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  EDITORIAL

  
    Hatje V. Chemistry of Our Oceans. J. Braz. Chem. Soc. 2015;26(11):2169-70

  

  
    Chemistry of Our Oceans

  

   

   

  I believe that our planet should have been named Water, instead of Earth. Oceans cover most of the surface of our planet! In fact, Earth's oceans hold about 1.5 x 1018 tons of water, which in turn contains an enormous amount of dissolved salts. As a result, a lot of chemistry is taking place in the oceans.

  Oceans play a central role in the climate of our planet; provide several ecological services such as food provision, energy, transport, nutrient cycling, and biodiversity, among others. Given the importance of the ocean for humankind, and the increase pressure they are under, it is timely to improve our knowledge and prioritize ocean issues that are covered in the chemical oceanography.

  The very prominent topic of the role of the oceans on the C cycle and particularly in the exchange of carbon dioxide between the ocean and the atmosphere was identified as a major research topic in the 1950s. Soon after, Keeling et al.1 started the well-known time-series of carbon dioxide measurements in the atmosphere at Manua Loa, Hawaii. This study provided data to raise the flag about the steadily increasing CO2 levels in the atmosphere from values around 310 ppm, when measurements began in 1958, to over 400 ppm today.

  Since then, a number of large oceanographic programs were developed. The first chemical/biogeochemical research programs started in the late 1960s, with the Geochemical Ocean Section Study (GEOSECS). This program aimed to picture the abyssal circulation using a series of radiotracers. Results on the distribution of dissolved nutrients, radioisotopes and noble gases provided the first view of the chemical landscape of the sea. The fundamental relationships between nutrients and water masses, mixing and overturning circulation also started to be elucidated. Transient Tracers in the Ocean (TTO) evolved from GEOSECS experience. TTO used tracers introduced in the atmosphere during the nuclear bomb tests between 1958-1962 to investigate their distribution in the ocean and to gain insight in ocean mixing. Thousands of water samples were collected in the tropical and north Atlantic, with most of samples analyzed for salinity, carbon dioxide, oxygen, and nutrients, tritium and radiocarbon. Here it was observed that tracers were transported to deep water, where they started a global deep water journey. The leadership of these programs was responsibility of a single nation with limited international participation.

  Later, the Joint Global Ocean Flux Study (JGOFS) also based on the foundations of GEOSECS continued the studies on carbon cycles with increasing sophistication and better time and space scale resolution. The advances obtained in these studies have been incorporated in model simulations providing valuable constraints on ocean processes.

  The recognition of the importance of trace elements and their isotopes (TEIs) for several oceanographic projects were directly connected to the development of clean sampling systems along with highly sensitive analytical techniques, such ICP-MS. Only with these specially designed clean protocols and sensitive methods it was possible to generate the distribution of trace elements "oceanographically consistent". Results showed nutrient-like profiles for many trace elements, indicating coupling mechanisms of uptake of metals by plankton in surface waters and regeneration at depth along with decomposition of biological materials. The role of trace metals as micronutrients for primary production of marine ecosystems is now recognized.

  By the beginning of the 2000s, there was still a limited number of trace metal distribution profiles, most of them for the North Atlantic and Pacific, whereas there was a paucity of information for the Southern Hemisphere. Information of the sources, sinks, and internal cycles of trace elements were not enough to elucidate the biogeochemical cycles of trace elements. Difficulties with adequate clean sampling, pre-treatment of samples and determination of TEIs in seawater, frequently present in the order of nmol kg–1 and pmol kg–1 were still important issues. Moreover, there was a lack of standard procedures and reference materials; even expertise to work with low level of TEIs in highly complex matrices was lacking in many countries.

  The GEOTRACES project, officially launched in 2010, was designed in this scenario. A better description of the distribution of trace metals along all oceans, covering all latitudes was long due. Groundbreaking insights into the cycling of trace elements and linkages between micronutrients and the marine primary productivity within the ocean required a truly international, coordinated effort studying multiple trace elements and isotopes simultaneously. Overall 35 nations have been involved in diverse GEOTRACES activities, including planning meetings and cruises and in the determination of global distribution of TEIs that are either micronutrients (e.g., Zn, Fe, Mn, Co, Co, and Cu), contaminants (e.g., Pb and Hg), tracers (e.g., Al, Mn and δ15N) or proxies (e.g. 231Pa, 230Th, Nd isotopes) of a large suite of present and past processes in the oceans. The main objectives of this program2 are: (i) to evaluate the global distribution and chemical speciation of selected trace elements; (ii) to determine sources, sinks and internal cycling of trace elements to characterize more completely the physical, chemical and biological processes regulating its distribution; (iii) to use proxies to understand the past environment, both in the water column and in sediments. The achievements of this relative young project on the understanding the most diverse aspects of chemical oceanography has been tremendous. A compilation of results has been published as an Intermediate Data Product (IDP2014).3 This product consists of a digital database of trace metals and isotopes as well as hydrographic parameters, and an electronic atlas providing section plots and animated 3D scenes showing tracer distributions along all available sections in a selected basin. Key aspects of the chemistry of the ocean have been discovered and published in the scientific literature. These include observations of the dynamics of the speciation of REE (Rare Earth Elements) and Nd isotopes in the Amazon estuarine plume,4 the nearly conservative behavior of hydrothermal dissolved Fe from the southern East Pacific Rise, resulting in a flux four times what was assumed before,5 among so many others. There is no doubt that the chemical oceanography field has advanced dramatically during the past 20 years. We achieved progress in many fields, dealing with processes from molecular to ocean scales, and obviously exciting new contributions will come in the following decades.

  The enterprise of the Brazilian scientific community to really get engaged in chemical oceanographic studies of TEIs at trace and ultra-trace levels has just started, and this journey will be long and hard. This will have to be a coordinated effort of a group of dedicated people, willing to invest time and hard work to make the transition between the current approach, where studies have primary being developed in the calm and protected coastal waters of ours bays and estuaries6-8 to the open ocean waters. Following the action initiated at the Workshop GEOTRACES Latin America (Rio de Janeiro, 2012), where it was identified the lack of expertise in the study of trace elements and their isotopes in ocean waters in Latin American countries, the Workshop GEOTRACES Brazil was organized. This meeting, held in Santos in 2015, brought together researchers from Brazilian universities and international researchers to foster the involvement of Brazilian scientists in the studies of trace ocean chemistry. A national cooperation network in chemical oceanography for the study of TEIs in the ocean was established. It was recognized that one of the fundamental steps to engage the Brazilian community in ocean chemistry is the access to trace-metal clean sampling systems and appropriate analytical facilities. Capacity building, which already started through a series of hands-on training that included demonstrations of use of equipments in laboratory followed by field surveys, will be a key player in the preparation of the early career scientists and graduate students. The participation of researchers/students from the most diverse areas of chemistry should be stimulated. The physical chemistry, analytical, inorganic, and organic chemistry has had a pivotal role in the development of the chemical oceanography in the past. I would like to point out that every year the Scientific Committee on Oceanographic Research (SCOR) supports students and researches from everywhere to develop training aboard GEOTRACES cruises and shore-based laboratories. This effort combine to Science Without Borders Program will enable the training of a new generation interested in the study of the chemistry of the oceans.

  In contrast to small-scale, coastal projects, the cost of supporting this challenge change of the focus in marine chemistry studies will be high and will require the support of the scientific community, funding and government agencies. However, the anticipated benefits will be even higher and include exciting prospect of imminent further science advances and high impact research in several fields such as climate change, biogeochemical cycles, internal processes in the oceans, fluxes across boundaries (ocean-atmosphere-continents-sediments), paleochemistry, physical chemistry, proteomics, genomics, synthesis, anthropogenic effects on the ecosystems and their services, and new interdisciplinary fields of research. These advances should benefit not only the field of chemistry, but will be central to a variety of other fields of natural sciences. The acquisition of the new Research Vessel Vital de Oliveira that just cruised to our waters was only the first step of this long and adventurous journey yet to be lived.

  
    Vanessa Hatje

      JBCS Associate Editor

      LOQ/IQ/CIEnAm - UFBA
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    Metal Oxide/Gold Hybrid Nanocomposites as Electrocatalysts for Alkaline Air Electrodes

  

   

   

  Anielli M. Pasqualeti; Francisca E. R. Oliveira; Fabio H. B. Lima*

  Instituto de Química de São Carlos, Universidade de São Paulo, CP 780, 13560-970 São Carlos-SP, Brazil

   

  
    MnCo2O4/Au was investigated as an electrocatalyst for the oxygen reduction and evolution in alkaline media. Polarization curves showed an unprecedented activity for the oxygen reduction due to a synergistic effect between MnCo2O4 and Au, involving CoII/CoIII-MnIII/MnIV, as revealed by in situ X-ray absorption near edge structure (XANES). Additionally, results showed favorable interaction between the oxide and Au, which enhanced the activity for the oxygen evolution reaction.

    Keywords: fuel cells, oxygen reduction and evolution, hybrid metal oxide nanocomposites

  

   

   

  Introduction

  Fuel cells (FCs) and unitized regenerative fuel cells (URFCs) are interesting energy conversion/storage systems for a sustainable society. An important impulsion for the development of alkaline fuel cells was associated with the recent discovery of the CO2 self-purging effect, which takes place when they are operated with anion exchange electrolytes and above 80 ºC.1-3 This effect minimizes the problem with the atmospheric CO2, and permits long-term operation.

  MnyOx-based materials usually present high activity for the oxygen reduction reaction (ORR) in alkaline media, but still present high overpotentials.4-6 On the other hand, the MnCo2O4 spinel oxide results in a more stable and active material.5 Particularly for URFCs, the difficulty is also related to the choice of a conductive and stable electrocatalyst support. In the case of non-conductive catalysts, such as MnCo2O4, the electrochemical reaction will not occur over the full surface of the catalyst. It will be constrained to triple phase boundary regions where the oxide makes a contact with a possible conductive phase and the electrolyte. Therefore, it is desirable to increase the surface area of the oxide or of the conductive support in order to enhance the electrocatalytic performance.7

  In this study, carbon-supported and unsupported MnCo2O4/Au hybrid nanocomposites were synthesized and investigated as electrocatalysts for the ORR and oxygen evolution reaction (OER). SnO2/Au was also prepared in order to separate the contribution of pure Au nanoparticles (SnO2 is relatively inactive for these reactions in the investigated potential domains).

   

  Experimental

  The investigated electrocatalysts consisted of MnCo2O4/C/Au or MnCo2O4/Au with 20 and 50 wt.% of gold, and 20 wt.% of Mn + Co on carbon (Vulcan XC-72R). MnCo2O4/C was synthesized according to previous studies.5,8 Briefly, 132.8 mg of Mn(NO3)2 and 332.8 mg of Co(NO3)2 were dissolved in an aqueous carbon suspension (50 mL of water + 80 mg of carbon, for 100 mg of catalyst), followed by the water evaporation at 80 ºC, under magnetic stirring. The dried powder was submitted to a thermal decomposition at 220 ºC for 1 h. For the unsupported material, carbon was eliminated by thermal treatment at 900 ºC, in air, for 2 h. For the deposition of gold nanoparticles (GNs) on MnCo2O4 or SnO2 (Sigma-Aldrich, 99.99%, < 100 nm), the oxides (80 or 50 mg) and HAuCl4 (71.8 or 179.7 mL for 20 or 50 wt.% of gold, respectively) (Sigma-Aldrich) were kept in water (180 mL), and a solution containing 20 mL of water + 5.83 mL of absolute ethanol + 0.82 g of NaOH was dropped into it. This system was maintained under stirring for 2 h and the precipitate was filtered, washed, and dried at 60 ºC overnight.

  X-Ray diffraction (XRD, RIGAKU Ultima IV diffractometer, Cu Kα radiation), X-ray energy dispersive spectrometry (XEDS, Zeiss-Leica/LEO 440 model), transmission electron microscopy (TEM, Jeol GEM 2100, 200 kV), and in situ X-ray absorption near edge structure (XANES) (at Laboratório Nacional de Luz Síncrotron (LNLS)) measurements were performed in order to characterize the materials. The electrochemical experiments were conducted in 1.0 mol L-1 KOH solution (98.0%); a platinum screen was utilized as counter and Hg/HgO/OH– as reference electrodes. The working electrodes were prepared by the deposition of the electrocatalyst ink on a glassy carbon disk of a rotating disk electrode (RDE),9 followed by the addition of diluted Nafion (0.05 wt.%). Cyclic voltammetry (CV), and polarization curves for ORR, and OER were performed using an AUTOLAB PGSTAT 128N potentiostat.

   

  Results and Discussion

  XRD results (Supplementary Information) showed the tetragonal structure of SnO2 and the spinel structure of MnCo2O4, which matched with those of the standard data (Joint Committee on Powder Diffraction Standards (JCPDS)) for these compounds. The average crystallite sizes, calculated by using the Scherrer equation,10 (d = kl / bcosQ, where d is the average crystallite size; k is the shape factor, here 0.9; l is the X-ray wavelength (Cu Kα1, l = 0.15406 nm); b is the line broadening at half the maximum intensity (in radians); Q is the Bragg angle) resulted in 80.7 and 27.4 nm for MnCo2O4 and SnO2, respectively. GNs deposited on MnCo2O4 presented 13.0 and 14.9 nm, and those deposited on SnO2 presented 20.9 and 22.1 nm, for the loadings of 20 and 50 wt.%, respectively. The composition of gold, determined by XEDS, was ca. 19 and 50 wt.% on MnCo2O4, which were close to the nominal values; but it was ca. 10 and 30 wt.% on SnO2. The differences observed in crystallite sizes and loads of Au on MnCo2O4 and on SnO2 might be related to distinctive metal-support interactions.

  The CVs for the carbon-supported materials (Figure 1a) present anodic and cathodic peaks that become even more evident in the presence of gold. For the pure spinel oxide, the CV is featureless, given that it is a non-conductive material. However, the CV for the MnCo2O4/Au (Figure 1b) reveals the redox processes from MnCo2O4, which indicate they can be accessed due to the GNs. Our experiments indicated that the GNs have to touch or be sufficiently close to each other, forming a continuum conductive phase to the surface of the current collector, in order to observe the redox process from the spinel oxide. A similar result was obtained for Pt deposited on Nb-doped SnO2-δ.11 Therefore, GNs may increase electrical conductivity and the redox processes of the spinel oxide can be highlighted.

