0598(7) 0351103) ~0.1204(4) 0.0606(16)
ca@n 0.0512(9) 0.3788(4) ~0.0557(3) 0.0734(19)
€(28) 0.0438(11) 0.4093(5) 0.0172(4) 0.11203)
H(28) 00452 04155 0.0344 0.134
€(29) 0.1760(16) 043108) 0.0655(6) 0.148(5)
H(29) 0.1731 0.4508 0.1157 0.178
€(30) 0.3068(16) 0.4239(8) 0.0413(7) 0.154(5)
H(G30) 03896 04410 0.0749 0.185
ca3n 0.3246(11) 0.3916(5) —~0.0331(5) 0.097(3)
G2 0.4511(9) 03779(5) ~0.0677(6) 0.106(3)
H(32) 05424 03902 -0.0392 0.127
H(32) 05424 03902 -0.0392 0.127
cG3) 0.4414(7) 03473(4) ~0.1412(6) 0.089(3)
H33) 05250 03411 01629 0.107
[«E) 0.3058(6) 0.3247(4) ~0.1857(4) 0.0675(18)
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N(1) ~0.0219(5) 0.3510(2) ~0.2673(3) 0.0504(11)
o) 0.1498(4) 0.1498(3) ~0.2434(3) 0.0731(13)
o) ~0.1907(5) 0.3535(3) ~0.1261(3) 0.0834(14)

cun 042432) 0.10107(15) 0.14009(11) 0.1071(8)
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igure 2. (a) CE-MS base peak electropherogram of radical acetylation
detected by CE-ESI-MS/MS, 1: L-lysine (147 m/2), 2: N-o-acetyl-
L-lysine and 3: N-e-acetyl-L-lysine (both at 189 m/z); (b) and (c) MS/MS
of 189 m/z ions. The CE-MS conditions for the free and acetylated
amino acid mixtures were as follows: 1 mol L' acid formic electrolytes
with 20% methanol (pH 2.0); uncoated fused silica capillary,
50 pum i.d. x 75 cm; injection under 2 psi of pressure for 10 s; applied
voltage 20 kV; temperature of 25 °C. ESI conditions: positive ion
mode; spray voltage of 4.5 kV; sheath liquid methanol/water/acctic acid
(50/49.5/0.5 v/v) at 5.0 pL min'"; drying gas flow (N,) of 3 L min'’; and
drying temperature of 275 °C.
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Figure 2. Scheme for extraction in flow of humic substances of pea for
commercial purposes and it fractionation. Peristaltic pump (PP), collector
flask (CF), extraction flask (EF), filters (F, and F,), NaOH solution (R,),
HCI solution (R,), magnetic agitator (MA), tubes (T,, T, T; and T,),
confluence point (CP). discard (W), humic acid (HA). fulvic acid (FA).
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Table S2. Bond angles (degree) for 4i
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Figure 1. Effect of histidine on the amplitude of the EPR signal for the
putative MNP-CH,CO" adduct. The peroxynitrite/diacetyl reaction was
performed at room temperature in 200 mmol L acrated phosphate bufer
(pH 7.2) after a4 min incubation. The reaction mixture contained diacetyl
(5.0 mmol L"), peroxynitrite (2.0 mmol L"), MNP (2.0 mmol L) and
varying concentrations of histidine: (a) 0.0 mmol L, (b) 0.5 mmol L
and (¢) 1.0 mmol
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Figure 1. Diagram of the procedure used to collect peat samples.
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zure S21. "C NMR (100 MHz, CDCL,) of (2R.3R)-3 4-anhydro-1,2-dideoxy-erythro-pentitol (12).
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Figure S9. IR (KBr) of (4¢).





OPS/images/a13img18.png
[13-23725 Autaspes - CACTE - Universicode de Vigo

oo o oo ROm R
[ i 5 CHOAC Bz H
PR s | par
| g e | | s
. bl old

| g ro

Figure S14 FAB-MS of compound 8.
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Figure S23. Chiral HPCL analysis of a) racemic and b) enantiomeric benzoate derivative of epoxyalcohol 12 obtained by organocatalytic epoxydation.





OPS/images/a10img29.png
EEEETAEREEEE TR (=El

Figure S11. "H NMR (400 MHz. CDCL) of (4d).





OPS/images/a13img20.png
T T T
20 150 100
pemt1)

re $16. °C NMR (150.9 MHz, CDCL,) of compound 10.

a0

[ 500

20

1000

500






OPS/images/a06img43.png





OPS/images/a07img30.png
jgure S22.MS of (2R.3R)-3.4-anhydro-1.2-dideoxy-erythro-pentitol (12).





OPS/images/a10img28.png
‘bundance. Scan 255 (2814 min: CHIS Dtams
292 £

i

5404

4200000,

250000

2500000,

| ‘J
45365335405(25‘4&65
1500000

] . 04

A 52 13 3503

e a2 w33l L s sasos  f o siss mas o
- T

s TE T B e Tl 6 e sk B0 B e e e e e R 0 AT e o 5w B 5 6 e

ure S10. MS (70 eV) of (4¢).






OPS/images/a13img19.png
L M

T T T T T T T T
50 50 70 50 50 40 50 20 10
eom 1)

Figure S15. 'H NMR (600 MHz CDCL.) of compound 10.
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Figure S10. 'H-'H COSY (600 MHz. CDCL,) of compound 8.
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Figure S7. '"H NMR (400 MHz. CDCL.) of (4¢).
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Figure 12. HMBC (600 MHz. CDCL.) of compound 8.
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Figure S6. IR (film) of (4b).
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Figure S11. HSQC (600 MHz, CDCL,) of compound 8.
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Figure S17. "C NMR (400 MHz. CDCL,) of (25.35)-3 4-anhydro-1.2-dideoxy-erythro-pentitol (12).
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Figure S14. "C NMR (100 MHz, CDCL,) of (2R.3R)-3.4-anhydro-1.2-dideoxy-erythro-pentitol (12).
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Figure S7 FAB-MS of compound 3.
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Figure S13. "H NMR (400 MHz, CDCL,) of (2R.3R)-3.4-anhydro-1,2-dideoxy-erythro-pentitol (12).
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Figure S1. "H NMR (400 MHz. CDCL) of (4a).
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Figure S6. NOESY (600 MHz, CDCL) of compound 3.
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Figure S16. '"H NMR (400 MHz, CDCL) of (25.35)-3.4-anhydro-1.2-dideoxy-erythro-pentitol (12).
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Figure S15. "H NMR (400 MHz, CDCL,) of (25,35)-3,4-anhydro-1,2-dideoxy-erythro-pentitol (12).

01





OPS/images/a10img21.png
Transmittance [%]
35

&
!
11
w
2+ T T Ty — T et =
4000 3500 3000 2500 2000 1500 1000

Wavenumber cm-1

Figure S3. IR (KBr) of (4a).
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Figure S8. 'H NMR (600 MHz. CDCL.) of compound 8.
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Figure S20. MS (70 V) of (4f).
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Figure S33. °C NMR (50 MHz, CDCL.) of races

3 4-epoxy-6.9-eneicosadiyne (13).
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Figure S30. 'H NMR (200 MHz, CDCL) of racemic 3 4-epoxy-6.9-eneicosadiyne (13).





OPS/images/a10img36.png
ppm

1z0 100 80

140

180 160

T
200

re S18. *C NMR (100 MHz, CDCL) of (4f).