  
    

    [image: Figure 1. (a) CVs for Au/C, MnCo2O4/C, and MnCo2O4/C/Au]

  

  Figures 2a and 2b show that the XANES main edges of Mn and Co shift to lower values when the electrode potential decreases. The combination of the CVs with the in situ XANES results, as well as the comparison between the obtained spectra and those of standard metal oxides, revealed that both Mn and Co change their oxidation state from IV to II.4,12 Previous results of XPS of MnxCo3–xO4 electrodes indicated that the progressive substitution of Co by Mn atoms in spinel oxide structures increased the Co2+/Co3+ ratio.13 The in situ XANES spectra at the Co edge showed, indeed, the electroreduction to CoII, starting at ca. –0.1 V, whereas the Mn edge showed the electroreduction to MnIII just below this potential. Therefore, the combination of the CV and XANES results indicates that the anodic current peak at 0.2 V is ascribed to a parallel oxidation from MnIII to MnIV, and CoII to CoIII species. The small shoulder at 0.55 V, on the CV, may be related to the oxidation of cobalt species to CoIV, although it is difficult to identify the difference between CoIV and CoIII spectra. Accordingly, the small cathodic peak (0.15 V) is related to the reduction to CoIII, and the broader cathodic peak (from –0.2 to –0.8 V) is associated with a superimposed electroreduction to CoII and to MnIII, with an additional reduction to MnII at lower potentials.

  
    

    [image: Figure 2. In situ XANES spectra]

  

  The ORR on MnCo2O4/C/Au (Figure 3) presented a high ORR onset potential (similar to that of Au/C, and, interestingly, close to that of Pt/C), and a high ORR limiting current (resembling that of MnCo2O4/C). Thus, it is proposed the occurrence of a synergistic effect between the metal oxide and the gold nanoparticles. Similarly, the ORR on MnCo2O4/Au (Figure 4a) presented a gold-like onset potential, and exhibited higher limiting current, owing to the presence of the MnCo2O4.

  
    

    [image: Figure 3. ORR (1600 rpm) on Vulcan carbon]

  

  
    

    [image: Figure 4. (a) ORR at 1600 rpm]

  

  Gold presents low oxygen binding energy,14,15 thus it is hindered to provide 4 electrons during the ORR. On the other hand, the oxide material may produce the O–O bond breaking or the peroxide ion disproportionation.16 In this case, the ORR on MnCo2O4/Au may initiate on the Au atoms surface, producing peroxide ions, at high potentials. Sequentially, the intermediate species move to the spinel active sites (spillover effect) and react again, following the disproportionation reaction or O–O bond breaking, which increases the number of exchanged electrons per O2 molecule. Furthermore, the insertion of Mn into the Co oxide could contribute to reduce CoIII, during the ORR, which shows higher electrochemical current than the pure CoyOx/C.5

  The OER on MnCo2O4/Au presents higher current than SnO2/Au (Figure 4b, SnO2 being inactive), and much higher current than pure MnCo2O4 (not shown). This evidences that the deposition of GNs is also advantageous for the OER. According to previous studies,17-19 this increase in activity is associated with (i) change in the OER pathway via the hydrogen acceptor concept18 or (ii) larger amount of CoIV (OER active species), induced by the presence of Au. The interaction with gold results in more negative values of oxygen binding energy, which facilitates the O–OH bond formation and OOH deprotonation, so enhancing the OER.19 One can observe in the TEM image of MnCo2O4/Au 
    with 50 wt.% of Au (Figure 4c), that the gold particles (darker domains) possess a heterogeneous distribution in size. Therefore, further improvements are expected by adopting alternative methods of gold deposition with higher surface area.

   

  Conclusions

  The results showed an unprecedented activity of the MnCo2O4/Au electrocatalyst for the ORR, with high onset potential and high number of electrons, and this was attributed to the synergistic effect between MnCo2O4 and Au. For the OER, the high activity of the unsupported MnCo2O4/Au nanocomposite was associated with the hydrogen acceptor concept or an increase in the amount of CoIV species, induced by the presence of Au, that are active for the OER.
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    Carbenoids are a class of highly reactive reagents that play an important role in modern organic synthesis. These species are very similar to singlet state carbenes since they have an ambiphilic character and react by a concerted mechanism allowing stereospecific transformations. Herein, we discuss these and other chemical aspects of zinc, lithium and magnesium carbenoids as well as relevant applications of these intermediates in organic synthesis.
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  1. Introduction

  The term carbenoid was first used in 19621 to describe highly reactive species having an ambiphilic character, presenting at same time nucleophilic features for its carbon-metal bond (C–M) and an electrophilic trait prevenient of a carbon-halogen bond (C–X).2-5 These characteristics are similar to a singlet carbene that has a pair of electrons in a non-bonding sp2 orbital (nucleophilic) and an empty p orbital (electrophilic), as illustrated in Figure 1.

  
    

    [image: Figure 1. Similarities between a carbenoid and a singlet carbene]

  

  More specifically, carbenoids can be described as organometallic species having both a good leaving group (such as a halogen) and a metal bonded to the same carbon. Moreover, such species may be related to metal carbenes when a mechanism of addition or elimination of the leaving group (X–), which is influenced by the nature of the metal, is considered (Figure 2).6-8

  
    

    [image: Figure 2. Structural relation of carbenoids and metal carbenes]

  

  The similarity between these reactive species has a strong influence on reaction mechanism and consequently on the stereochemistry of the formed products, i.e., both carbenoids and singlet carbenes react in a concerted manner resulting in stereospecific transformations. Therefore, carbenoids have emerged as an attractive alternative to carbenes, since they are generated by halogen-metal, metal-sulfoxide or hydrogen-metal exchange reactions.4 These exchange reactions are easily controlled when compared to the photolysis or thermolysis of diazocompounds,9 which can generate carbenes in both states (singlet and triplet).

  In Scheme 1, one can observe that the reaction of the carbenoid 2 with cis- and trans- alkenes leads stereospecifically to products from syn-type additions.3 On the other hand, the reaction between carbene 5 and cis-alkene affords a mixture of addition products, indicating the presence of triplet carbenes that react by two-step radical processes. Moreover, singlet state carbenes can be preferentially obtained by introducing electron donor groups (R1 and R2), which act stabilizing the empty p orbital by delocalization of their electron pairs.10,11

  
    

    [image: Scheme 1. Differences between a carbenoid]

  

   

  2. Zinc Carbenoids

  In the mid-twentieth century, Simmons and Smith12 used diiodomethane (8) in the presence of zinc-copper couple (7) to generate a zinc carbenoid capable of producing stereospecifically cyclopropanes (9) from alkenes (6) (Scheme 2). This reaction has been termed the Simmons-Smith cyclopropanation and is currently widely employed in the preparation of many compounds such as natural products, steroids, terpenes, amino acids and others. Furthermore, due to their high-strained ring, cyclopropanes are important synthetic intermediates to the synthesis of highly complex molecules.13-16

  
    

    [image: Scheme 2. Simmons-Smith cyclopropanation]

  

  The applicability of this reagent prompted the interest of numerous research groups, which initiated detailed investigations in order to improve the knowledge regarding procurement methods, reactivity and selectivity of zinc carbenoids. Some years after the seminal report Simmons-Smith's studies, Furukawa et al.17 were able to quickly prepare the carbenoid 12 by employing mild reaction conditions in a halogen-metal exchange reaction between diethylzinc (10) and diiodomethane (11). Nowadays, this is the most used protocol for preparing zinc carbenoids (Scheme 3).

  
    

    [image: Scheme 3. Furukawa procedure for zinc carbenoids]

  

  In order to rationalize the experimental results, several investigations were conducted aiming to elucidate the Simmons-Smith reaction mechanism. In this context, initial studies pointed in two directions: the first advocating for a methylene group transfer mechanism (path A) and the second for a carbometalation mechanism (path B, Scheme 4). Subsequent studies attempted to solve this dichotomy and assumed that a concerted methylene transfer would be the most likely mechanism since the zinc-carbon bond has a covalent nature and is unpolarized.18,19

  
    

    [image: Scheme 4. Possible mechanisms]

  

  Denmark et al.20,21 observed that the Simmons-Smith reagent was somehow stabilized by oxygen atoms near to the olefins (allylic alcohols) leading to an intriguing increased reaction rate (up to 1000-fold when compared to simple olefins). In order to better understand such amazing results they employed nuclear magnetic resonance spectroscopy (NMR) and X-ray crystallography techniques to study the behavior of these entities in the presence of chelating groups. These studies led to the conclusion that the large increase in reaction rate was not related to an inherent activation of the reagent, but to an induction effect caused by the proximity of the complex with the reaction site.

  A milestone for the Simmons-Smith cyclopropanation occurred in 1994, when Charette et al.22 developed an efficient methodology capable of producing cyclopropanes (16) from allylic alcohols (14) in high yields and enantiomeric excesses (ee). For this purpose the chiral auxiliary (15) with amphoteric characteristics and capable of chelating with both the allyl alcohol and the zinc carbenoid was designed (Scheme 5).

  
    

    [image: Scheme 5. Charette's approach for enantioselective]

  

  This methodology allowed the total synthesis of many natural products with potential biological activity and triggered the search for new chiral auxiliaries. For example, in the synthesis of the potent antifungal agent (FR-900848), selective for filamentous fungi, the Charette conditions were used in three steps of its synthetic route to generate stereogenic centers in a controlled manner and with high overall yields (Figure 3a).23 Years later, Nicolaou et al.24 used these conditions to synthesize two glycosphingolipids (Figure 3b), whose biological properties were related to immunosuppressive activity. Similarly, a marine macrolide with cytotoxic activity against cell lines P388 and NSCLC-N6 was synthesized using this versatile and efficient synthetic methodology (Figure 3c).25

  
    

    [image: Figure 3. Some natural products]

  

  In the last decade, considerable efforts have been dedicated to the enantio- and diastereoselective Simmons-Smith cyclopropanations. In this context, it should be highlighted two methods developed by the Walsh's group:26,27 the first (Scheme 6a) generates an allylic zinc alkoxide intermediate (18) by the asymmetric reaction between α,β-unsaturated aldehydes (17) and dialkyl zinc reagents in the presence of 4 mol% of Nugent's ligand. Then, this intermediate is treated with Simmons-Smith reagent to achieve the cyclopropyl alcohols (19) in good yields and enantiomeric excesses. The second method (Scheme 6b) consists in a sequence of reactions starting with a hydroboration of an alkyne followed by a transmetalation with zinc chloride. The produced vinyl zinc (21) is then allowed to react with an aldehyde to give an allylic alkoxide, which is further submitted to a diastereoselective cyclopropanation with EtZnCH2I to afford 22. The high diastereoselectivity observed is a result of a transition state in which the zinc reagent is coordinated to the chiral allylic alcohol.28

  
    

    [image: Scheme 6. Tandem asymmetric cyclopropanation]

  

  In 2009, the Charette group demonstrated the first asymmetric synthesis of cyclopropanes employing zinc carbenoids generated in situ by the reaction between diazo compounds and zinc salts.29 Furthermore, in this work an innovator introductory methodology using a catalytic amount of zinc to generate the corresponding carbenoid was reported. More recently, the same group exploited the scope of this catalytic approaching with a number of substituted alkenes (23) to furnish substituted cyclopropanes (24) in yields ranging from moderate to excellent (Scheme 7).30

  
    

    [image: Scheme 7. Simmons-Smith cyclopropanation using]

  

   

  3. Lithium Carbenoids

  The lithium carbenoids were little explored for a long period,31 due to their low thermal stability inherent to the carbon-lithium bond (C–Li), which has a predominantly ionic nature. This feature emphasizes its ambiphilicity that is strongly dependent of the temperature, acting as nucleophile at low temperatures and as electrophile at high temperatures.32-34

  In a pioneering study, Köbrich et al.35 prepared some lithium carbenoids (26) by directed metalation of 1-chloro-2,2-diarylethylenes (25) using n-butyllithium, and these species demonstrated themselves to be stable at low temperature (–105 ºC). Moreover, reaction of the intermediates with carbon dioxide allowed isolation of the desired carboxylic acids (27) in good isolated yields (Scheme 8).

  
    

    [image: Scheme 8. Carboxylation using lithium]

  

  As a result of this work several studies employing lithium carbenoids began to emerge and, therefore, new problems have hatched. Among them it can be highlighted the preparation of α-halomethyllithium species (28), which are important synthetic intermediates that appeared to be extremely unstable leading to α-elimination even at very low temperatures (–130 ºC). Since Köbrich's work it was already known that the instability of carbenoids is related to the electrophilic behavior of these species. Based on previous studies by Seebach's group,36,37 Villieras and co-workers38 suggested that decomposition of α-halomethyllithium (28) is due to an intramolecular coordination between metal and halogen, which leads to a carbene (29) as α-elimination product (Scheme 9).

  
    

    [image: Scheme 9. Reagent degradation]

  

  Based on the suggested degradation mechanism, the authors added a lithium salt (31) in order to disrupt the interaction between the halogen and the metal and, consequently, avoiding the degradation of reagent. This strategy showed to be effective and was applied in the synthesis of various halohydrins (33) and even some epoxides (34), depending on the reaction completion temperature (Scheme 10).38

  
    

    [image: Scheme 10. Synthesis of bromohydrins]

  

  Since then many synthetic applications using lithium carbenoids have been developed. Among them, it should be highlighted the large scale preparation of the aminoepoxide (37), which is an important intermediate of HIV-protease inhibitors.39,40 The key step of this synthetic route is the diastereoselective preparation of the chlorohydrin (36) through the reaction between the aldehyde (35) derived of the L-phenylalanine and the chloromethyllithium generated in situ (Scheme 11).41

  
    

    [image: Scheme 11. Large scale synthesis of aminoepoxide]

  

  At the beginning of the XXI century, the inhibition of angiogenesis was seen as a promising approach for cancer therapy and some compounds such as fumagillin and analogs appeared as targets of interest for this type of treatment.42 Among analogues, fumagillol (40) was a major synthetic challenge only achieved by fumagillin degradation. Therefore, in 2001, Hutchings et al.43 synthesized fumagillol employing the α-chloromethyl lithium in one of its synthetic steps, which converted the ketone 38 to the chlorohydrin 39 in a good isolated yield and with high diastereoselectivity (Scheme 12).