OPS/images/a07img37.png
2080

o0

[

o

s

20

25

30

Figure $29. '"H NMR (200 MHz, CDCL.) of racemic 3.4-epoxy-6.9-eneicosadiyne (13).
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Figure $25. "H NMR (200 MHz, CDCL,) of racemic epoxytriflate (2).
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Figure S18. HSQC (600 MHz. CDCL.) of compound 10.
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Figure S24. 'H NMR (200 MHz, CDCL,) of racemic epoxytriflate (2).
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Figure 19. HMBC (600 MHz, CDCL,) of compound 10.
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Table 1. Characterization data of polymer samples®*

Sulfonic groups content Number average molar

Sample Code / mol% mass / Mn wag’.‘:.:sv:;al\s;«mo‘a. Polydispersity
Polycardanol” bC - 8350 17.600 210
Polystyrene® »s 00 87,300 234200 270
Sulfonated polystyrenc® PSSda 50 90.580° - -
PSSsa 70 98.070° - -
PSs6a 100 102,680° - -

*calculated considering PS molar mass and sulfonic groups content
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‘Table S1. 'H NMR data for 1,1, I-trichloro-4-methoxy-3-alken-2-ones 2 and trichloromethyl-B-diketones 3 in CDCI, & in ppm, multiplicity, J in Hz

Compound, Yield / % H-3 H-5 H-6 Others Me OMe
2a.85 596 278..80 1.57, qui, 8.0 1.28-1.39. 0.89.1,68 379
2b,92 597 278,80 1.58, qui, 8.0 1.29-1.38 0.89.1,68 379
2¢,95 597 278,80 1.57, qui. 8.0 127135 088,168 379
24,92 595 277..80 1.56, qui, 8.0 126-1.34 087.1,68 378
26,90 596 278,80 1.57, qui, 8.0 126-1.34 088,168 379
3,69 447.q.72 258, m.68 1.58,m, 7.2 132,m 09, 0.88¢ -
3,23 442,dd,85.52 - - - - -
3g.89 4.43.dd,89,5.2 262.m 1.92.m 1.20-1.40 0.89,0.96. 1.t -

“Overlapping signals.
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Figure S44. MS spectrum of isoflavone 4 (Part 2).
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Table 1. Yields of the compounds 4a-g and Sa-g

Compound g R Yield/ %
I H Me 95
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Figure S62. IR (KBr) of (7f).
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Figure $69. "C NMR (100 MHz, CDCL,) of (3R.4R)-3.4-epoxy-6,9-eneicosadiene (1).
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Figure S56. MS (70 V) of (7d)
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Figure S35. HMBC spectrum (400MHz. C.D,0) of isoflavone 4.
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Figure S70. "H NMR (400 MHz, CDCL,) of (3R.4R)-3.4-epoxy-6,9-eneicosadiene (1).
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“Table 3. Kinetic regression equation and parameters of different particle electrodes

Particl electrode Kineic regression equations Regression coefficient__Kinetic constant/min’ __ Half-life/ min,

Ni/AC In(c/e) = 001581 +0.0583 0992 00158 39
Ac In(c/e) = 0.01081 +0.0509 0997 00108 642
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Figure 2. Baseline-corrected square wave voltammograms obtained
using the BDD electrode in 0.1 mol L BR buffer solution (pH 7.0) in the
absence (1) and presence (2) of an equimolar 5.0 x 10+ mol L* mixture
of the GMP and AMP nucleotides.
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ure 3. Bascline-corrected square wave volammograms obtained
using the BDD electrode in 0.1 mol L' BR buffer solution (pH 7.0)
containing an equimolar 5.0 x 10+ mol L mixture of the GMP and AMP
nucleotides, without interaction and after an interaction time of 1 min in
5.0 x 10° mol L methamidophos (MET), monocrotophos (MON) and
chlorpyrifos (CPF).
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Table 3. Solvent system, concentration of the solution and wavelengths used in the UV- Vis analyses

Sample Concentration / %, wilv Solvent system Wavclength / nm Optical path / mm
Naphthalene s hexane-dioxane 310 1
Phenanthrene dioxane-cthanol 347 1
Pyrenc 0.05 dioxanc-cthanol 335 2
Polystyrenc 1
ﬁ: 05 toluene-isopropanol 335 :
Pss6a 1
Polycardanol 02 tolucnc-tetrahydrofuran 334 5
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Figure S1. 'H NMR (600 MHz. CDCL.) of compound 3.
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Figure S77. MS (70 eV) of (7j).
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‘Table 4. Experimentally determined melting enthalpy. vaporization enthalpy and calculated solubility parameter using equation 1

Samples AH,, Experimental / (J g”)  AH, Experimental /(J g*) AE, / ( mol) 5 Calculated / MPa'
Naphthalene 1524 366.7 429177 197
Phenanthrene 978 3445 563368 193

Pyrene 915 528.1 101,396.0 252
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Figure S10. "H NMR spectrum (400 MHz, CDCL) of 1,1, 1-trichloro-4-methoxy-4-tridecen-2-one , expanded between 0 -3,15 ppm.
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Figure S76. IR (KBr) of (7j).
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Figure S9. 'H NMR spectrum (400 MHz, CDCL) of 1,1, 1-trichloro-4-methoxy-4-tridecen-2-one.
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Figure 2. Schematic representation of an enzymatic biofuel cell.
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Figure 2. Key "H-"C long-range correlations (H — C) of 3. 8 and 10.
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Figure S72. IR (KBr) of (7i).
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Figure S5. 'H NMR spectrum (400 MHz, CDCL) of 1,1, 1-trichloro-4-methoxy-4-undecen-2-one in CDCI..
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mechanism.






OPS/images/a09img03.png
fable 2. H NME and 7L NME data and HMBL correlations of
compound 10*

0
Postion  57€ 5 H Gl it 1/ 1) HMBC
703 523(d, 1. 108,49 2.3.9, 10, 1-0A
2 B 20mIWa 14,10
211 (m. 1H) B
3 24 1HmIMa 124510
236 m. 1B

58 20mMa 2356101819
446
28 4B@IHI0G 45781019
9 SATWIHI0a  5.617.7-C00
%04

512

485 LS@IH 108 1456911190

459 ISimiMe 8910121320
273, 10.128,72)p

TS SO IH96TDP 811131416

1708

HST 599 (brs, 1) 13,1516

731

09 4802 131415

25 L56IE 8.9

s

28 10763Ma 45610

88 LIBG3a 891011

24 208,31 [RERIY

1699

200 207630 7.7H,CC0

105

*Spectra were recorded at 600 MHz for *H NMR and 150.9 MHz for °C
NMR: multiplicity and coupling constants (J / Hz) are in parenthesis.





OPS/images/a10img89.png
20

100

120

140

160

T
180

200

.eure S71. °C NMR (100 MHz. CDCL.) of (7i).






OPS/images/a15img06.png
i &)
Specific viscosity 1, @)






OPS/images/a23img11.png
2 §
8 % o
-

90 180 10 160 19 140 10 120 100 10 % S %0 60 SO 0 0 M ppm

re $4. °C NMR DEPTI135 spectrum (100 MHz, CDCL) of 1,1, 1-trichloro-4-methoxy-4-decen-2-one.





OPS/images/a03img04.png
Blociode  Enzymes Flectode Mediator  Enzymes

DET MET

Figure 4. Types of clectron transfer processes between enzymes and
electrode surfaces in enzymatic biofuel cells.
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Table 3. Mutagenic activity of compound 8 in the Ames assay in the presence and in the absence of metabolic activation (S9) (Salmonella typhimurium
strains TA 98, 100, 102)

Revertants per plate

Dose (g per plate) TAGS TA 100 TA 102

9 459 K 459 9 459
0 175235 275292 13052290 12352205 2802566 34202311
5 205207 200+42 12152233 9952163 29852134 34352247
2 145207 25235 12402226 100014 2585221 34802509
50 155264 M0+14 1080242 1230242 235278 41002283
250 165207 260257 170242 850299 16755177 13402325
Quercetin
10 2405777 1314521025
+NQO*
10 1432 280

*4-NQO: 4-nitroquinoline-1-oxide. Values are presented as the mean = standard error (n =2). Quercetin and 4-NQO were used as positive controls. Values
are not significant (p>0.05).






OPS/images/a10img92.png
s 4 z 1 o ppm

Figure S74. "H NMR (400 MHz, CDCL,) of (7j).
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Figure 3. Schematic representation of the power range that some of the
alternative energy production methods provide (adapted from reference 8)
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Figure S6. 'H NMR spectrum (400 MHz, CDCL) of 1,1, 1-trichloro-4-methoxy-4-undecen-2-one, expanded between 0-3.1 ppm.
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Figure S1.'H NMR spectrum (400 MHz, CDCL) of 1,1, 1-trichloro-4-methoxy-4-decen-2-one.
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Table 2. Molar volume and boiling point of naphthalene, phenanthrene
and pyrenc®

Molarvolume/  Boiling Temperature /
Sample (emmol) «c
Naphthalene 11051 218
Phenanthrene 15110 336

Pyrene 159.13 303
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Table S2. “C NMR data for for 1.1, I-trichloro-4-methoxy-3-alken-2-ones 2 and trichloromethyl-B- diketones 3 in CDCl,, 6 in ppm

Compound C-1 [ 3 c4 OMe Others

2a 98.0 1799 89.7 1840 56.2 33.4:31.4;28.1: 26.9: 22.5: 13.9

2 98.0 1799 89.7 1840 562 3.

2 98.0 1799 89.7 1840 562 334; .

2d 98.0 1798 89.7 1839 56.1 33.4:31.8; 29 202:29.1:269, 2.6: 14.0

2e 98.0 1799 89.7 1841 562 33.4:31.9;29.65;29.62; 29.50; 20.5; 20.4; 29.3; 27.0; 22.6; 14.0
3 96.1 1867 525 203.5 - 40.5:31.1; 23,

ar 96.1 1852 586 2033 - 40.5:34.3:31.0: 22.8; 296 7.60

3g 944 1852 58.7 203.5 - 40.7:33.5:25.4: 22.0; 21.0; 13.8: 13.7
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Spectra were recorded at 600 MHz for 'H NMR and 150.9 MHz for °C NMR. multiplicity and coupling constants (J / Hz) are in parenthesis.
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Figure $70. "H NMR (400 MHz, CDCL,) of (7i).
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re 3. °C NMR (100 MHz, CDCL,) spectrum of 1,1, 1-trichloro-4-methoxy-4-decen-2-one.
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Figure S69. IR (KBr) of (Th).
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Figure S2. "H NMR spectrum (400 MHz, CDCL) of 1.1, 1-trichloro-4-methoxy-4-decen-2-one, expanded between 0.6-3.1 ppm.
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Afable 5. Elfect of compound 8 on cell viability of V/% Chinese hamster
cells using the MTT assay.

Dose (ug per well) Viability' /%
5 13252157
50 16272230
20 184521006

“Viabilty s expressed a percentage values relative o conrol clls. Resulls
are expressed as mean value & Viablity = tandarddeviations (SD) (1=3).
In each independent experiment four replicate cultures were used.
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‘able 4. Eflect of compound § on the frequency of micronucieated binucieated cells (% MNBN) in V' /9 Chinese hamster cells in the presence (+57) and

absence (-S9) of metabolic activation
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positive controls, dose 0 as negative control. Values are not significant (p>0.05).
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Figure S19. 'H NMR spectrum (400 MHz, CDCL) of 1.1.1-trichloro-3-methylnonan-2.4-dione (ca. 75%) + 1.1, 1trichloro-3-butylhexan-2 4-dione (ca. 25%).
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‘Table 7. Solubility parameters obtained by DSC, [n], UV-Vis and pDSC

Sumple 5/MPa"?
Literature, uv uDSC ml
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Figure S18. “C NMR spectrum (100 MHz, CDCL) of 1.1, 1-trichloro-4-methoxy-3-heptadecen-2-one, expanded between 22-35 ppm.
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1C NMR of Cyclo(L-Leu-1-Leu) (7) (125 MHz, CD,0D).
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gure $21. °C NMR spectrum (100 MHz, CDCL) of 1.1,1-trichloro-3-methyl-2.4-nonan-2.4-dione (3f) + 1,1, 1-trichloro-3-butylhexan-2.4-dione (3f"’






OPS/images/a09img19.png
T T T
20 70 0
prm()

Figure S11. HSQC (600 MHz, CDCL,) of compound 8.

20

pom(t






OPS/images/a11img02.png
7.4 x 10°5(xM)">
p=-—""— " °
s





OPS/images/a16img02.png
R+ M——PF"

2)





OPS/images/a23img27.png
ges2 3338aAnEaazaaRnangeRgzInanAns
Wﬁ/g . e e e
2333
(NN
3-CH3 30
3 (30
! ‘ H-3 Gr)
\

10

s a0 3 30
Figure $20. 'H NMR spectrum (400 MHz, CDCL,) of 1.1, I-trichloro-3-methylnonan-2.4-dione + 1.1.1-trichloro-3-butylhexan-2.4-dione, expanded
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gure S17. °C NMR spectrum (100 MHz, CDCL) of 1.1,1-trichloro-4-methoxy-3-heptadecen-2-one.
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Figure S7 FAB-MS of compound 3.
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Figure 6. Heat flow (right axis) and temperature (left axis

of time for 7 mol% sulfonated polystyrene (PSSSa) solubilized in

toluene:isopropanol (82:18).
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Figure S16. 'H NMR spectrum (400 MHz, CDCL) of 1.1.1-trichloro-4-methoxy-3-heptadecen-2-one . expanded between 0.5-6.1 ppm.
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Figure S19. *C NMR of Cyclo(i-Val-L-Leu) (3) (125 MHz. CDCL).
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Figure S6. NOESY (600 MHz, CDCL) of compound 3.
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Figure S82. 'H NMR (400 MHz, CDCL,) of (71).
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Figure 5. Heat flow (right axis) and temperature (Ieft axis) in function of
time for naphthalene solubilized in hexane:dioxane (5:95).
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re S15. 'H NMR spectrum (400 MHz, CDCL) of 1,1,1-trichloro-4-methoxy-3-heptadecen-2-one..
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Figure S85. MS (70 eV) of (71).
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Figure S21. 'H NMR of Cyclo(L-Leu--Ile) (6) (500 MHz, CD,OD).
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Figure S8. 'H NMR (600 MHz. CDCL.) of compound 8.
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Figure S84. IR (KBr) of (71).
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Table 6. Average solubilization enthalpies obtained for the selected samples and correlation with solubility parameters of the solvent systems