  
    

    [image: Scheme 12. Fumagillol synthesis]

  

  An interesting work involving α-bromomethyl lithium demonstrates the ability of this reagent to perform methylenation of sulfones in a one-pot synthesis. Initially, treatment of the sulfone 41 with excess of nBuLi led to the formation of the intermediate 42A due to abstraction of the proton in the α-sulfonyl position. This reaction mixture was then treated with dibromomethane and immediately allowed to react with excess of nBuLi to produce the carbenoid which suffered a nucleophilic attack leading to the intermediate 42B. Finally, the olefin 43 was obtained after the elimination of the sulfonyl group (Scheme 13).44

  
    

    [image: Scheme 13. Olefination using a lithium carbenoid]

  

  Recently, in order to explore the scope of applications of these reagents in organic synthesis, many methodological studies have been carried out and three of them deserve to be highlighted. The first investigated the addition reaction between lithium carbenoid and various aliphatic and aromatic isocyanates (44), leading to the formation of α-haloacetamides (45) in good isolated yields (Scheme 14).45

  
    

    [image: Scheme 14. Preparation of α-haloacetamides]

  

  The second involved the chemoselective addition of α-chloromethyllithium to cyclic enones (46), leading to the formation of chlorohydrins (47) in good yields through a 1,2-addition mechanism (Scheme 15a). Interestingly, the mesomeric effects due to the presence of an electron donor group bonded to the β carbon makes this position susceptible to nucleophilic attack favoring the 1,4-addition (Scheme 15b).46

  
    

    [image: Scheme 15. Chemoselective addition]

  

  The third study we wish to mention investigated the preparation of vinyl carbenoids from chloro-substituted alkynes. The first step of the reaction consisted of an expected lithium-iodine exchange that generated an aryl lithium intermediate, which was quickly subjected to a carbolithiation with complete regio-, stereo- and chemoselectivity, leading to the carbenoid 52. Subsequently, various electrophiles were used to quench the reaction leading to the corresponding derivatives (53) in excellent chromatographic conversions. A drawback, however, was the double bond isomerization (exo- to endo-cyclic) under the purification step in a silica gel column, resulting in low yields of the isolated product 53 (Scheme 16). It is worth mentioning that while PhLi enabled, in all cases, the total conversion to vinyl carbenoid 52, nBuLi provided a parallel reaction of chlorine-lithium exchange (5-25%).2

  
    

    [image: Scheme 16. Some synthetic applications]

  

  Recently, the α-chloromethyllithium reagent could be generated under flow conditions at moderate temperatures (–20 ºC) using a microreactor. Moreover, external trapping with a number of eletrophiles such as aldehydes, ketones, imines and Weinreb amides allowed the isolation of the expected products in yields ranging from good to excellent.47

  In summary, the main notable characteristics on chemical reactivity of lithium carbenoids are: (i) the need for low reaction temperatures (< –78 ºC) due to their pronounced thermolability,48,49 (ii) the stability of these reagents can be improved in ethereal solvents (such as Et2O and tetrahydrofuran-THF) and in the presence of lithium salts, since the solvation of the lithium atom and the coordination of the carbenoid with lithium salts avoid degradation of the reagent,50,51 (iii) the main method of preparing these reagents is the halogen-metal exchange between a dihaloalkyl and an organolithium reagent,52 (iv) its' ambiphilic character allows it to act as both nucleophile and as an electrophile.53

   

  4. Magnesium Carbenoids

  Currently, organomagnesium reagents are an excellent alternative to the corresponding organolithium reagents in a broad range of reactions since they exhibit better thermal stability and excellent reactivity for a broad spectrum of electrophiles. Due to the increased covalent character of the carbon-magnesium bond, Grignard reagents offer a higher tolerance for functional groups. These features have enabled many industrial applications and therefore many of these compounds are nowadays commercially available.54

  Similarly to the lithium reagents, organomagnesium compounds may be obtained by either direct oxidative insertion, halogen-metal exchange or directed metalation. In this context, the halogen-metal exchange, discovered by Wittig (1938)55 and Gilman (1939)56 assumes a prominent position, since this methodology is extremely efficient for a wide range of compounds. It should be emphasized that the halogen-metal exchange occurs in an equilibrium which favors the formation of a weaker base, i.e., the formation of the most stable organometallic. Moreover, it is believed that the most likely mechanism involves an intermediate called by Wittig as an "ate" complex.57,58

  It's well known that Grignard reagents may coexist in dimeric forms, thus excess of the reagents and heating are frequently need in order to accomplish reactions with electrophiles. However, production of byproducts from side reactions may be a drawback. To address these issues, Knochel and co-workers59-64 recently developed a method for preparing more reactive organomagnesium reagents. In this context, the turbo Grignard reagent iPrMgCl·LiCl appeared to be highly reactive and selective in halogen-magnesium exchange reactions. In addition, this reagent is nowadays an important precursor for mixed lithium-magnesium amides of great synthetic relevance.65-74

  A better understanding of the chemistry of Grignard reagents led many researchers to seek new synthetic applications for this type of compound. As a consequence, magnesium carbenoids began to gain prominence in the 1990s and since then many reports on its reactivity have been published. These reagents are efficiently generated under milder conditions compared to their lithium counterparts. Furthermore, its ambiphilic nature is noted in several reactions involving these species.

  One of the first synthetic applications of magnesium carbenoids was reported by Satoh and co-workers75 in 1995 who in situ prepared the reagents of type 55 through a sulfoxide-metal exchange reaction between the sulfoxides (54) and ethyl or tert-butylmagnesium halides. Subsequently, the carbenoid 55 was subjected to reactions with some electrophiles leading to the desired products (56) in yields ranging from moderate to excellent (Scheme 17).

  
    

    [image: Scheme 17. Preparation of magnesium alkylidene]

  

  In order to demonstrate the tolerance for sensitive functional groups, it can be highlighted the preparation of a magnesium carbenoid containing the ester function 58, which was prepared by the reaction between the iodomethyl carboxylate (57) and isopropylmagnesium chloride in THF:NBP at –78 ºC for 15 minutes. Carbenoid 58 was subjected to the reaction with a number of electrophiles such as aldehyde, ketone, immonium salt, chlorophosphine and allylic halide and led to products of type 59 in yields ranging from 60 to 88% (Scheme 18).76

  
    

    [image: Scheme 18. Preparation of functionalized magnesium]

  

  The electrophilic character of magnesium carbenoids may be observed in recently reported reactions involving nucleophiles, for instance, N-lithio arylamines, 2-lithiothiophenes, lithium acetylides, Grignard reagents, among others.77-83 In these reactions the magnesium carbenoids 61 are generated through the sulfoxide-metal exchange between α-halosulfoxides 60 and isopropylmagnesium chloride. Posteriorly, the nucleophilic attack leads to intermediates 62 with inversion of configuration,84,85 which reacts with electrophiles generating products of type 63 (Scheme 19).

  
    

    [image: Scheme 19. Preparation of magnesium carbenoids]

  

  Activation of relatively inert C–H bonds is of great interest for modern organic synthesis, since the directed functionalization provides a method for obtaining desired products more efficiently, eliminating the need of pre-activation and promoting both atoms and steps economy.86-88 Among the various reactions employing this synthetic methodology, the C–H insertion is one of the most attractive reactions performed by carbenoids and carbenes. Indeed, intramolecular insertions may provide an alternative route for the preparation of highly tensioned molecules, which are not easily obtained using conventional synthetic strategies. In this context, Satoh have generated in situ a number of magnesium carbenoids capable of performing C–H insertions of types 1,2, 1,3 and 1,5 (Scheme 20).89-93

  
    

    [image: Scheme 20. C–H insertion reactions]

  

  Interestingly, the nature of certain groups that are present in magnesium carbenoids may influence insertion reactions, inducing migration of different groups (especially electron-rich aryl groups) which can lead to C–C instead of C–H insertion (Scheme 21).94

  
    

    [image: Scheme 21. C–H or C–C insertion reactions]

  

  Recently, our group investigated the preparation of a mixed lithium-magnesium carbenoid complexed with lithium chloride, which was generated in situ by the reaction of chloroiodomethane (64) with iPrMgCl·LiCl. Subsequently, this reagent was reacted with a number of aromatic, aliphatic and heterocyclic aldehydes (65) to give the corresponding chlorohydrins (66), which are important synthetic intermediates, in good yields (Scheme 22).95,96

  
    

    [image: Scheme 22. Chlorohydrins synthesis]

  

  The scope of this methodology was further evaluated with a range of aromatic aldehydes substituted with various functional groups (67). This reagent proved to be very chemoselective, allowing the efficient synthesis of a number of ring-functionalized chlorohydrins (68) in good yields (Scheme 23).97

  
    

    [image: Scheme 23. Synthesis of functionalized aromatic chlorohydrins]

  

   

  5. Conclusion

  Since the 1950s, the Simmons-Smith reaction is one of the most important approaches for the synthesis of cyclopropanes, which are found in several natural products with a range of biological properties and are useful intermediates in organic synthesis as cyclopropanes undergo ring-opening reactions. However, although there are still questions concerning zinc carbenoids, these reagents have a very well established chemistry and therefore prospects of new findings in their field is narrowing. In contrast, although their synthetic relevance, literature data on lithium carbenoids is scarce thus the chemistry of these compounds offers great opportunities for exploration. A major limitation of these reagents is related to their low thermal stability, mainly due to their predominantly ionic nature. Finally, since the 1990s, the magnesium carbenoids have emerged as a powerful tool for applications in organic synthesis, as these species require milder reaction conditions and lead to more selective products when compared with their lithium counterparts.
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  Introduction

  Botryosphaeriaceae comprises a broad group of cosmopolitan filamentous fungi (endophytes, pathogens or saprobes) that inhabits several hosts.1,2 Although endophytic fungi are viewed as plant mutualists, under certain circumstances these microorganisms can become phytopathogens.3 This phenomenon has been reported in some species of Botryosphaeriaceae, which have caused disease in agronomically important plants.2,4 Lasiodiplodia theobromae, Neofusicoccum luteum, N. parvum, N. australe, Botryosphaeria dothidea, Diplodia mutila, D. seriata, Dothiorella iberica and D. viticola are examples of phytopathogenic Botryosphaeriaceae fungi that cause damage to Vitis vinifera,5 Eucalyptus globulus,4 E. urophylla6 and Mangifera indica.7

  The taxonomy of Botryosphaeriaceae is rather confusing, mainly because of the overlay of the morphological characteristics and species diversity. Several anamorphic species are described for this family belonging to several genera such as Botryodlplodla, Diplodia, Dothiorella, Fusicoccum, Lasiodiplodia, Macrophoma and Sphaeropsis.8 Crous et al.1 reported the existence of anamorphic forms of Botryosphaeria species, which present morphological characteristics of both Diplodia and Fusicoccum genera. Data from DNA (28S rDNA) sequencing were used to differentiate ten phylogenetic strains and to group some of them of the Botryosphaeriaceae family. According to Phillips et al.,2 studies on morphological characters are inadequate to define or identify Botryosphaeriaceae species, and taxa with no DNA sequencing data should not be grouped in this family. Although phylogenetic studies using data from molecular biology have contributed significantly to the taxonomy of Botryosphaeriaceae,1,2,9 some problems still exist. For instance, Neofusicocum parvum and N. ribis, classified as a complex N. parvum/N. ribis, are closely related, and molecular analysis provided inconsistent results when used to differentiate these species.10-12

  About 10,000 microbial species have been described in the literature, although the microbial volatile organic compound (mVOC) of only a reduced number of them (349 bacteria and 69 fungi species) have been investigated.13 The mVOC profiles have been used as auxiliary tools for the chemotaxonomic classification of some microorganisms, since the production patterns of these compounds are unique to certain microorganisms under controlled conditions.13-15 Larsen and Frisvad16 were the first to demonstrate the use of mVOC for the discrimination of Penicillium species. Strains of dermatophytic fungi were also differentiated based on mVOC, suggesting the use of this analytical tool in early diagnosis and treatment of contaminated patients.17 Volatile profiles of nine root-associated fungal strains (eight species) from three different functional groups (ectomycorrhizal, pathogenic and saprophytic) were successfully used as a chemotyping tool for non-invasive identification of these microorganisms.18

  Among the different techniques used to obtain volatile and semi-volatile compounds (terpenes and other classes of VOC), the solid phase micro-extraction (SPME) stands out for its practicality in the sample preparation and analyte pre-concentration, under relatively mild conditions.4,19 Studies on volatile metabolites from fungi have involved the use of headspace-solid phase micro-extraction (HS-SPME), by having polydimethylsiloxane/divinylbenzene (PDMS/DBV) as the most efficient fiber mixture.19,20 After extraction, the identification and characterization of the VOCs has mostly been performed by gas chromatography coupled to mass spectrometry (GC-MS).18-21

  Principal component analysis (PCA) and hierarchical cluster analysis (HCA) are among the statistical techniques (multivariate data analysis) most used for the analysis of VOCs obtained by HS-SPME associated with GC-MS. For example, three chemotypes of Lippia graveolens HBK, distributed in eight populations from Guatemala, were differentiated by these two techniques.22

  In this work we describe the use of HS-SPME followed by GC-MS analysis to study VOCs produced by ten species of endophytic fungi from the Botryosphaeriaceae family associated with plants from the Caatinga biome (state of Ceará, Brazil). In addition, the multivariate data analyses PCA and HCA were used to establish differentiation patterns of the investigated species, and to identify biomarkers for the chemotaxonomic classification of these species.

   

  Experimental

  Fungal strains

  Ten strains of endophytic fungi were isolated from plants collected in Caatinga biome (Ceará, Brazil), and are deposited in the Laboratory of Phytopathology at Embrapa Tropical Agro-business (CNPAT, Fortaleza, Ceará, Brazil). The strains were identified by molecular analysis (DNA sequencing of the regions ITS1/ITS4) as: Lasiodiplodia theobromae (strain 71), L. pseudotheobromae (strain 277), L. citricola (strain 258), L. gonubiensis (strain 474), L. parva (strain 511), Neofusicoccum cordaticola (strain 434), N. parvum (strain 600), N. ribis (strain 683), Botryosphaeria mamane (strain 20), and Pseudofusicoccum stromaticum (strain 477).

  Culture media and materials

  Potato dextrose broth (PDB, 90.9% of potato broth and 9.1% of dextrose) was purchased from Himedia® (Mumbai, India), and prepared according to the manufacturer's instructions (24.0 g L–1, pH 5.1 ± 0.2). Potato dextrose agar (PDA, 84.4% of potato broth, 8.4% of dextrose and 7.2% of bacteriological agar) was obtained from Kasvi® (Roseto degli Abruzzi, Italy), and prepared following the manufacturer's instructions (42.0 g L–1). Disposable sterile Petri dishes (90 × 15 mm) were purchased from J. Prolab® (São José dos Pinhais, Brazil). Glass vials (40 mL) with screw caps and PTFE/silicone septa, and divinylbenzene/ polydimethylsiloxane (PDMS/DBV 65 µm) fiber were obtained from Sigma-Aldrich® (St. Louis, USA). The mixture of saturated n-alkanes C7-C30 was from Sigma-Aldrich® (St. Louis, USA).

  Cultivation of fungi, extraction and analysis of the volatile organic compounds, and multivariate data analysis

  All strains were separately inoculated in Petri dishes containing PDA medium, and incubated for 7 days at 25 ºC in order to ensure that all of them were of the same age. Then, one pellet (diameter 6 mm) of the strain was transferred to vials (40 mL) containing 10 mL of PDB, and immediately sealed with septa of silicone and threaded caps. After incubation for 14 days at 25 ºC under static conditions, the vials were placed in a bath of ethylene glycol at 60 ºC, and the VOCs were extracted for 30 min by HS-SPME using a PDMS/DVB fiber placed above (ca. 1 cm) the surface of the fungal culture. After this period, the fiber was removed and inserted in the GC-MS at 250 ºC for 4 min for the VOC desorption. A vial containing only PDB (no fungus) was used as the control. For the optimization of the HS-SPME conditions, a 22 trial planning with two quantitative variables (temperature and extraction time) was carried out at two levels (50 and 60 ºC; 10 and 30 min, all in duplicate), with a central point (60 ºC and 20 min, in triplicate). Eleven experiments were performed, and the statistical analysis was done by using the program Quality Tools: Statistics in Quality Science.23 Analyses of GC-MS were performed on a QP-2010 gas chromatograph coupled to a mass spectrometer from Shimadzu® (Tokyo, Japan), with a capillary DB-5 column (25 m × 0.32 mm × 0.5 µm) from J & W Scientific® (Folsom, USA). The analysis conditions were as follows: injector temperature 250 ºC; GC oven temperature 35 ºC for 2 min, from 35 to 195 ºC (20 ºC min–1), from 195 to 220 ºC (10 ºC min–1), and from 220 to 280 ºC (20 ºC min–1); mode of injection 1:5 split; volumetric flow rate of the carrier gas (Helium) 0.59 mL min–1; detector temperature 250 ºC. Mass spectra were obtained by electron impact (70 eV) in the range of m/z 18 to 400 (intervals 0.5 s). The VOCs were identified by the obtained mass spectra with those from mass spectral libraries (NIST 05, NIST 27, Wiley 229 and Adams24), and by the calculated linear retention indexes with literature data.19,24,25 The GC-MS of the VOCs were subjected to PCA and HCA analyses by using the free software R Project from R Foundation for Statistical Computing® (Vienna, Austria).23 The analyzed data correspond to the averages of injections in triplicate. The matrix arrangement was made up of ten lines (number of fungi analyzed) and thirty-four columns (compounds identified). The matrix of Pearson correlation was used to perform the PCA. To the HCA, Euclidean distance was used as the coefficient of dissimilarity, and the grouping was done by the method of association average (Ward). The option of automatic truncation was chosen to define the conglomerates and to obtain the dendrogram.

   

  Results and Discussion

  The HS-SPME was used on the extraction of the VOCs produced by ten species of endophytic fungi from the Botryosphaeriaceae family. The extraction of volatile compounds was optimized by performing the experimental design 22, considering the temperature (50 and 60 ºC) and extraction time (10 and 30 min) as variables. The highest number of compounds was detected when the experiment was performed at 60 ºC and 30 min.

  As already reported by Valente and Augustos,26 both time and temperature affect the method of extraction by HS-SPME, influencing the kinetics of mass transfer of the volatile compounds between the different phases of the system, and the thermodynamics, which describes the partition equilibrium of the VOCs. In order to verify the significance of these two variables on the extraction of VOCs, all data were analyzed by the application of the Pareto graph method (Figure 1). It was observed that the variable time (B) has greater significance than the variable temperature (A), and that lower significance was observed when the two variables were together.

  
    

    [image: Figure 1. Pareto chart for the effects of temperature and time on the VOCs extraction]

  

  The VOCs from all strains were extracted under the optimized conditions and analyzed by GC-MS. Thirty-four volatile compounds were identified as being produced by the fungal strains (Table 1), and not observed in the control experiments. Most of the compounds are sesquiterpenes (14 non-oxygenated and 10 oxygenated), and only two linear ketones and eight alcohols were identified. Strain 683 (Neofusicoccum ribis) produced the greatest number of identified compounds (26), while strain 20 (Botryosphaeria mamane) had the lowest number of identified VOCs (6 compounds).

  
    

    [image: Table 1. VOCs produced by endophytic]

  

  Comparison of the identified compounds with those from the database of microbial volatiles,13 revealed that only twelve of them were previously reported as fungal VOCs (isobutanol, isopentyl alcohol, 2-methylbutan-1ol, octan-1-ol, phenylethyl alcohol, β-elemene, calarene, δ-amorphene, germacrene D, valencene, α-selinene and zonarene). However, α-bisabolol and n-decanol were already reported as VOCs from two strains of Phlebia radiata (Basidiomycetes).27 As compounds 2-ethyldecan-1-ol, n-decanol, undecan-2-one and α-copaene were reported as VOCs from bacterial origin, half of the identified compounds (17) are being reported for the first time as fungal VOCs. These compounds are: 2-buthyloctan-1-ol, aristolene, eremophylene, aristolochene, γ-cadinene, δ-cadinene, trans-cadina-1(2)4-diene, palustrol, globulol, α-cedrene epoxide, β-cedren2-one, α-cadinol, juniper camphor, 5-neo-cedranol, guaiol acetate, 13-hydroxyvalencene and hexandecan-3-one. Most of the VOCs are bicyclic sesquiterpenes with eudesmane (2 compounds), guaiane (3 compounds), cadinane (6 compounds), cedrane (3 compounds), aristolane (2 compounds), valencane (3 compounds), copaane (α-copaene) and eremophylane (eremophylene) skeletons. Only three monocyclic sesquiterpenes (β-elemene, α-bisabolol and germacrene D) were found. The non-oxygenated sesquiterpenes belong mostly to the cadinane group while the oxygenated ones possess the guaiane and cedrane skeleton. No monoterpenes were identified in the investigated strains. Seven primary alcohols with different side chain lengths, an aromatic alcohol (phenylethyl alcohol), and two ketones (undecan-2-one and hexadecane3-one) were also identified.

  PCA (Figure 2) followed by HCA (Figure 3) were applied to the identified VOCs in order to investigate the chemical variability patterns. All compounds were considered, and the averages of triplicates were treated as independent variables in a similarity matrix. According to Figure 1, which shows a plot of the scores of the 34 variables from the ten samples, it was possible to differentiate all species. In this case, two main components explain 47.89% of the variance, while five main components explain 77.71% of the total. P. stromaticum (strain 474) presented a greater separation from the other strains due to the presence of α-bisabolol as the main component in high concentrations (88.83%). The dendrogram of HCA (Figure 3) corroborates the differentiation of the ten investigated species. With respect to N. parvum (strain 600) and N. ribis (strain 683), both PCA and HCA clearly differentiated them as two distinct species, and corroborated the use of VOCs analysis as an auxiliary tool for the identification of these species.

  
    

    [image: Figure 2. PCA scores plot of 34 variables]

  

  
    

    [image: Figure 3. Dendrogram of HCA of the HS-SPME]

  

  The high content (88.83%) of the sesquiterpene, α-bisabolol, produced exclusively by P. stromaticum (strain 477), suggests its potential as a biomarker. This compound is naturally occurring in plants and was first isolated from Matricaria chamomilla (Asteraceae).27 α-Bisabolol has been used in cosmetic formulations and has important biological activities, such as anti-inflammatory, anti-irritant, antibacterial, antispasmodic, anti-allergic, drug permeation and vermifuge.27,28 Although α-selinene has been found in most of the investigated strains (except strains 277 and 477), the high content (33.70%) of this sesquiterpene in B. mamane (strain 20) may suggest it as a biomarker for this species. As already mentioned, N. parvum (strain 600) and N. ribis (strain 683) are closely related, and it is not trivial to differentiate them even by molecular analysis. In this study, both species produced α-cecrene epoxide and guaiol acetate, but in different concentrations. α-Cecrene epoxide (38.99%) was produced in high percentage by strain 600, while guaiol acetate (59.89%) was the major constituent of strain 683. Thus, these sesquiterpenes may be considered biomarkers for differentiating these two species.

   

  Conclusions

  The HS-SPME in association with GC-MS was successfully used for the study of the VOCs produced by ten filamentous fungi species from the Botryosphaeriaceae family. The VOCs profiles of the investigated strains proved to be adequate to differentiate them by multivariate data analysis (PCA and HCA). In addition, N. parvum and N. ribis, which were previously considered very similar species, were also differentiated through their volatile chemical profiles. The high content of α-bisabolol in P. stromaticum suggested this compound as a potential chemotaxonomic marker for this species. As far as we know, this is the first report on the VOCs profile of the ten investigated Botryosphaeriaceae species.

   

  Supplementary Information

  The chromatograms and mass spectra of VOCs produced by ten filamentous fungi species from the Botryosphaeriaceae family are available free of charge at http://jbcs.sbq.org.br as PDF file.

   

  Acknowledgements

  The authors would like to thank the Brazilian agencies CNPq (484130/2012-9 and 405001/2013-4) and FUNCAP (004.01.00/10) for financial support, and CAPES for providing the sponsorships of F. C. de Oliveira. A special thank is due to PhD L. Gunatilaka and PhD M. Gunatilaka, both from the University of Arizona, for reading the manuscript and making constructive comments, and also to Prof PhD Terezinha Ferreira de Oliveira (Faculty of Statistics, UFPA) for the revision of the multivariate analysis.

   

  References

  1. Crous, P. W.; Slippers, B.; Wingfield, M. J.; Rheeder, J.; Marasas, W. F. O.; Philips, A. J. L.; Alves, A.; Burgess, T.; Barber, P.; Groenewald, J. Z.; Stud. Mycol. 2006, 55, 235.

  2. Phillipis, A. J. T.; Alves, A.; Abdollahzadeh, J.; Slippers, B.; Wingfield, M. J.; Groenewald, J. Z.; Crous, P. W.; Stud. Mycol. 2013, 76, 51.

  3. Schulz, B.; Boyle, C.; Mycol. Res. 2005, 109, 661.

  4. Hantao, L. W.; Aleme, H. G.; Passador, M. M.; Furtado, E. L.; Ribeiro, F. A. L.; Poppi, R. J.; Augusto, F.; J. Chromatogr. A 2013, 1279, 86.

  5. Úrbez-Torres, T. R.; Gubler, W. D.; Plant Dis. 2009, 93, 584.

  6. Mohali, S. R.; Slippers, B.; Wingfield, M. J.; Plant Pathol. 2009, 38, 135.

  7. Slippers, B.; Johnson, G. I.; Crous, P. W.; Coutinho, T. A.; Wingfield, B. D.; Wingfield, M. J.; Mycologia 2005, 97, 99.

  8. Denman, S.; Crous, P. W.; Taylor, J. E.; Kang, J. C.; Pascoe, I.; Wingfield, M. J.; Stud. Mycol. 2000, 45, 129.

  9. Slippers, B.; Wingfield, M. J.; Fungal Biol. Rev. 2007, 21, 90.

  10. Polizzi, V.; Adams, A.; Malysheva, S. V.; Saeger, S.; Peteghem, C. V.; Moretti, A.; Picco, A. M.; Kimpe, N.; Sci. Total Environ. 2012, 414, 277.

  11. Pavlic, D.; Slippers, B.; Coutinho, T. A.; Wingfield, M. J.; Mol. Phylogenet. Evol. 2009, 51, 259.

  12. Pillay, K.; Slippers, B.; Wingfield, M. J.; Gryzenhout, M.; S. Afr. J. Bot. 2013, 84, 38.

  13. Lemfack, M. C.; Nickel, J.; Dunkel, M.; Preissner, R.; Piechulla, B.; Nucleic Acids Res. 2014, 42, 744.

  14. Polizzi, V.; Adams, A.; Malysheva, S. V.; Saeger, S.; Peteghem, C. V.; Moretti, A.; Picco, A. M.; Kimpe, N.; Fungal Biol. 2012, 116, 941.

  15. Malheiro, R.; Pinho, P. G.; Soares, S.; Ferreira, A. C. D.; Baptista, P.; Food Res. Int. 2013, 54, 186.

  16. Larsen, T. O.; Frisvad, J. C.; Mycol. Res. 1995, 99, 1167.

  17. Sahgal, N.; Magan, N.; Sens. Actuators, B 2008, 131, 117.

  18. Muller, A.; Faubert, P.; Hagen, M.; zu Castell, W.; Polle, A.; Schnitzler, J. P.; Rosenkranz, M.; Fungal Genet. Biol. 2013, 54, 25.

  19. Lancker, F. V.; Adams, A.; Delmulle, B.; Saeger, S.; Moretti, A.; van Peteghem, C.; Kimpe, N.; J. Environ. Monit. 2008, 10, 1127.

  20. Crespo, R.; Pedrini, N.; Juárez, M. P.; Dal Bello, G. M.; Microbiol. Res. 2008, 163, 148.

  21. Costello, B. L.; Amann, A.; Al-Kateb, H.; Flynn, C.; Filipiak, W.; Khalid, T.; Osborne, D.; Ratcliffe, N. M.; J. Breath Res. 2014, 8, 1.

  22. Sabino, J. F. P.; Reyes, M. M.; Barrera, C. D. F.; Silva, A. J. R.; Quim. Nova 2012, 35, 97.

  23. The R foundation for statistical computing; R Program; A Free Software for Statistical Computing; Vienna, Austria, 2014.

  24. Adams, R. P.; Identification of Essential Oil Components by Gas Chromatography/Mass Spectrometry, 4th ed.; Carol Stream: Illinois, 2007.

  25. http://www.pherobase.com/database/compound/compoundsindex.php, accessed in February 2014

  26. Valente, A. L. P.; Augustos, F.; Quim. Nova 2000, 23, 523.

  27. Gross, B.; Gallois, A.; Spinnler, H. E.; Langlois, D.; J. Biotechnol. 1989, 10, 303.

  28. Kamatou, G. P. P.; Viljoen, A. M.; J. Am. Oil Chem. Soc. 2010, 87, 1.

   

   

  Submitted: June 5, 2015.

  Published online: August 14, 2015.