Samples Solvent mixtures Solvent content o solvent Average solubilzation Standard
mixtures / MPa'™ enthalpy /() deviation /(J ¢)

3070 1896 1025082 71011

2080 1954 1217207 30006

Naphthalene hexane:dioxane 1090 1994 1439015 33048
595 202 117.9409 27941

0:100 2050 157718 43068

90:10 1873 120016 09308

85i15 1899 183009 19491

PSSt tolueneiisopropanol 19.15 21.9868 1.0622
1926 125671 16879

1937 117037 12781

1399 147719 11576

) 19.15 169905 04626

pess foluenesisopropanel 1926 125252 1.2057
1937 121729 00774

1899 155075 06876

19.15 17.0002 08384

PSS6a tolueneiisopropanol 1926 126917 09504
7822 1937 121472 06779

7525 1952 129986 10127
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Figure S16. "C NMR of Cyclo(L-Tle-p-Pro) (3) (125 MHz, CDCI,}
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Figure S3. 'H-"H COSY (600 MHz, CDCL) of compound 3.
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.oure $79. °C NMR (100 MHz. CDCL.) of (7k).
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‘Table 5. Solvent systems, respective solubility parameters and intrinsic viscosities determined by extrapolation of reduced viscosity to concentration zero
(Muse-a) and inherent viscosity to concentration zero (Tly,c-.o)

Solvent system

Polymer sample tolue propanol / (v2%) 3 of solvent system / MPa"? M (M) / (AL g Ml M) / (AL g
95:5 1844 08204 07834
90:10 1873 09327 08633
s 85:15 1899 07944 07713
82:18 19.15 07254 07090
85:15 1899 05281 05217
PSS4a 82:18 1915 05237 05272
8020 1926 04504 04779
82:18 1915 05521 05512
PSS6a 8020 1026 05613 0.5695

78:22 1937 04400 04344
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Figure S15. "H NMR of Cyclo(L-Ile-n-Pro) (3) (500 MHz, CDCl.).
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Figure S78. 'H NMR (400 MHz, CDCL,) of (7k).
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in the toluenesisopropanol solvent mixture at 82:18.
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e S11. °C NMR spectrum (100 MHz, CDCL) of 1,1, 1-trichloro-4-methoxy-4-tridecen-2-one.
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Figure S18. 'H NMR of Cyclo(L-Val-L-Leu) (5) (500 MHz, CDCI,).
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Figure S81. MS (70 eV) of (7k).
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Figure 4. Absorbance as a function of solubility parameter of the solvent
system for polystyrene, at 335 nm.
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Figure S14. °C NMR DEPTI35 spectrum (100 MHz, CDCL) of 1. 1. I-trichloro-4-methoxy-3-pentadecen-2-one (91%) + 1.1, I -trichloropentadecan-2-one
(9%).
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Figure S17. "H-"H COSY of Cyclo(L-Ile-p-Pro) (3).
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izure S4. HSQC (600 MHz, CDCL) of compound 3.
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Figure 3. Absorbance as a function of solubility parameter of the solvent
system for naphthalene, at 310 nm.
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13C NMR spectrum (100 MHz, CDCL,) of 1,1, 1-trichloro-4-methoxy-3-pentadecen-2-one (91%) + 1.1,1-trichloropentadecan-
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Figure S24. 'H NMR of Cyclo(L-Leu-L-Leu) (7) (500 MHz, CD,0D).
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re S23. 'H-"H COSY of Cyclo(L-Leu-L-Ile) (6).
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Figure S10. 'H-"H COSY (600 MHz, CDCL,) of compound 8.
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Figure S21 TOE-MS-EI of compound 10.
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Figure 6. Effect of pH values on Ia, ;,/Ic, ;. (M) NF: (O) NES: (A) NT:
(V) NTS. [Compound] = 0.50 mmol L.
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Table 1. Physical meanings of population moments of order “zero™*

Moment _Physical meaning

i Total concentration of living polymers (Y [P} ).

A Total concentration of dead polymers ('[P, ).

3, Total concentration of dormant polymers (Y [P, X]).
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Figure S36. 'H NMR of Cyclo(L-Tle-L-Trp) (11) (500 MHz. DMSO).
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Figure 8. Effect of the compound concentration on Ia, /I, ratio at pH
10.01. (M) NF: (O) NFS: (A) NT: (V) NTS.
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re $35. HMQC of Cyclo(L-Val-L-Trp) (10).
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Figure 7. Relationship between Ia_,/Ic,., ratio vs. log v. [Compound]
0.5 mmol L-': pH values: 8.03 (/): 9.02(A): 10.01 (O): 12.01(W).





OPS/images/a16img13.png
— , (Mot +8, (12)
Mw:MWM[ A TO, ]





OPS/images/a16img10.png
(10)






OPS/images/a06img127.png
a7z —
oerer
09167 2~

2965 —

o

VLS ——
18000 —

2560~ _
8T~

e~

10

]

60 50 40

70

160 150 140 130 120 110 100 S

170

Figure S31. "C NMR of Cyclo(L-Trp-L-Pro) (9) (125 MHz, CD,OD).
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Figure S18. HSQC (600 MHz. CDCL.) of compound 10.
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Figure $30. 'H NMR of Cyclo(L-Trp-L-Pro) (9) (500 MHz, CD,0OD).
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Figure S17. 'H-"H COSY (600 MHz, CDCL,) of compound 10.
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Figure S26. 'H NMR spectrum (400 MHz, CDCL) of methyl 3-hexyl-1H-pyrazole-5-carboxylate, expanded between 0.5-6.6 ppm.
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re $20. NOESY (600 MHz, CDCL.) of compound 10.





OPS/images/a06img128.png
10826

| CE—

e i A Bt et o W] e AR i P i A i S W KM Sl B M
110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

Figure S32. 'H NMR of Cyclo(L-Val-L-Trp) (10) (500 MHz, DMSO).
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Figure 19. HMBC (600 MHz, CDCL,) of compound 10.
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Figure S27. 'H NMR of Cyclo(L-Phe-L-Tyr) (8) (500 MHz. DMSO).
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Figure S14 FAB-MS of compound 8.
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‘Table 2. Numbers of electrons (n) obtained by using chronoamperometry
at pH 4.02 regarding reduction 0.5 mmol Li* of NF and its analogues

Dx10°/

Drug VIA (em s " Cotrell slope®

NF 15488 776 34202 71202x10°
53¢ 36+02

NES 16375 7500 36201  84=01x10°

NT 16402 7500 34202 87202x10°

NTS 17290 726 38202  82=01x10°

“Diffusion coefficients calculated by using Wilke-Chang equation;
“diffusion coefficient experimentally determined at pH 4.0 “average
values from 5 measurements; “average values from 5 measurements,
being R?=0.999.
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Figure $23. 'H NMR spectrum (400 MHz, CDCL) of 1.1.1-trichloro-3-propyloctan-2.4-dione, expanded between 0-4.6 ppm.
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Figure $26. 'H-"HCOSY of Cyclo(i-Leu-L-Leu) (7).
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Table 1. Voltammetric results for reduction of NF and its analogues at pH 4.02 and 7.41 using GCE

pH
D 402 741
v DPV cv DPV
Ee, /V e, /pA  Ee,/V e /pA  Wy/mV  Ec,/V e /pA  Ee,/V e /pA  W,/mV

NF 0359 889 0368 891 116 0440 769 0420 832 116
NES 0364 788 0368 863 115 0442 794 0425 9.4 120
NT 0360 863 0358 832 107 0438 873 0420 830 1
NTS 0369 782 0350 9.64 122 0445 849 0433 8.63 104

GCE area = 0.037 = 0.004 e’ °E, K
E,..=00V: E,=— 07V, [compound] = 0.Immol L'; W,,,

+080V:E,,=00V:n= 10 mV s; [drug] = 0.5mmol L. "AE = 50 mV; v=>5mV s,
width of the peak at half height.
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Figure $22. '"H NMR spectrum (400 MHz, CDCL) of 1,1, 1-trichloro-3-propyloctan-2.4-dione.
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Figure $29. 'H-"H COSY of Cyclo(L-Phe-L-Tyr) (8).
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values. [Compound] = 0.5 mmol L, v = 0.10 V s
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Figure S25. 'H NMR spectrum (400 MHz, CDCL) of methyl 3-hexyl-1H-pyrazole-5-carboxylate.
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Figure S15. 'H NMR (600 MHz CDCL.) of compound 10.
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Table 1. NMR data (400 MHz, CD,0D) for compound 1

1

6, (mult..J/Hz) 8./ ppm

2 7.95 () 1523 - -

3 - 1247 H2

4 - 1774 - H2

5 - 1555 - H4

6 - 1085 - Hs
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Figure S21 TOE-MS-EI of compound 10.
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Figure S9. 'H NMR (C.D.N. 500 MHz) of neglectalignan B (2).
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Table 2. NMR data for compounds 2 (400 MHz, CDCI,)

3 (400 MHz, CDCL,) and 4 (400 MHz, C,D,0)

2 3 4
Position 6, (mult., &/ HMBC Sy (mult, &/ HMBC Sy(mul. 8./ HMBC

JIH)  pom e /Hz g /Mz  JIH)  ppm  Uo/Hz g /Hz _ JIH)  ppm g /Hz g lHz
2 T86() 1526 - - T8(9) 1546 - - 813 1547 - B
3 - 1236 H2 HY - 1243 H2 HY - 1235 - H6
4 - 1808 - H2 - 1819 - - - 1820 - H2
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Figure S11. 'H NMR (CDCL., 500 MHz) of neglectalignan C (3).
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Figure $20. NOESY (600 MHz, CDCL,) of compound 10.
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Figure S7. CD (MeOH) of neglectalignan A (1).
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Figure 1. Redox potentiometri signal against time for the BZ oscilating
reaction of two substrats. Inital concentrations for BZ reagents and
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Figure 2. Redox potentiometric signal against time for the BZ oscilating
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Figure S4. IR spectrum (KBr disks) of isoflavone 4.
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P and M in BS-diesel oil samples using HR-CS ETAAS

Sep Temperatwre  Ramp/  Hold/  Arflow rate/
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for Pb; temperatures for Cd.
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Figure S38. IR (KBr) of (4k).
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Figure S41. IR (KBr) of (41).
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Figure $20. Expanded 'H NMR spectrum (400 MHz, CDCL) of isoflavone 3.
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‘Table 1. 2*factorial design for soil samples spiked with chlorpyrifos and thiamethoxam

Encoded factors Origina actors
s F() FQ2) F3) (1) Proportion ACT:ACET (2) lonic strength / (mol L") (3) time / min.
Tand2 - - - 7802 0 E)
a4 . - - 6515 00 W0
Sands - - 7802 020 W0
7ands . - 6515 00 W0
9and 10 - - . 7802 00 B
1 12 . - . 6515 00 B
e - . 7802 020 B
15w 16 . . 6515 o s

*ACTACET: acetonitril:ethyl acetate
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Figure $40. "C NMR (100 MHz, CDCL,) of (41).
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Figure 1. Pyrolysis and atomization curves for: (@) AL (b) Cd, (¢) Cu, (d) Fe, (¢) Pb and () M i standard agueous solutions and in a BS-diesel oil sample
diluted with n-propanol. Refer to the text for information on individual conditions.
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“Table 2. Temperature program for the deposition of 480 pg Zr or 500 ug
It as permanent chemical modifiers onto graphite platforms using
HR-CS ETAAS

Ser Temperatwre  Ramp/  Hold/ Ar flow rate/
¢ ccsh s Qmin)
Drying 130 5 30 20
Pyrolysis 300 30 0 20
Atomization 1000 50 10 0

Cleanout 2000 1000 3 20
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“Table 3. Analytical figures of merit obtained for the determination of Al Cd. Cu, Fe, Pb and Mn in BS-diesel oil samples by HR-CS ET AAS

Al ] [ Fe D Ma
Wavlength /am 309271 28802 EE 28327 207000 29482
Working range /ng 0110 001001 0110 0110 0110 00402
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RSD/% 15 I s 26 26 6
m/pe n ' 4 s 9 2

LOQ: limit of quantification: R?: linear correlation coeffcient.
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Figure $36. "H NMR (400 MHz, CDCL,) of (4k).
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Figure 2. Relative sensitivities obtained under different calibration
approaches for the determination of AL, Cd, Cu, Fe, Pb and Mn n diesel

1 samples by HR-CS ET AAS. The doted horizontal line represents the
seasitivity obained using analyte addition calibration, which was taken
as the baseline for comparison.
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gure $22. DEPT spectrum (100 MHz, CDCL) of isoflavone 3.
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Table 2. Average recovery percentages, effects of each factor, and
interaction between the factors (= experimentl error estimate) for
pesticides in the soil

So
Samples Chlorpyrifos _ Thiamethosam
Average recovery B0 7652210
(1) Proportion of solvent extractor 4372206 929421
@ lonic strength 3492206 0082421
@) Agitation time 0882206 581421
Wand @) 0732206 0212421
@and ) 0732206 8502421

Wad ) 0732206 0462421
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Figure S42. 'H NMR (400 MHz, CDCL,) of (7a).
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Figure 2. Chromatogram of  standard solution containing the pesticdes
(1) chlorpyrifos and (2) thiamethoxam atthe concentrations of S0 g L
where: t, = 2.61 min for chlorpyrifos and t,= 2.81 min for thiamethoxam.
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Figure S44. IR (KBr) of (7a).
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0
80

100

140

F1 Chemical Shift (ppm)





OPS/images/a14img39.png
o
3

100
105
110
15
120
S

120

70 a5
2 Ghenical St (ppm)

Figure S34. Expanded HMQC spectrum (400MHz, C.D,0) of isoflavone 4.
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Figure 9. Effect of particle electrode dose on the decolorization ratio
Experimental conditions: 40 ¢ L' NiSO,6H,0, 27 g L' NaH,POH.0,
50 °C, 20 min plating time, 12 g L* Na.SO, and 6 V cell voltage.
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Figure S50. "H NMR (400 MHz, CDCL,) of (7¢).
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Figure $29. 'H NMR spectrum (400MHz, C,D,0) of isoflavone 4.