   

   

  
    *e-mail: fgerhar@gmail.com

     

    Supplementary Information

    
      [image: Figure S1]

    

    
      [image: Figure S2]

    

    
      [image: Figure S3]

    

    
      [image: Figure S4]

    

    
      [image: Figure S5]

    

    
      [image: Figure S6]

    

    
      [image: Figure S7]

    

    
      [image: Figure S8]

    

    
      [image: Figure S9]

    

    
      [image: Figure S10]

    

    
      [image: Figure S11]

    

    
      [image: Figure S12]

    

    
      [image: Figure S13]

    

    
      [image: Figure S14]

    

    
      [image: Figure S15]

    

    
      [image: Figure S16]

    

    
      [image: Figure S17]

    

    
      [image: Figure S18]

    

    
      [image: Figure S19]

    

    
      [image: Figure S20]

    

    
      [image: Figure S21]

    

    
      [image: Figure S22]

    

    
      [image: Figure S23]

    

    
      [image: Figure S24]

    

    
      [image: Figure S25]

    

    
      [image: Figure S26]

    

    
      [image: Figure S27]

    

    
      [image: Figure S28]

    

    
      [image: Figure S29]

    

    
      [image: Figure S30]

    

    
      [image: Figure S31]

    

    
      [image: Figure S32]

    

    
      [image: Figure S33]

    

    
      [image: Figure S34]

    

    
      [image: Figure S35]

    

    
      [image: Figure S36]

    

    
      [image: Figure S37]

    

    
      [image: Figure S38]

    

    
      [image: Figure S39]

    

    
      [image: Figure S40]

    

    
      [image: Figure S41]

    

    
      [image: Figure S42]

    

    
      [image: Figure S43]

    

    
      [image: Figure S44]

    

    
      [image: Figure S45]

    

    
      [image: Figure S46]

    

    
      [image: Figure S47]

    

    
      [image: Figure S48]

    

    
      [image: Figure S49]

    

    
      [image: Figure S50]

    

    
      [image: Figure S51]

    

    
      [image: Figure S52]

    

    
      [image: Figure S53]

    

    
      [image: Figure S54]

    

  





  DOI: 10.5935/0103-5053.20150205

  ARTICLE

  
    Oliveira SA, Moura CL, Cavalcante IM, Lopes AA, Leal LKAM, Gramosa NV, et al. Binary Micellar Solutions of Poly(Ethylene Oxide)-Poly(Styrene Oxide) Copolymers with Pluronic® P123: Drug Solubilisation and Cytotoxicity Studies. J. Braz. Chem. Soc. 2015;26(11):2195-04

  

  
    Binary Micellar Solutions of Poly(Ethylene Oxide)-Poly(Styrene Oxide) Copolymers with Pluronic® P123: Drug Solubilisation and Cytotoxicity Studies

  

   

   

  Samira A. OliveiraI; Carolina L. MouraI; Igor M. CavalcanteI; Amanda Araújo LopesII; Luzia K. A. M. LealII; Nilce V. GramosaI; Maria E. N. P. RibeiroI; Francisco C. F. FrançaIII; Stephen G. YeatesIV; Nágila M. P. S. RicardoI*

  ILaboratório de Polímeros e Inovação de Materiais (LABPIM), Departamento de Química Orgânica e Inorgânica, Universidade Federal do Ceará, 60451-970 Fortaleza-CE, Brazil

  IICentro de Estudos Farmacêuticos e Cosméticos (CEFAC), Departamento de Farmácia, Universidade Federal do Ceará, 60430-160 Fortaleza-CE, Brazil

  IIIFaculdade de Educação, Ciências e Letras do Sertão Central, Universidade Estadual do Ceará, 63900-000 Quixadá-CE, Brazil

  IVSchool of Chemistry, University of Manchester, M13 9PL Manchester, United Kingdom

   

  
    The non-commercial copolymers E45S8, E45S17 and their mixtures with Pluronic® P123 (E21P67E21) were studied as carriers of the model drug griseofulvin. Critical micelle concentration (cmc) (dye solubilisation method), drug solubilisation capacity (Scp and Sh) determined by ultraviolet-visible (UV-Vis) spectroscopy and 1H nuclear magnetic resonance (1H NMR) and cytotoxicity (LDH activity in human neutrophils) were studied. E45S17 1.0 wt.% dispersions presented colloidal aggregates limiting its Scp in comparison to E45S8, but in 0.1 wt.% solutions this phenomenon seemed to be absent and E45S17 presented a higher Scp. The mixtures that showed the best Scp results contained 50% of P123 and presented low cmc. An evaluation of literature data suggested a minimum Em content of 62% in EmSn copolymers below which the increase of Sn length does not lead to an increase of Sh. The results suggested no toxicity of the copolymers on human neutrophils, supporting the use of P123 and poly(styrene oxide) containing copolymers as drug carriers.

    Keywords: solubilisation capacity, binary micelles, griseofulvin, citotoxicity

  

   

   

  Introduction

  The potential of micelles formed from block copolymers for encapsulation and delivery of highly hydrophobic drugs has been widely examined. A major challenge in achieving this objective is the attainment of high drug loading into non-toxic surfactant micelles which remain stable on dilution but dissociate at the target site.1 Low aqueous solubility is a problem in the formulation of many drugs like griseofulvin (Figure 1), a widely used antifungal antibiotic which has been used for many years as a model drug in studies of solubilisation by polymeric micelles.2-7

  
    

    [image: Figure 1. Chemical structure of griseofulvin]

  

  As described in many papers,8-14 aqueous micellar solutions of block copolymers based on poly(ethylene oxide) as the hydrophilic component combined with a wide range of hydrophobic blocks have been investigated as vehicles for drug solubilisation. Nanoparticles with poly(ethylene oxide) surface show the ability to evade scavenging by the mononuclear phagocyte system, so resulting in increased circulation times in the blood, and are among the drug delivery systems most studied for this purpose.15 Copolymers of EnPmEn type, with hydrophilic poly(oxyethylene) and hydrophobic poly(oxypropylene) blocks have been commercially available for several decades and a particular advantage of this family of copolymers is the so-called 'stealth' property of the poly(ethylene oxide) corona of their micelles. Here E denotes oxyethylene (OCH2CH2), P denotes oxypropylene (OCH2CH(CH3)), and subscripts m and n indicate chain length in P or E units. Concentrated solutions of certain EnPmEn copolymers display thermally reversible gelation in the temperature range required for in situ gelling in topical use,16,17 subcutaneous injection11,18 and other vias.19 Such copolymers attract studies as drug solubilising agents showing, for example, improvements on the bioavailability of the studied drugs.20,21 However, they present a relatively low solubilisation capacity.4 We have investigated a number of micellar solutions in which the core-forming blocks have been designed to be more hydrophobic and more compatible with the drug to be solubilised.4,22,23 Cambón et al.24 have also reported the advantage of using copolymers containing poly(styrene oxide) as drug carriers. For example, copolymers E33S14E33 and E38S10E38 presented potential application as chemotherapeutic carriers, enhancing more than 60 times doxorubicin apparent solubility (loading capacity of 1.8%) and presenting interesting biological properties. In previous works, we have used mixtures of copolymer E62P39E62 (commercial notation Pluronic® F87) with copolymer E137S18E137 (S denotes styrene oxide: OCH2CH(C6H5) to obtain a system with useful gelation characteristics (provided by F87) combined with a satisfactory drug-loading capacity (provided by poly(styrene oxide) micelle core) for drugs like griseofulvin.3,4 For a given value of Sh (solubilisation capacity in terms of grams of solubilised drug per gram of hydrophobic block), the solubilisation capacity measured as Scp will be increased if wh, the weight fraction of S in the copolymer is increased, e.g., by replacing the triblock copolymer by a comparable diblock copolymer, and may be greatly increased if the chosen diblock copolymer forms cylindrical micelles.23,25

  Thus, the purpose of this work is the determination of the solubilisation capacity of binary micellar solutions of two non-commercial diblock copolymers EmSn (E45S8 and E45S17) with Pluronic® P123. No studies of E45S17 have been reported up to date. E45S8 has already been studied as drug solubiliser,23 but to our knowledge, studies of mixed micellar systems containing this copolymer were not reported up to date. The extent of solubilisation was determined by the more usual technique of ultraviolet (UV) spectroscopy and, for comparative purposes, absolutely by 1H nuclear magnetic resonance (1H NMR). The dye solubilisation method measured by fluorescence was used to determine the critical micelle concentration (cmc). In addition, to our knowledge, this is the first time that citoxicity studies using human neutrophils were performed in copolymers containing poly(ethylene oxide) and poly(styrene oxide) blocks.

   

  Experimental

  Materials

  Griseofulvin (molecular mass: 352.8 g mol-1) was obtained from Sigma-Aldrich and was used in the form of finely ground (1 mm2 mesh) powder. Differential scanning calorimetry (DSC) indicated a crystalline form with a melting point of 220.4 ºC and an enthalpy of fusion of 115.6 J g-1. There was no detectable transition consistent with a glassy component. Copolymer E21P67E21 (commercial notation P123) was a gift from ICI Surfactants (now Uniqema), and copolymers E45S8 and E45E17 were prepared in the School of Chemistry, Manchester. The molecular characteristics of the copolymers are given in Table 1, i.e., the number-average molar mass (Mn) and weight fraction E (%E) from 13C NMR spectroscopy, and the hydrophilic-lipophilic balance (HLB). Details can be found elsewhere.23
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  Critical micelle concentration (cmc)

  Stock solutions were prepared by dissolving the copolymers in Milli-Q water and allowing 24 h for complete dissolution before diluting further to concentrations within the range 0.01-60 mg dm-3. Solubilisation of 1,6-diphenyl-1,3,5-hexatriene (DPH) was used to determine the onset of micellization, as described for triblock copolyethers,26 and before that for ionic surfactants.27 DPH was dissolved in methanol and added to the copolymer solution, so that the final copolymer solution contained 1% (v/v) in methanol and 0.004 mmol L-1 DPH, a mixture shown to provide the same values of the cmc as those obtained by other methods for copolymers in water alone. A F-4500 Hitachi fluorescence spectrophotometer was used in the experiments, with solution temperatures maintained at 25 ºC and 37 ºC (± 0.2 ºC).

  Micellar size

  The hydrodynamic diameter (δH) of the pure diblock copolymers E45S17 and the mixtures P123/E45S17 50/50 and P123/E45S8 50/50 mixtures in aqueous solutions were determined at 25 ºC, using the equipment Malvern Zetasizer Nano ZS model ZEN 3500. The systems were submitted to 30 scans with an acquisition time of 30 s for each scan. All the measurements were made in triplicate.

  Solubilisation of griseofulvin

  UV spectroscopy is commonly used to determine the extent of drug solubilisation, but involves an initial calibration procedure. In this study we used the UV spectroscopy and compared the solubilisation capacity determined by this method with that from the absolute method based on 1H NMR spectroscopy.

  UV spectroscopy quantification

  A UV-Vis spectrometer (Hitachi U-2000) was calibrated by recording the absorbance (wavelength range 200-350 nm) of methanol solutions of griseofulvin (2-20 mg dm-1) against a solvent blank. The strong absorbance at 292 nm gave a satisfactory Beer's law plot. In a solubilisation experiment, a 10 cm3 portion of a stock 1 wt.% copolymer solution was added to finely-ground (1 mm2 mesh) griseofulvin powder (0.02 g). The mixture was stirred at 25 ºC for 72 h before being filtered (0.45 µm from Millipore) to remove any unsolubilised drug. The sample was then diluted with methanol to enable analysis by UV spectroscopy. The water content after dilution was low enough to allow the calibration for methanol solutions to be used without correction. After dilution the samples were held at 37 ºC for 72 h before analysis. Measurements were carried out in triplicate and the results were averaged.

  1H NMR spectroscopy quantification

  Solutions with solubilised drug were prepared and filtered as described for the UV method, but were then freeze dried (24 h, 10-3 mm Hg) to remove water. The entire sample was dissolved in CDCl3 and its 1H NMR spectrum recorded at ambient temperature (22 ºC) using a Bruker DRX 500 11.7 T (499.80 MHz for 1H) spectrometer in a 5 mm inverse detection z-gradient probe at 298 K. The spectra were obtained using 90º rf pulse (9.20 µs), a spectral width of 12019 Hz, 256 transients with 64000 data points, an acquisition time of 2.73 s, and a relaxation delay of 10 s before being converted to 32000 data points and the phase and baseline corrected manually using the Bruker software. The amount of griseofulvin solubilised per gram of polymer was determined using appropriate peak integrals. All measurements were carried out in triplicate and the results averaged.

  Cytotoxicity study: determination of lactate dehydrogenase (LDH) assay

  Human neutrophils were isolated by Lucisano and Mantovani's method29,30 with slight modifications. Cells pellets were suspended in Hank's balanced salt solution (HBSS) containing 80-90% neutrophils with viability of 90 ± 2.0% established by Trypan Blue exclusion test. Human neutrophils (2.5 × 106 cells mL-1) were incubated (15 min at 37 ºC) with HBSS (non-treated cells), Dimethyl sulfoxide (DMSO) (0.4% (v/v), vehicle-control), Triton X-100 (0.2% (v/v), standard cytotoxic drug) and following test drugs (1, 10, 50 and 100 µg mL-1):  diblock copolymers EmSn (E45S8 and E45S17), Pluronic® P123, the binary mixtures of copolymers (P123/E45S8 50/50 and 
    P123/E45S17 50/50, named as P50/S8 and P50/S17, respectively) or their versions loaded with griseofulvin (P123/E45S8G and P123/E45S17G, named as P50/S8G and P50/S17G, respectively).

  The LDH activity was determined by a commercially available method (LDH liquiform of Labtest Diagnosis).  

  Statistical analysis

  The results are expressed as mean ± standard deviation (SD). The statistical significance of differences between groups was determined by one-way ANOVA, followed by Tukey for multiple comparisons as a post hoc test. The significance level was set at p < 0.05.

   

  Results and Discussion

  Regarding binary mixtures, in tests made in our laboratories, the mixtures of P123 with copolymer E45S17 showed stable thermoresponsive properties only when the ratio was 50/50 at concentration 29% (m/m), with a transition temperature fluid-gel-fluid in the range 18-47 ºC. In addition, the systems P123/E45S8 50/50 and 70/30 presented stable thermoresponsive properties in the concentrations 25-29% (50/50) and 23-29% (70/30), showing the potential to use such mixtures in subcutaneous administration of drugs, since they may form gel at body temperature (unpublished results).

  Critical micelle concentration (cmc)

  The arrows in the plots of fluorescence intensity of DPH against copolymer concentration (log scale) of two copolymer systems (E45S17 and P123/E45S17) in Figure 2 indicates the points at which a sharp increase in fluorescent intensity takes place, estimated as the cmc, due to the transference of DPH from the aqueous polar medium to the hydrophobic environment of the cores of the micelles.28

  
    

    [image: Figure 2. Fluorescence intensity (DPH) versus concentration]

  

  As seen in Table 2, the obtained values of cmc were in the range 1 × 10-2-2 × 10-4 wt.%. The much higher concentration of the systems used in the solubilisation experiments (1.0 wt.%) is consistent with effectively complete micellization.

  There was no considerable variation of cmc of diblocks E45S8 and E45S17 and their mixtures as the temperature changed from 25 to 37 ºC (see Table 2 and Figure 3). Typically, the cmc at 37 ºC was lower than at 25 ºC, especially for P123 (Table 2). Previous studies show that EnPmEn copolymers have a more endothermic micellization process (DHºmic around 200 kJ mol-1)26 than EnSm, EnSmEn copolymers (DHºmic ranging from 4 to 40 kJ mol-1).31,32

  Values of cmc for E45S8 and E45S17 expressed in mol dm-3 are much lower than those of P123 (E21P67E21). Diblock copolymers have cmc values lower than their correspondent triblock copolymers (with the same molar mass and block composition), and the more hydrophobic is the copolymer, the lower its cmc.33 This explains why the cmc of P123 (E21P67E21) is the highest, since P123 is the less hydrophobic copolymer. The relative hydrophobicity between P and S units in a diblock copolymer is 1:12.11 From this concept, we find that the EP copolymers which are equivalent to E45S8 and E45S17 would be E45P96 and E45P204, respectively, and then we can compare the hydrophobicities of the three copolymers by comparing their HLB's: 6.4 for P123, 5.2 for E45P96 and 2.8 for E45P204. The lower the HLB, the higher is the hydrophobicity and the lower is the cmc. Therefore, it was expected that E45S17 would have the lowest cmc. Besides this, diblock copolymers have cmc values lower than their correspondent triblock copolymers (with the same molar mass and block composition),33 contributing to the lower cmc value of E45S17 in comparison to the triblock P123.

  The cmc's (mol dm-3) of the mixtures are similar to those of the pure copolymers E45S8 and E45S17 with the same order of magnitude (see Table 2). At 37 ºC all systems, including P123, have similar cmc's. The low cmc values of these systems bring potential stability of their micelles after blood dilution, turning these mixtures promising drug carriers in pharmacological applications.

  The change in standard Gibbs free energy of micellization per mole of copolymer unimer can be related to cmc as shown in the following equation:

  
    [image: Equation 1]

  

  It was observed that the values of ΔGºmic at both temperatures for the mixtures P123/E45S8 and 
    P123/E45S8 were lower than the values for P123 and E45S8 indicating that the micellization process of mixtures is more spontaneous than the micellization process of pure surfactants, demonstrating a synergistic effect (Table 2). It was observed that all the values of ΔGºmic were lower at body temperature than at room temperature, indicating that these systems may be used to spontaneously solubilize drugs in the body.
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  Table 3 shows the cmc values at 25 ºC for diblock copolymers with similar ethylene oxide block length and different styrene oxide (Sn) block lengths. The cmc of E50S3.5 is much higher than the expected. Mai et al.34 explain that the relatively high values of cmc found for this copolymer are consistent with their wider distribution of apparent hydrodynamic radius.

  Figure 3 shows the plot of cmc (mol dm-3) versus hydrophobic block length of diblock copolymers with similar ethylene oxide (Em) block length and different styrene oxide (Sn) block lengths. Data from copolymers studied in the literature and data from this work were used to plot the graph.23,31,34 To plot the graph, the values of log10 (cmc; mol dm-3) of the copolymers were adjusted to a common E block length, since the number of E units affect the cmc within a series of copolymers. We used the equation:
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  This equation, proposed by Booth, Atwood and Price,35 where ν is the number of E units in the copolymer, was used to correct each value for a change in E block length from 100 units. It can be noted that the increase of hydrophobic block length reduces the cmc of the copolymers. Drug solubilizing agents with low values of cmc are interesting since they present higher micellar stability after blood dilution.

  Solubilisation of griseofulvin and micellar size

  With the data of drug solubilities obtained by UV-Vis spectroscopy, two parameters were investigated for the copolymers and their mixtures: Scp, the solubilisation capacity expressed in mg of drug per g of polymer, and Sh, the solubilisation capacity expressed in mg of drug per g of hydrophobic block, where Scp = S - S0/mcop and Sh = Scp/Wh (S: solubility of drug in the micellar solution; S0: aqueous solubility of drug; Wh: mass fraction of hydrophobic block). These values are shown in Table 4.
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  E45S8 and E45S17 presented satisfactory solubilisation capacity values when compared to Pluronic® P123 (E21P67E21). This is due the higher hydrophobicity of their poly(styrene oxide) blocks in comparison with the poly(propylene oxide) block (P67) of Pluronic® P123 (see Table 6). The values found for the P123 and E45S8 are in agreement with the data found in the literature: Scp = 3.0 mg g-1 at 25 ºC and Scp = 3.8 mg g-1 at 37 ºC for P123;22 and Scp = 7.5 mg g-1 at 25 ºC for E45S8.
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  It is interesting to evaluate the dependence of the drug solubilisation capacity (Scp) with temperature and cmc. Low values of cmc mean that the copolymers are more hydrophobic, what confers to them higher solubilisation capacities. Values of cmc of E45S8 and E45S17 are similar to each other and lower than that of P123 (see Table 3); this explains the higher solubilisation capacities of E45S8 and E45S17 in comparison to P123.

  Observing the chemical structure of E45S17, it was expected that its solubilization capacity would be higher than that of E45S8, due its higher hydrophobicity (it contains 9 units of S more than E45S8). However this was not observed. The reason may be the limited solubility of this polymer, since it aggregates itself forming a turbid system at 1.0 wt.%, what affects the solubilisation of griseofulvin in the system. This observation suggests that a %E of 49% (the %E of E45S17) is too low to turn a copolymer of EmSn type soluble in water.

  Quantification experiments using 1H NMR were performed to confirm the results obtained at 37 ºC, and the values of Scp found using this technique were 8.7 mg g-1 for E45S8 and 6.8 mg g-1 for E45S17, in agreement with the UV-Vis quantification. Figure 4 shows the spectra of griseofulvin and the copolymers encapsulated with griseofulvin. Attributions were based on the work of Rekatas et al.36 and Ribeiro et al.7 See Figure 1 for griseofulvin proton attributions.

  Silva et al.37 observed that, in aqueous solutions, P123 (E21P67E21) and F127 (E98P67E98) form micelles, while L121 (E5P68E5) form aggregates that eventually separate from the solution forming a crystalline liquid phase.37 This is due to the very low HLB of L121 (2.0) in comparison to that of F127 (HLB = 14) and that of P123 (HLB = 6.4).

  As already mentioned, E45S17 at 1 wt.% solutions shows turbidity, a behavior which seems similar to that reported for L121. This behavior is probably due the high hydrophobicity of the copolymers. Since the relative hydrophobicity between P and S unit in a diblock copolymer is 1:12, we found the EmPn copolymer equivalent to E45S17 and calculated the HLB of this copolymer in order to compare its hydrophobicity with that of L121 (E5P68E5). We found that E45P204 (12 × 17 units of S = 204) is the EmPn with a hydrophobicity equivalent to E45S17. The HLB of E45P204 is 2.8, only a little higher than that of L121.

  The graphs of scattering intensity versus hydrodynamic diameter for the copolymer E45S17 are in Figure 5. The wide unimodal peak found for E45S17 at 1 wt.% confirms the presence of agglomerates. The average diameter at 25 ºC for the copolymer E45S17 was 29 ± 3 nm at 0.1 wt.% with a polydispersity of 0.255 and 66 ± 2 nm at 1.0 wt.% with a polydispersity of 0.230, respectively. The average diameter at 25 ºC for the copolymer E45S8 was 19 ± 2 nm at 0.1 wt.% with a polydispersity of 0.200 and 17 ± 2 nm with a polydispersity at 1.0 wt.% of 0.091, respectively.
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  With the aim to evaluate the influence of E45S17 agglomerates on the solubilisation capacity, griseofulvin solubilisation experiments were also performed in 0.1 wt.% and 0.5 wt.% solutions of this copolymer. The results are shown in Table 4.

  The aggregation presented by diblock E45S17 adversely affects the solubility of griseofulvin. When the concentration of E45S17 is 0.1 wt.%, the aggregation phenomenon seems to be absent and relatively high solubilisation capacity is reached. The low cmc values of E45S17 (Table 2) ensures a virtually complete micellization at 0.1 wt.%. Observing the substantial increase of Scp in this concentration, we may infer that as the polymer concentration increases, the percentage of polymer molecules in aggregate form increases and the percentage of molecules in micellar form, available to solubilise the drug, decreases, causing a relatively low Scp for E45S17 at 1.0 wt.%.

  Micellar size measurements by light scattering were performed to evaluate if a co-micellization process took place in the binary mixtures of E45S17 and E45S8 with P123 at 1 wt.%. As shown in Figure 6, the appearance of a single peak for both mixtures instead of two peaks, confirm the formation of binary micelles in these systems.38 The values of hydrodynamic diameter for P123/E45S8 50/50 and 
    P123/E45S17 50/50 at 1 wt.% were 17 ± 1 nm with a polydispersity of 0.106 and 30 ± 3 nm with a polydispersity of 0.248, respectively.
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  Data of griseofulvin solubilisation obtained at 25 ºC using UV-Vis for diblock copolymers with similar ethylene oxide (Em) block length and different styrene oxide (Sn) block lengths are shown in Table 6. These data were used to plot a graph (see Figure 6) that shows the variation of griseofulvin solubilisation capacity (Sh) in relation to the number of S units (hydrophobic block length, n).

  The increase in hydrophobic block length (n) in the range 3.5-13 increased the drug solubility and the association micellar number (Nw). However, in the range 13-20, the increase in n leads to a decrease in solubilisation capacity Sh, with a more pronunciated effect in E45S17. Lee et al.39 reported that the formation of molecular aggregates observed for L121 copolymer promotes inefficiency of drug solubilisation. The smooth decrease observed for the copolymers S15E63, S17E65, S20E67 may be associated with a minimum %E, below which the increase of hydrophobic block length does not lead to an increase of solubilisation capacity Sh. For this copolymer series, this %E would be 62% (Figure 7).
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  In a previous study of a copolymer series of EnPmEn type, an increase on partition coefficient was observed as the temperature and the hydrophobic block (Pm) length increased.40

  The mixtures that showed the best Scp results were 
    P123/E45S8 50/50 and P123/E45S17 50/50, with values equal to 7.5 and 8.1 mg g-1, respectively, at 37 ºC.

  Pierri and Avgoustakis41 studied the encapsulation and release of griseofulvin from micelles of polylactide-polyethyleneglycol copolymers named as PLA(X)-PEG(Y), where X and Y are the molecular masses of the blocks in KDa. They found that PLA(4)-PEG(5) encapsulated only 6.5 mg of drug per g of copolymer, an amount lower than the Scp values at 37 ºC for E45S8, E45S17 and the mixtures P123/E45S8 50/50 e P123/E45S17 50/50.

  Cytotoxicity of polymers in human neutrophils

  The possible toxic effects of the polymers in human neutrophils were investigated by measurements of LDH activity in cell suspension. We found that diblock copolymers EmSn (E45S8 and E45S17) and Pluronic® P123 did not induce a significant increase in the LDH activity release by human neutrophils when compared with control group (DMSO 0.4%) (Figure 8). In addition, neither the binary mixtures of copolymers (P123/E45S8 50/50 and P123/E45S17 50/50, named in Figure 8 as P50/S8 and P50/S17, respectively) or their versions loaded with griseofulvin (P123/E45S8G and P123/E45S17G, named in Figure 9 as P50/S8G and P50/S17G, respectively) promoted the increase in the LDH activity (Figure 9). The measurement of LDH activity, enzyme present in the cell cytoplasm, is a marker of intact membrane with considerable sensitivity. In this study the polymers alone or associated with griseofulvin did not affect the cell viability assessed by LDH activity, suggesting the absence of toxicity on the cell membrane human neutrophils.
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  Conclusions

  The EmSn type copolymers studied, E45S8 and E45S17, and their mixtures with P123 showed low cmc values, an advantage to apply them as drug solubilizing agents for pharmacological applications.

  E45S17, with a weight percentage of poly(ethylene oxide) (%E) of 49%, formed insoluble/colloidal aggregates that limited the drug solubilisation capacity in comparison to E45S8 at 1.0 wt.%. In E45S17 0.1 wt.% solutions, this phenomenon seemed to be absent and a better solubilisation capacity was observed. An evaluation of data of solubilisation capacity Sh (weight of drug/weight of hydrophobic block) collected from the literature indicated that there is a minimum %E of 62%, below which the increase of hydrophobic block length does not lead to an increase of in Sh in EmSn type copolymers.

  Preliminary studies showed that the systems P123/E45S8 50/50, P123/E45S8 30/70 and P123/E45S8 50/50 presented thermoresponsive gelling properties provided by Pluronic® P123. Among the mixtures, the systems P123/E45S8 50/50 and P123/E45S17 50/50 showed the best solubilisation results. Considering these properties, these binary mixtures have the potential to be used in subcutaneous administration of drugs.