OPS/images/a22img06.png
60
55
50
as
40
35
30
25
20

Decolorization ratio / %

0 40 50 6 70 80 90
Temperature /°C

Figure 4. Effct of plating temperaure on the decolorization rato of

NU/AC parice clectrode. Experimental conditions: 40 L NiSO, 6H,0,

27 ¢ L Na,PO, H,0, 20 min plating time, 10.0 3 particl elctrode dose,
12 L' Na.SO, and 6 V cell voltage.
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Figure S49. MS (70 eV) of (7h).
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gure $30. Expanded "H NMR spectrum (400MHz, C.D,0) of isoflavone 4.
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Figure . Efct of plating time on the decolorization ratio of NUAC
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re S25. HMBC spectrum (400 MHz, CDCL,) of isoflavone 3.
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Figure 1. Schematic diagram ofacellwith a three dimensional electrode.
1: support;2: anodes 3: cathodes 4: particle clectrode: 5 micropore plae:
6 compressed air.
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‘Table 1. Chemical composition of the electroless nickel-plating bath

Chemical Formula Concentration
Nickel sulfate NiSO,6H,0 20-60gL"
Sodium hypophosphite NaHPO,HO  T545gL0
Trisodium citrate Na,CHO,2H0 SegL
Sodium fluoride NaF 10gL

Ammonia NHHO PH10
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Figure S27. NOE spectrum (400 MHz, CDCL) of isoflavone 3 (H-2" irradiated).
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Figure 2. Effect of NiSO, 6H,0 concentration on the decolorization
catio of Ni/AC particle clectrode. Experimental conditions: 27 g L
NaH,PO,H.0, 50 °C, 20 min plating time, 10.0 g partcle electrode dose,
12 o 1L Na.SO, and 6 V cell voltage.
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Figure S33. HMOC spectrum (400MHz. C.D,0) of isoflavone 4.

F1 Chemical Shift (pom)
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re $32. DEPT spectrum (100MHz, C.D,0) of isoflavone 4.
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Figure 7. X-ray diffraction pattern of NU/AC particle electrode: a: before
plating, and b: after plating.
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igure S27. °C NMR spectrum (100 MHz, CDCL) of methyl 3-hexyl-1H-pyrazole-S-carboxylate.
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Figure S29. 'H NMR spectrum (400 MHz, CDCL) of ethyl 3-hexyl-1H-pyrazole-5-carboxylate , expanded between 0.5-6.7 ppm.
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Figure S28. 'H NMR spectrum (400 MHz, CDCL) of ethyl 3-hexyl-1H-pyrazole-5-carboxylate.
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Figure S35. 'H NMR spectrum (400 MHz, CDCL.) of methyl 3-nonyl-1H-pyrazole-5-carboxylate.
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| 5C NMR spectrum (400 MHz, CDCL) of ethyl 3-heptyl-1H-pyrazole-S-carboxylate.
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igure S36. °C NMR spectrum (100 MHz, CDCL) of methyl 3-nonyl-1H-pyrazole-5-carboxylate.
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Figure S31. 'H NMR spectrum (400 MHz, CDCL.) of methyl 3-heptyl-1H-pyrazole-5-carboxylate.
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. 5C NMR spectrum (100 MHz, CDCL) of ethyl 3-hexyl-1H-pirazole-5-carboxylate.
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Figure S33. 'H NMR spectrum (400 MHz, CDCL) of ethyl 3-heptyl-1H-pyrazole-5-carboxylate in CDCL..
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Figure $32. “C NMR spectrum (100 MHz, CDCL) of methyl 3-heptyl-1H-pyrazole-5-carboxylate.
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Figure S38. “C NMR spectrum (100 MHz, CDCL) of ethyl 3-nonyl-1H-pyrazole-3-carboxylate in CDCI..
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Figure S37. 'H NMR spectrum (400 MHz, CDCL) of ethyl 3-nonyl-1H-pyrazole-5-carboxylate.
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Figure S40. 'H NMR spectrum (400 MHz, CDCL) of ethyl 3-undecyl-1H-pyrazole-5-carboxylate, expanded between 0.5-6.8 ppm.
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Figure S39. 'H NMR spectrum (400 MHz, CDCL.) of ethyl 3-undecyl-1H-pyrazole-5-carboxylate.
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Figure S46. "C NMR spectrum (100 MHz, CDCL) of ethyl 3-tridecyl-1H-pyrazole-5- carboxylate, expanded between 12-35 ppm.
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sure $45. "C NMR spectrum (100 MHz, CDCL) of ethyl 3-tridecyl-1H-pyrazole-5- carboxylate.
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Figure S42. "C NMR spectrum (100 MHz, CDCL) of ethyl 3-undecyl-1H-pyrazole-5-carboxylate, expanded between 12.5-33.5 ppm.
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Figure S44. 'H NMR spectrum (400 MHz, CDCL.) of ethyl 3-tridecyl-1H-pyrazole-5- carboxylate, expanded between 0.5-7.0 ppm.
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re S43. 'H NMR spectrum (400 MHz, CDCL) of ethyl 3-tridecyl-1H-pyrazole-5- carboxylate.
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igure 3. Graph for determination of the conditional complexing capacity
of extracted humic substances from peat samples with NaOH 0.1 mol L
by Cu®*jons at pH & 5.5 and [HS] = 100 mg L.
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Figure $49. “C NMR spectrum (100 MHz, CDCL) of methyl 4-methyl-3-pentyl-1 H-pyrazole-S-carboxylate + methyl 4-butyl-3-ethyl-1H-pyrazole-5-
carboxylate.
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Table 1. Comparative extraction yields of humic substances of peat
samples using continuous flow system and batch with different extractants

Batch Continuous flow
Extractant
Yield/ %
NaOH 0.1 mol ! 50 68
KOH 0.1 mol L* 35 2

Na,P,0, 0.1 mol L' 2 54
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Figure $48. 'H NMR spectrum (400 MHz, CDCL,) of ‘methyl 4-methyl-3-pentyl-1H-pyrazole-5-carboxylate + methyl 4-butyl-3-cthyl-1H-pyrazole-5-
carboxylate, expanded between 0.6-4.2 ppm.
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isure S51.'H NMR spectrum (400 MHz, CDCL) of ethyl 4-methyl-3-pentyl-1H-pyrazole-5-carboxylate + ethyl 4-butyl-3-ethyl-1 H-pyrazole-5-carboxylate.
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Table 2. Conditional complexing ability of humic substances at pH 5.5, extracted by flow from peat samples, using NaOH 0.1 mol L, KOH 0.1 mol L*

and Na,P,0, 0.1 mol L*

Conditional complexing ability / (mmol metal ¢ HS)

Samples
Ca Mg Zn Co Mn Cu Mo
HS extracted with NaOH 0.1 mol L* 007:002 065001  050:001 030003  055:001  045:001 0202003
HS extracted with KOH 0.1 mol L! 088:001  0.63:001  051:001  048:002  053:001  043:002 0142003
HS extracted with Na,P,0, 0.1 mol L' 107:002  070:0.02  053:001  043:001 057001 041001  022:002
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Figure $50. “C NMR spectrum (400 MHz, CDCL) of methyl 4-methyl-3-pentyl-1 H-pyrazole-S-carboxylate + methyl 4-butyl-3-cthyl-1H-pyrazole-5-
carboxylate, expanded between 6-56 ppm.
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Figure S47. 'H NMR spectrum (400 MHz, CDCL) of methyl 4-methyl-3-pentyl-1H-pyrazole-5-carboxylate + methyl 4-butyl-3-cthyl-1H-pyrazole-5-
carboxylate.
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“Table 4. Cytotoxicity data for the compounds 1-4 (ug mL")