  Besides this, E45S8, E45S17, Pluronic® P123 and their mixtures did not affect the cell viability assessed by LDH activity, suggesting the absence of toxicity on the cell membrane human neutrophils, which supports the use of Pluronic® P123 and copolymers containing poly(styrene oxide) as drug solubilising agents in pharmaceutical formulations.
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    A method using dispersive liquid-liquid microextraction (DLLME) based on low density solvent (LDS) combined with liquid chromatography with diode array detection (LC-DAD) has been developed for determination of parabens. Some DLLME parameters such as kind and volumes of extraction and disperser solvents, pH of the aqueous samples, ionic strength, extraction, centrifugation and speed time, were investigated. The method exhibits good linearity (0.9990 to 0.9993), limits of detection (0.5-0.8 µg L-1), and limits of quantification (1.3-2.4 µg L-1). In optimum conditions, enrichment factors and recoveries of studied parabens obtained were 38.9 to 88.4% and 30.3 to 68.0%, respectively. Surface water samples collected from Mogi Guaçu River (São Paulo state, Brazil) were analyzed, showing average contents of methyl-, ethyl-, propyl-, and n-butylparaben of 8.0, 5.8, 13.1 and 15.1 µg L-1, respectively. This is the first study on parabens in a Brazilian River, in a long stretch of river (ca. 300 km of extension).
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  Introduction

  Parabens are widely used as antibacterial, antifungal and preservative agents in food and beverages, pharmaceutical and personal care products. Often these products contain two or more parabens as part of a preservative system.1-8 However, this group exhibit estrogenic activity and possible effects on the endocrine system of humans, aquatic and wildlife.1-6,8,9 It is believed that contamination of aquatic ecosystems by parabens depends on the geographical location (rural, urban or industrial region),6,8,10-12 weather conditions (dry or wet season),13 as well as proximity and efficiency, or inefficiency, of wastewater treatment plants.6,7,14,15 Most parabens are frequently found in river water at concentrations reaching from ng L-1 to µg L-1,6-8,10-15 and their levels depend mainly on the extent of water dilution resulting from rainfall.11

  The Mogi Guaçu River16 is located in Brazil, belonging to São Paulo and Minas Gerais states, covering approximately 377.5 km in São Paulo state, totaling 473 km in length. Near this river are located 43 cities, 38 in São Paulo state, with an estimated population of 1.43 million inhabitants. This river is dominated by agricultural activities like growth of maize, beans, potatoes, cotton, citrus, coffee, extensive plantations of sugar cane, as well as livestock and poultry. The main industries in this river region are food, pulp and paper, metallurgical, sugar mills, alcohol, distilleries, tanneries, ceramic industries and mining of sand.16 Like other rivers around the world,6-8,10-15 the water quality of the Mogi Guaçu River has been affected due to the discharge of treated and untreated wastes from industries and residences, throughout its stretch.

  Due to low levels of parabens in solid and liquid samples, the extraction and enrichment techniques are essential for the analysis of them.17 So, many methods have been developed for the extraction of parabens, such as dispersive liquid-liquid microextraction,4,18 supercritical fluid extraction,19 solid phase extraction,12,14,15,20,21 solid phase microextraction,22 stir bar sorptive extraction,23 among others.17 Furthermore, a variety of analytical methods have been used for determining trace concentrations of parabens in water, foods, pharmaceutical and personal care products like capillary electrophoresis,16,21 liquid chromatography (LC),1,4,11,12,21 and gas chromatography (GC).3-5,9,14,18,19,22-24

  Currently, special attention is devoted to the development of analytical methods for extraction and concentration of samples that is fast, efficiency and environmental friendly. Thus, in 2006, Rezaee et al.25 proposed dispersive liquid-liquid microextraction (DLLME). DLLME is an extraction and pre-concentration technique to prepare samples, based on miniaturization, low cost, high speed and low consumption of solvents and reagents.25 It is based on a dispersion of an extraction solvent (immiscible with water) and a dispersing solvent (miscible with water and extracting solvent) in an aqueous solution (sample), providing a large contact area between the aqueous phase and the extraction solvent.25 The extraction efficiency (EF) of DLLME is influenced by several factors, as types and volumes of extraction1-5,18,24-28 and disperser solvents,1,3,5,25,27,28 extraction1,4,18,24,25,28,29 and speed time,18 sample volume,3,18,28 pH,1,3-5,18,24,25 and salt addition.1,3,4,18,25-29 The DLLME has been applied to the extraction of various organic1-5,18,24-30 and inorganic pollutants,9,31,32 both in aqueous samples3,4,9 as in solid samples.9,18,33 Among these pollutants are parabens, which are esters of p-hydroxybenzoic acid.1-5,9

  The aim of this work is report an application of a dispersive liquid-liquid microextraction (DLLME) based on low density solvents (LDS) combined with liquid chromatography with diode array detector (LC-DAD) method for the simultaneous separation and determination of four parabens (methyl-, ethyl-, propyl-, and n-butylparaben) in river water samples. This method was applied in surface water samples, collected from Mogi Guaçu River, in São Paulo state, Brazil. No data are available in literature about chemical pollution by parabens in Brazilian rivers.

   

  Experimental

  Materials and methods

  Chemical and reagents

  The parabens studied were methyl- (MP, HOC6H4CO2CH3, purity > 99%), ethyl- (EP, HOC6H4CO2C2H5, 99%), propyl- (PP, HOC6H4CO2C3H7, > 99%) and butyl- (BP, HOC6H4CO2C4H9, > 99%), purchased from Sigma-Aldrich Co. (Steinheim, Germany). Sodium chloride (NaCl, 99.8%) was purchased from J.T. Backer (Xalostoc, Mexico); 1-octanol (C8H18O, 99.5%), chloridric acid (HCl, 37%), and sodium hydroxide (NaOH, 97%) by Synth (Diadema, Brazil) and chlorobenze (C6H5Cl, 99%) from Merck (Darmstadt, Germany). The LC grade solvents used were acetonitrile (CH3CN, 99.9%) purchased from Tedia (Fairfield, USA); acetone (CH3COCH3, > 99.9%) and methanol (CH3OH, 99.9%) both from Panreac Química S.L.U. (Barcelona, Spain). Water was previously distilled and further deionized using a Milli-Q system Millipore (Millipore, Bedford, MA, USA).

  The stock solutions (20000 µg L-1) were prepared by dissolving each paraben in methanol. The working solution (1000 µg L-1) containing them was prepared from stock solutions in methanol, and stored in amber flasks at 4 ºC.

  Samples

  Fourteen surface water samples were collected from Mogi Guaçu River (São Paulo state, Brazil), covering 300 km of extension. The cities where the samples were taken were: Guatapará, Rincão, Porto Ferreira, Cachoeira de Emas, Pirassununga, Martinho Prado, Mogi-Guaçu, and Itapira. Sampling sites and location details are shown in Figure S1 and Table S1 (Supplementary Information). Sites were selected to represent both rural and urban environments, avoiding sampling in the immediate effluent from any local discharges, thus allowing discharges to mix with river water.

  All samples (250 mL) were collected using a dark glass bottle, with subsequent addition of 0.5 mL of methanol (to avoid microbial activity) and sent to the laboratory. In the laboratory, the samples were filtered (removal of sand grains)3 through qualitative paper filter (Unifil, 80 g m-2) and then with a nylon membrane filter (Millipore, 0.45 µm × 47 mm), and stored at 4 ºC in dark glass bottle until extraction.

  Dispersive liquid-liquid microextraction

  The procedure of DLLME started with 10.0 milliliters of standard solution (containing 50 µg L-1 of each paraben) or real surface water sample been transferred into a 15.0 mL Falcon tube. Subsequently, 1.0 g of NaCl was added and the tube was shaken until the complete dissolution of the salt. Then a mixture of 0.1 mL of 1-octanol (extraction solvent) and 1.0 mL of acetone (disperser solvent) was rapidly injected into the solution using a 2.0 mL syringe (BD-Becton, Dickinson and Company, São Paulo, Brazil). The solution obtained was shaken by a vortex mixer (Ika, MS 3 Digital, Germany) for 2 minutes (2000 rpm) and then centrifuged for 5 minutes at 2000 rpm (Eppendorf Centrifuge 5702, Hamburg, Germany). The 1-octanol (density 0.82 g mL-1) with some aqueous phase, accumulated on the surface of the aqueous solution, was collected successively using a LC 0.025 mL glass microsyringe (Hamilton, Nevada, USA) until the end of all organic phase and transferred to a 0.25 mL polypropylene insert (Agilent, USA). From the two phase solution in the insert, approximately 0.09 mL of pure organic phase was collected and stored for further analysis by LC-DAD.34 Next, the lower aqueous phase was discarded. The DLLME steps are illustrated in Figure S2 (Supplementary Information).

  Calculation of enrichment factor and extraction recovery

  The enrichment factor (EF) and extraction recovery (ER) were calculated according to Rezaee et al.25 EF is defined as the ratio between the analyte concentration in the collected phase (Ccoll) and the initial concentration of analyte (Ci) in the sample solution (equation 1). Ccoll was obtained from calibration graph of direct injection of parabens standard solution in 1-octanol at the concentration range of 0.5 to 50 µg L-1.

  
    [image: Equation 1]

  

  The extraction recovery (ER, equation 2) is defined as the percentage of the total analyte amount (ni) which was extracted to the collected phase (ncoll).25

  
    [image: Equation 2]

  

  Vcoll and Vaq are the volumes of the collected phase and the aqueous solution respectively. The volume of the collected phase was determined using 0.025 mL glass microsyringe (Hamilton, Nevada, USA).

  Instruments

  The chromatography analysis was performed by Agilent 1200 series LC (Santa Clara, CA, USA) consisting of a 1311A Agilent quaternary pump, Agilent G1322A degasser, Agilent G1329A autosampler and linked to a Agilent 1315D diode array detector. The analytical methodology was adapted from Agilent Solutions Guide.34 The LC separation was achieved by means of an Agilent Zorbax SB-C8 reverse phase column (250 mm × 4.6 mm internal diameter (i.d.) and a 5 µm particle size) and an Agilent HC-C18 guard column (12.5 mm × 4.6 mm i.d.), with deionized water-acid acetic (99:1%, v/v) and methanol as the mobile phase. The isocratic elution mode was employed: 35% deionized 
    water/acid acetic and 65% of methanol, in 9 minutes, at a constant rate flow of 1.0 mL min-1. The injection volume was 0.02 mL, using wavelength of 258 nm to detected parabens, and the column temperature was 25 ºC.

  The pH measurements were performed using a pHmeter (model 8010, Qualxtron, Jundiaí, Brazil).

   

  Results and Discussion

  There are a lot of parameters that affect the DLLME performance and efficiency, such as sample volume,3,18,28 types and volumes of extraction1-4,18,24-29,33 and disperser solvents,1,3,5,25,27 pH of the aqueous samples,1,3-5,18,24,25,28 salt addition,1,3,4,18,25-29 extraction,1,4,18,24,25,28,29 centrifugation and speed time.18 In order to obtain the maximal enrichment factor, all these parameters were first optimized using deionized water as a sample solvent, spiked with 50 µg L-1 of parabens. All the experiments were carried out in triplicate.

  Optimization of DLLME-LDS conditions

  Selection of the extraction solvent

  The selection of the extraction solvent in dispersive liquid-liquid microextraction is one of the most important parameters that affect the efficiency of extraction. This solvent must be compatible with the chromatographic conditions, higher or lower dense than aqueous phase, insoluble in water, and have a large extraction capacity of the analytes.2,25,28,30

  Most of the applications of DLLME described in literature involve the use of high density chlorinated solvents such as chloroform, dichloromethane, carbon tetrachloride and chlorobenzene.1,3,24,25,27,28,30 However, these solvents are extremely toxic and environmentally inappropriate.4,18

  Extracting solvents such as ionic liquids9,29,33 or long-chain alcohols4,18,28,30 have been used for their lower toxicity to ecosystems. The long-chain alcohols, such as 1-octanol, 1-decanol, 1-undecanol, 1-dodecanol and 2-dodecanol are solvents of low density, floating on the aqueous phase.4,18

  Initially, this study aimed to evaluate the efficiency of chlorobenzene (density 1.11 g L-1) as extraction solvent.27 However, there were some difficulties to see and collect the chlorinated solvent from the biphasic solution, resulting on less than 65% of chlorobenzene collected from the sediment phase. Besides, this solvent is not compatible with the reverse-phase LC mobile phase (high density) and an extra step would be needed to evaporate it before final analysis.30

  As described previously,4,18 the use of 1-octanol in DLLME has provide good results as an extraction solvent lighter than water.28 Thus, using 1-octanol (density of 0.82 g mL-1)4,18 as extracting solvent, an average of 90% of the organic phase could be collected from the surface of the aqueous sample. Therefore, compared with chlorobenzene and due to its low toxicity, ease of observation and recovering, this alcohol was chosen as extraction solvent.

  Effect of volume of extraction solvent

  In DLLME the volume of extraction solvent can influence the formation of the dispersion,1,4,24-26,28 and have to be optimized. In order to study the effect of extraction solvent on the EF, the volumes of 0.05 to 0.11 mL of 1-octanol (increment 0.01 mL) were added to samples of deionized water containing parabens. By increasing the volume of 1-octanol from 0.05 to 0.10 mL, the volume of collected phase increased from 68% (0.034 mL) to 95% (0.095 mL). However, when 0.11 mL of 1-octanol was utilized, the volume collected decreased to 88% (0.097 mL). As shown in Figure S3 (Supplementary Information), the best EF of parabens was observed when 0.10 mL of 1-octanol was used. Therefore, this was the volume selected in order to obtain higher EF and ER.

  Effect of sample volume

  In DLLME an increase in sample volume can enhance the amount of analytes transferred to the organic solvent, which improves the detectability (analytical signal increase).1,18,28 To examine this effect, the sample volumes tested for the extraction of parabens were 5.0 to 12.0 mL (increment 1.0 mL). The results indicate that when sample volume increases from 5.0 to 10.0 mL (Figure 1) the EF of parabens increases. However, raising the sample volume from 11.0 to 12.0 mL resulted in a small decrease of the EF, probably due to decrease in the volume ratio of organic phase/aqueous phase.1,18,28 It was found that the largest EF was obtained when 10.0 mL of water sample solution was used, because the equilibrium between the analytes and the organic phase (0.10 mL of 1-octanol) was achieved. On basis of these results, 10.0 mL was selected as the optimum sample volume.
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  Effect of the type and volume of disperser solvent

  The miscibility of disperser solvent, either in aqueous or extraction phase, is the main characteristic to obtain a good EF.1,3,5,25,27,28 Consequently, in this work, the ability of acetone, acetonitrile and methanol as disperser solvent was investigated. According to Figure S4a (Supplementary Information), when acetonitrile and methanol were used as dispersive solvent, the EF were lower than using acetone. So, the best EF of parabens was obtained when acetone was used as disperser solvent, and, besides its capacity of high recovery of analytes, this solvent is also low cost and eco friendly.

  The volume of disperser solvent is a parameter that also has to be optimized when using the DLLME.1,3,5,25,27,28 The variation of the volume of dispersive solvent can affect the formation of emulsion system (water/1-octanol/acetone), which can influence the dispersion conditions of the extraction solvent in aqueous phase.25 So, the effect of the disperser solvent was tested for five volumes of acetone ranging from 0.25 to 1.25 mL (increment 0.25 mL, Figure S4b, Supplementary Information). With small volumes of dispersive solvent, the EF was not satisfactory, because the extractant cannot disperse uniformly in the aqueous phase. Thus the volume of 1.00 mL was chosen for the dispersive solvent.