Compounds  NB4  A549 SHSYSY PC3  MCFT

1 79 >10 86 >10 87
2 73 >10 >10 86 >10
3 >10 >10 >10 >10 >10
4 52 13 79 >10 56

Taxol 0.03 0.02 02 02 0.1
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Table 3. Anti-HIV Activities of the compounds 1-4

Compounds  CCy/(ugmL")  ECy/(ugmL") TI(CC/ECs)

1 >200 324 >617
2 3204 142 26
3 >200 347 >517

-

>200 715 >219
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Figure $36. 'H NMR spectrum (400 MHz, CDCL.) of methyl 3-butyl-4-propyl-1H-pyrazole-5-carboxylate . expanded between 0.5-4.2 ppm.
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Figure S53. C NMR spectrum (100 MHz, CDCL) of ethyl 4-methyl-3-pentyl-1H-pyrazole-5-carboxylate + ethyl 4-butyl-3-ethyl-1 H-pyrazole-5-carboxylate.
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Table 1. 'H NMR and *C NMR Data of compounds 1 and 2 (obtained
in C,D,N, 500 and 125 MHz)

Compound 1 Compound 2
Ne- 5. 8, (m /M) 5.(m) 8, (mJ/Ha)
1 1516 (s) 1459 (s)
2 1405 (s) 141.8(s)
3 1503 (s) 1445 (s)
4 107.0 (d) 7.02(s) 1143 (d) 7.02(s)
5 1352(s) 135.1 (s)
6 398 (1) 2.63 (dd, 393(t)  2.50 (overlap)
J135,7.0)
2.67(d.J13.3) 263(d,J133)
7 34.1(d)  1.85(overlap) 34.2(d) 1.80 (m)
8 41.8(d)  1.85(overlap) 41.7(d) 1.85 (m)
9 360 207, J13.0) 362() 212(d,J129)
2.48 (dd, 2.52 (overlap)
J9.2,129)
10 1349(s) 1342(s)
11 108.5 (d) 6.54(s) 106.1 (d) 6.62(s)
12 141.4(s) 151.0(s)
13 1400 (s) 1387 (s)
14 148.7 (s) 1423 (s)
15 119.8 (s) 1184 (s)
16 1220(s) 1224(s)
17 128(q) 077(d.J6.7) 13.1(q 0.71(d.J7.0)
18 218(g) 089(d.J6.7) 220(g) 091(d,J7.0)
OMe-1 60.1(q) 3.84(s)
OMe-2 60.5 (q) 3.90(s) 609 (q) 3.84(s)
OMe-12 559 (q) 3.81(s)
OMe-13 60.6 (q) 3.80(s) 609 (q) 3.92(s)
Ar-OH-1 10.42 (brs)
Ar-OH-3 10.61 (brs)
Ar-OH-14 11.16 (brs) 11.09 (brs)
—OAc 169.9 (s) 169.7 (s)
21.0(q) 1.95 (s) 21.0(q) 1.94 (s)
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Figure $52. 'H NMR spectrum (400 MHz, CDCL) of ethyl 4-methyl-3-pentyl-1H-pyrazole-S-carboxylate + ethyl 4-butyl-3-cthyl-1H-pyrazole-5-
carboxylate, expanded between 0.7- 4.7 ppm..
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Table 2. 'H NMR and "C NMR Data of compounds 3 and 4 (500 and

125 MHz)

Compound 3 Compound 4
Ne- S 8, m I/ 5. 8,(mJ/H2)
1 151.9(s) 153.4(s)
2 1411 (s) 139.5(s)
3 1503 (s) 151.5(s)
4 116.1 (d) 6.98 (s) 110.0 (d) 6.89 (s)
5 136.0(s) 1374 (s)
6 882(d) 4.06(d.J82) 732(d) 4.93 (brs)
7 38.7(d) 1.80 (m) 445(d) 2.05 (m)
8 36.5(d) 2.05 (m) 40.2(d) 244 (overlap)
9 376 (0 2.19 (m) 357 215, J164)

248 (m) 2.44 (overlap)

10 137.2(s) 139.0(s)
11 111.0 ) 6.69 (s) 103.9 (d) 6.62(s)
12 1493 (s) 149.2(s)
13 139.7(s) 136.3 (s)
14 151.0(s) 1433 (s)
15 121.2(s) 121.5(s)
16 123.5(s) 122.8(s)
17 17.1(q) 0.85(overlap) 8.7 (q) 0.96(d.J7.2)
18 17.3(q)  0.85(overlap) 22.1(q) 1.03(d.J7.2)
OMe-1 60.5 (q) 3.72(s) 60.8 (q) 393 (s)
OMe-2 60.9 (q) 3.85(s)
OMe-3 559(q) 3.98(s)
OMe-13 60.3 (q) 3.81(s)
OMe-14 60.6 (q) 3.75(s) 60.9 (@) 3.96 (s)
Ar-OH-2 10.81 (brs)
Ar-OH-3 9.72 (brs)
Ar-OH-12 10.00 (brs)
1 633 (1) 3.22(m) 1014() 592,599 (s)
2 155(q) 096 (t,.J7.0)

“obtained in CDC; "obtained in C,D,N.
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Figure S35. 'H NMR spectrum (400 MHz, CDCL) of methyl 3-butyl-4-propyl-1 H-pyrazole-5-carboxylate.
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Figure 3. Computer generated molecular model showing key ROESY
correlations and corresponding interatomic distance (A) of compound 1.
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Figure S54. “C NMR spectrum (100 MHz, CDCL) of ethyl 4-methyl-3-pentyl-1 H-pyrazole-S-carboxylate + ethyl 4-butyl-3-ethyl-1H-pyrazole-S-carboxylate.
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re $60. “C NMR spectrum (400 MHz, CDCL) of methyl 3-butyl-4-propyl-1 H-pyrazole-5-carboxylate, expanded between 10-34 ppm.
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re $39. “C NMR spectrum (400 MHz, CDCL) of ethyl 3-butyl-4-propyl-1H-pyrazole-5-carboxylate.
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Figure S38. 'H NMR spectrum (400 MHz, CDCL) of ethyl 3-butyl-4-propyl-1H-pyrazole-S-carboxylate in CDCL..
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Figure S57. “C NMR spectrum (100 MHz, CDCL) of methy] 3-butyl-4-propyl-1H-pyrazole-5-carboxylate in CDCI
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Figure S6. HRMS of neglectalignan A (1).
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Figure S3. HSOC of neglectalignan A (1).
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Figure S2. 'H NMR (C.D.N. 500 MHz) of neglectalignan A (1).
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Figure S5. ROESY of neglectalignan A (1).
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Figure S4. HMBC of neglectalignan A (1).
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Figure 6. Hllustration of the clectron transfer mechanism in a
PQQ-dependent enzyme. ™
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Figure 7. Development of Enzymatic biofuel cells profile.
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Figure 5. Redox potential range of some of the most often employed metal-based mediators and of the oxidoreductase enzymes glucose oxidase and laccase.
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“Table 1. Summary of MET studies on enzymatic biofuel cells

Mediated System

Reference

Redox hydrogel - poly(I-vinylimidazole) / Os(bpy),CI* cross-lnked with
polyCethylene glycoD diglycidy ether

ABTS

ABTS

[Os(bipyridine)poly (N-vinylimidazole] 1, and [Ra(bipyriding)(poly (N-
vinylimidazole]),CIICI

Hlectropolymerized MG/ NAD*

Bis(44"diamino-2.2"bipyridine)CI/ poly(vinylimidazole)or polyacrylamide
copolymer

ABTS

Hlectropolymerized MG/ NAD*

Serie of osmium-based redox polymer mediators

Polypyrrole nanowires along with &-hydroxyquincline-S-sulfonic acid
Osmium-based mediators self-assembled with poly(allylamine)

Five diferen lexibl osmium-based redox polymers

Osmium redox polymers, coss-linked with poly (ethylene glycol) dilycidyl
ether

Six different enzyme/tetrabutylammonium bromide modified Nafion®
Mix of graphite paricles and ferrocene.

MG, MWCNTS, and polymer hydrogels

Os-polymer wired on graphite clectrodes

Dimethoxy or dimethyl-substituted bipyridines osmium complexes
0544 dicarborylic acid 22" bipyridine),

ABTS / polypyrrole.

‘Glucose oxidase

Bilirubin oxidase:

Aleohol Dehydrogenase
Glucose oxidase.

Laccase

Laccase
Glucose oxidase:
Laccase
Pyranose dehydrogenase
Glucose oxidase:

Lactae dehydrogensse
Glucose oxidase:
Glucose dehydrogense
Glucose dehydrogense
Glucose oxidase:
Laccase
Laccase

Ohara et al*, 1993

Palmore efal™, 1999
Tsujimora et al %, 2001
Barribre et al %, 2004

Akers et al®, 2005
Baribre et al %, 2006

‘Smolander ef al”, 2008

Dehydrogenase enzymes in cascade  Sokic-Lazic and Minteer 2008

Gallaway eral ™, 2008
Kim et al, 2009
Szamocki et al, 2009
Zafar et al %, 2010
Rengaraj et al, 2011

‘Sokic-Lazic et al*, 2011
Zebdaeral, 2012
Mersdith eal, 2012
Zafaetal, 012
6 Conghaie eral=, 2013
Shen et 2013
Cardosocral, 2013
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Table 2. Summary of DET studies on enzymatic biofuel cells

Bioclectrode Architecture Enryme e
'SWNTS, polyethylene biue, and glutaraldehyde. Glucose oxidase Yan eral ™, 2006
Covalent atachment with SWNTS "PQQ-dependent glucose dehydrogenase

Covalent binding to aminopheny! derivatives-modified graphite Laccase Vaz-Domingucz et al 7. 2008
electrodes

‘Spectrographic graphite clectrodes Cellobiose dehydrogenase Coman eral ™, 2010
Carbon paper and modified-Nafion® PQQ-dependent pyrate dehydrogenase Teew eral*, 2010
Mulifunctional CNTs composites  dopamine Glucose oxidase Wang eral . 2011
4--aminoethyl) benzoic acid functonalized graphite clctrodes Laccase Martiner-Ortiz et al ™, 2011
Sitespecific gold nanopartcle conjugation Glucose oxidase Holland et al . 2011
Anthracene-modified MWCNTS Laccase Meredith et al, 2011
Carbon eryogel electrodes "PQQ-dependent glucose dehydmogenase Flexer etal’®, 2011
Gas-diffusion electrode based on hydrophobized carbon black Bilirbin Oxidase Guptaeral.=, 2011
composite

Arylated-Modifed CNTs Laccase Stolarczyk eral =, 2012
Aminocthyl residues-functionalized SWONTs Laccase Nazaruk et al . 2012
“Three-dimensional gold nanoparticl-modified clectrodes Glucose oxidase Wang et al-®, 2012
Tethered crsslinkers-functonalized MWCNTS Laccase Laveral ™ 2012
Ferrocene-modified MWCNT Glucose oxidase and catalase Stolarczyk eral, 2012
Electrochemically functionalized MWCNTs Glucose oxidase Moumenc eral ™, 2013
MWCNTs-modified carbon paper PQQ-dependent alcohol dehydrogenase  Aquino Neto eral™, 2013
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Scheme 2. Biotransformations of halolactones 2 and 3
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Scheme 1. Synthesis of halolactones 2 and 3.
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Table 1. Hydrolytic dehalogenation of bromolactone 2 and iodolactone
3after 7 days of incubation

entry Microorganism Bromolactone 2 _Todolactone 3

1 Nigrospora oryzae AM8 © ©

2 Fusarium culmorum AMIO  (+++) (44)

3 Fusarium avenaceum AM11 (=) (=)

4 Fusarium tricinctum AM16 © [

5 Fusarium semitectum AM20  (+++) (=)

6 Syncephalastrum racemosum [} [}
AMI0S

7 Fusarium solani AM203 (=) (=)

Stemphylium botryosum @ [}

AM279

9 Cunninghamella japonica [} ©
AM4T2

10 Acremonium sp. AMS45 () )

(=): the conversion 5-22%: (+): the conversion 32-51%; (++): the
conversion 66-83%; (+++): the conversion 95-100%.
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Table 2. Results of preparative biotransformations of bromolactone 2

entry Strain Isolated yicld / g/ % el % o

1 F culmorum AM10 0015/240 83 —11.28 (c = 0.69%, CHCL)
2 F avenaceum AM11 000777123 34 -5.54 (c = 0.52%, CHCI,)
3 F semitectum AM20 00235/37.5 144 ~22.13 (¢ = 0.74%, CHCL)
4 F. solani AM203 0014/224 124 1687 (c = 0.44%, CHCL)
5 Acremonium sp. AMS45 00246/39.0 126 1722 (¢ = 0.54%, CHCL)
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‘Table 3. Results of preparative biotransformations of iodolactone 3

entry Strain Isolated yicld / g/ % el % o

1 . culmorum AM10 0009/ 14.4 90 ~12.32 (c = 0.48%, CHCL)
2 F avenaceum AM11 00195/312 186 ~30.74 (¢ = 0.48%, CHCL)
3 F tricinctum AM16 00133/212 169 ~27.65 (c = 0.41%, CHCL)
4 F semitectum AM20 00168/268 40 601 (c =0.43%, CHCL,)
5 F solani AM203 00186/20.7 194 3344 (c = 045%, CHCL)
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Figure 2. Composition (in %) of the product mixtures of preparative
biotransformation of iodolactone 3.
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Scheme 3. Equatorial location of hydroxy group in hydroxylactone 4 as the stercochemical consequence of the microbial hydrolytic dehalogenation of
bromolactone 2 or iodolactone 3 proceeding with the inversion at C-2.
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‘Table 4. Effects of hydroxylactone 4 on the bacterial growth

entry  Microorganism Effect
1 Micrococcus flavus C1 complete inhibition
2 Bacillus cereus C3  growth retardation (extension lag phase

109 h), limiting growth, increase in
OD = 0.87 (max. OD control = 1.037)

Escherichia coli C1 no influence on the growth
4 Bacillus subtilis BS no influence on the growth
Pseudomonas inhibition of growth, OD = 0.27

uorescens W1 (max. OD control = 0.75)
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Table 6. Effects of hydroxylactone 4 on the fungi growth

ety Microorganism Effect
1 A.vle:glllu: niger XP no influence on the growth
2 no influence on the growth
3 ts the growth, increase in
OD = 1.264 (max. OD control = 1, 88)
4

complete in