  Effect of sample pH

  The pH of aqueous solution is an important parameter that might affect the EF in the DLLME.1,3-5,18,24-26,28,29 The charge and the lipophilic character of parabens can be affected by changing the pH, which can cause the protonation of the oxygen atom (pH < 3) or deprotonation of the hydroxyl group (pH > 7).11 Therefore, the effect of sample pH on the EF of the parabens from aqueous samples by DLLME was studied ranging from 2.0 to 8.0 (pH increment 1.0).

  The adjustment of the pH of the samples was made with 0.05 mol L-1 of HCl or 0.05 mol L-1 of NaOH. As shown in Figure 2, the EF remained nearly constant from pH 3.0 to 6.8. Below pH 3.0, a decrease of EF occurs due to the hydrolysis of ester group of parabens.2 On the other hand, at pH > 7 the EF decrease because the parabens (pKa from 8.17 to 8.37) are in ionic forms and cannot be extracted by organic solvents.7,18 The original pH of all the collected river water samples was approximately 6.8 ± 0.2. So, for these experiments, there was no need for pH adjustment.
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  Effect of salt addition

  In general, the salt addition to the solution decreases the solubility of analytes in the aqueous phase and enhances their extraction into organic phase.1,4,18,25,26,28,29 To evaluate the ionic strength effect on EF of parabens in the DLLME, experiments were conducted at different NaCl concentrations in the water sample solutions. NaCl content was increased from 0 to 20% (m/v), with increments of 5% (Figure 3).
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  The results given in Figure 3 indicate that the increase in salt concentration, from 0 to 15%, rise the EF of four parabens and it also increased the volume of organic phase collected from 50% to 92%, respectively. Increase of NaCl concentration above 15% caused a gradual decrease in the EF and, consequently, in the volume of the organic phase collected. On basis of these results, 10% of NaCl was chosen in subsequent experiments.

  Effect of extraction time

  The extraction time is the time interval between the injection of the disperser and extraction solvents mixture and the centrifugation. The influence of the extraction time in the DLLME depends on the analytes and solvent system.1,3-5,18,24,25,28,29 So, this parameter was studied in the extraction of parabens. After the addition of the mixture of 1-octanol (extraction solvent) and acetone (disperser solvent), the sample solution was shaken by a vortex mixer for a series of extraction times, ranging from 0 to 5 min (increment 1 min). The results demonstrated that the extraction time increased the EF (Figure S5, Supplementary Information), where greatest quantities of parabens were transported into the organic phase and the equilibrium was achieved within 2 minutes. So, the samples were shaken for 2 minutes before being centrifuged.

  Effect of centrifugation time and speed

  Centrifugation step is necessary to make the complete separation of the aqueous phase from the organic phase.5,18 Thus, the influence of centrifugation time in the DLLME was tested in the range of 1 to 10 minutes (1, 3, 5, 8 and 10 minutes). Figure S6a (Supplementary Information) shows that the EF increases slightly with the increasing centrifugation time and remains practically constant after 5 minutes. This is because, after complete separation of organic phase from sample solution, longer centrifugation time cannot play any effect.2 Therefore, 5 minutes centrifuging time was selected in the experiments.

  The centrifugation speed was evaluated, with speed ranging from 1000 to 4000 rpm (Figure S6b, Supplementary Information). The results reveal that the EF increases with increasing of speed and reach a plateau in 2000 rpm. So, 2000 rpm was therefore selected as the optimum centrifugation speed.

  Analytical figures of merit

  The analytical figures of the proposed method for all studied parabens were evaluated under the optimized condition, following the ICH guideline.35 The characteristics analyzed were linear range (LR), square of correlation coefficient (R2), limit of detection (LOD), limit of quantification (LOQ), relative standard deviation (RSD), enrichment factor (EF), and extraction recovery (ER, %). The results are summarized in Table 1. Square of correlation coefficients (R2) ranged from 0.9990 to 0.9993. The LOD and LOQ were determined based on the signal-to-noise (S/N) ratio being 3:1 and 10:1,35 respectively, where the LOD ranged from 0.5 to 0.8 µg L-1 and LOQ ranged from 1.3 to 2.4 µg L-1. The RSD was studied in three replicate analyses of the spiked water sample, ranging from 6.3 to 8.3%, showing good repeatability of the method. The EF and ER ranged, respectively, from 38.9 ± 5.2 for MP to 88.4 ± 9.9 for PP, and from 30.9% ± 3.9 for MP to 68.0% ± 7.6 for PP (Table 1).
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  Comparison of proposed method with other methods

  The performance of DLLME-LDS and LC-DAD method is summarized in Table 2 and compared with literature data. Comparing the LOD and LOQ values obtained with different analytical techniques, the proposed method showed improved sensitivity in relation to LODs obtained in dispersive liquid-liquid microextraction based on low density solvent liquid chromatography with diode array detection (DLLME/GC-FID),18 supercritical fluid extraction on-line headspace solid-phase microextraction combined with gas chromatography-mass spectrometry (SFC-HS-SPME-GC-MS),19 and stir-bar sorptive extraction combined with gas chromatography-mass spectrometry (SBSE/GC-MS)23 methods, and was comparable to that achieved in dispersive liquid-liquid microextraction combined with liquid chromatography with ultraviolet detection (DLLME/LC-UV).4 Moreover, the results show that extraction time in DLLME is very short (2 minutes) and also that extraction equilibrium is achieved very quickly. That's because the abundant contact surface of fine droplets and analyte speeds up mass transferring processes of analytes from aquatic phase to organic phase.17
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  However, the recoveries in DLLME were lower than those of other methods.14,19,23 This may be caused by the use of dispersive solvent, which usually decreases the partition coefficient of analytes into the extraction solvents.17 Despite this, the method is very simple, does not need any complex or expensive instrument, like SPE,14 SFC-HS,19 SPME,22 and SBSE,23 and requires a small amount of sample. Thus, the DLLME is a promising sensitive, rapid, repeatable and suitable alternative to the traditional techniques for sample preparation when analyzing parabens.

  Real sample analysis

  The proposed method was applied to determine MP, EP, PP and BP in the 14 surface water samples collected from Mogi Guaçu River (São Paulo state, Brazil). Figure 4 shows a typical chromatogram, obtained by DLLME-LDS and LC-DAD, for the target analytes in the unspiked and in the spiked (250 µg L-1) real surface water samples. It can be noted by the chromatograms (Figure 4) that there is a good separation between studied parabens (MP, EP, PP and BP), and no interfering compounds were observed in surface water samples.
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  The samples were quantified using calibration curve (external calibration), constructed following the ICH guideline,35 using solutions of deionized water spiked with 0.5 to 50.0 µg L-1 of parabens, which were previously extracted by DLLME-LDS, according to procedure described in Experimental section. Table 3 shows the city (site), contents, average contents and the sum of the concentrations of methyl-, ethyl-, propyl- and n-butylparaben, in all 14 surface water samples analyzed. The highest sums of concentrations were found in the following sampling sites: Mogi Guaçu 10 (60.8 µg L-1), Mogi Guaçu 13 (56.9 µg L-1) and Pirassununga 7 (45.6 µg L-1). In other sampling sites, the sum of the concentrations were below 24.0 µg L-1, ranging from < LOD (Itapira 14) to 23.8 µg L-1 (Cachoreira de Emas 5).
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  Like this, some studies already have reported the presence of parabens in aquatic environments (Table S2, Supplementary Information).6-8,10-15 In this study (Table 3), the average concentrations of parabens were 8.0 µg L-1 for MP, 5.8 µg L-1 for EP, 13.1 µg L-1 for PP and 15.1 µg L-1 for BP, and these values are higher than in some manuscripts previously reported (Table S2, Supplementary Information). Probably, these higher parabens levels reflect the different economic activities along the Mogi Guaçu River (agribusiness, vegetable oils, drinks, meatpacking, pulp and paper industry) as well as disposal of treated or untreated sewage and wastewaters from the cities and industries, located near or on the edges of the river. In addition, it is believed that the drought period, that reached the São Paulo state in 2014,36 may have contributed to the low volume of water in the Mogi Guaçu River, and consequently letting the river water less diluted, showing parabens contents in the order in µg L-1.

   

  Conclusions

  A DLLME-LDS and LC-DAD procedure was developed and applied in the extraction and analysis of four parabens (MP, EP, PP and BP) in surface river water samples. The DLLME using 1-octanol as the extraction solvent shows many advantages like being simple, fast, environmental-friendly, cost-effective, have very little solvent consumption in extraction, use of small sample volume and short analysis time. In optimum conditions, enrichment factors and recoveries of studied parabens were obtained in the range of 38.9 to 88.4% and 30.3 to 68.0%, respectively. The DLLME-LDS and LC-DAD method was applied in real surface river water samples collected on Mogi Guaçu River (São Paulo state, Brazil), showing average contents of 8.0, 5.8, 13.1 and 15.1 µg L-1, for MP, EP, PP, and BP, respectively. The high levels of parabens in waters from Mogi Guaçu River can probably be explained by contamination from household sewage, industrial effluents and for the long period of drought. By our knowledge, this is the first report of these parabens in a long stretch of a Brazilian River (ca. 300 km of extension).

   

  Supplementary Information

  Supplementary Information is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Nucleation and growth mechanism of iron oxide nanoparticles on zeolite template and their stability dependence are reported. Hyperfine field resulting from the variation of particle size indicates the effect of zeolite on particles growth; particle size decreases at lower concentration of zeolite. At higher concentration, a fraction of nano Fe3O4 experiences hyperfine field (45 and 49 T) similar to bulk particles. Effect of incubation and digestion time on the particles growth and the binding effect with zeolite are discussed. Annealing treatments show that the binding of nanoparticles with zeolite stabilizes the nanoparticles with regard to agglomeration and structural transformation. Thermogravimetry-differential thermal analysis (TG-DTA) shows that increase in dehydration temperature from 335.1 to 351.7 K results in zeolite content increasing from 0 to 1000 mg. Weight loss of the particles prepared in incubation time of 0.5 min is 9.46% and reaches 13.9% in 240 min. The weight loss remains practically constant at ca. 9% irrespective of the digestion method.
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  Introduction

  Magnetic iron oxide (Fe3O4 and γ-Fe2O3) nanoparticles have significant importance in magnetic and catalytic industries. It is reported to have been used in miniaturization of devices, drug delivery, hyperthermia, heavy ion separations and batteries, etc.1-4 Various methods such as co-precipitation, sol gel and solvothermal, etc., have been adopted to synthesize magnetic nanoparticles.5-7 Large particle size distribution and low magnetism of nanoparticles are of concern for applications. In parallel to the functionality of the iron oxide nanoparticles, stability is an important issue. Agglomeration hinders the functionality of the nanoparticles.8 Thermal treatment of the nanoparticles results in the magnetic and structural transformation. This restricts their application at elevated temperature ambience. To improve the desired properties, nanoparticles were synthesized on a template, which possesses uniform and monodisperse fine pores.9 Various templates exist for synthesis of nanoparticles. In the present study, zeolite 13x has been used as it has uniform pores with specific charge affinity sites, which act as nucleating centers of the nanoparticles.10 Tetrahedral groups of SiO4 and AlO4 are the basic units with Si and Al at the center of the tetrahedron. Each AlO4 tetrahedral group has an uncompensated charge and therefore a positive ion such as Na+, Ca2+, etc., occupies site near AlO4 in the course of formation. The stoichiometric formula for zeolite 13x10 is Na86[(AlO2)86(SiO2)106].264H2O. It consists of two major cages known as β-cages and α-cages. These cages act as the host for the external agents like H2O, transition ions and nanoparticles.

  Zeolite, being a nontoxic material, is often used as carrier of drugs, e.g., doxorubicin.11 It has been a promising candidate for bioengineering and catalysis technology.12-14 Zeolites doped with magnetic elements/compounds have also been an important species for various technological applications.15-17 Therefore, the iron oxide/zeolite will lead to a multifunctional material which can be used in both biological and non-biological applications. Transition metals and oxides were grown on zeolite using various techniques, such as wet impregnation, chemical vaporization and physical methods.18-21 The metals or oxides grown in zeolite using wet chemical methods occupy the pores.22 Zeolite can uptake up to 2 wt.% of the transition metal inside the network without significant modification of the structure.22 Numerous studies have been reported on zeolite incorporated with Fe atoms, but studies on the growth of iron oxide on zeolite and the functionality of the composites could not be found. The thermal stability of the iron oxide on the phase transformation has been of scientific interest.23-25 Stability has been improved by doping of transition metals and capping with organic and ceramic materials.26 Capping prevents the surface interaction with targets leading to reduction in the catalytic properties. Bare and stable nanoparticles with tuned particle size are necessary for wide range of applications.

  In the present study, composites of iron oxides and zeolites have been synthesized using wet chemical method. The structural, thermal and magnetic properties have been studied by Mössbauer spectroscopy, X-ray diffraction, thermo gravimetry-calorimetry, and transmission electron microscopy.

   

  Experimental

  Material synthesis

  The synthesis of nanocomposites of magnetic iron oxide and zeolite 13x were carried out through a modified wet chemical method. An aliquot of 20 mL of FeSO4.7H2O (0.2 mol L-1) and 20 mL of FeCl3.6H2O (0.4 mol L-1) were mixed under vigorous stirring at 90 ºC followed by addition of NaOH (2 mol L-1) solution for precipitation of Fe3O4 nanoparticles. The pH of the solution was maintained higher than 10 with rapid addition of NaOH so as to decrease the possibility of hydroxide formation.27 The precipitated magnetic iron oxide nanoparticles were separated using a permanent magnet and washed several times with water and acetone for removal of inorganic and organic impurities, respectively. The composites were prepared in three different ways by varying (i) the concentration of zeolite 13x, (ii) the incubation time of zeolite in the precursor solution before precipitation of iron oxide and (iii) controlling the effective digestion time of nucleated iron oxide by tuning the addition time of zeolite after precipitation. Each of these methods is described in detail below.

  (i) Variation of zeolite 13x concentration

  In order to observe the effectiveness of zeolite concentration on the size and magnetic properties of iron oxide nanoparticles, different concentrations of dehydrated zeolite 13x (annealed at 523 K for 2 h) were mixed in the precursor solution at 320 rpm for 15 min. These samples are denoted as MxZ (where x represents the amount of zeolite 13x added in mg).

  (ii) Variation of incubation time

  Incubation time is one of the key parameters to control the particle size and morphology. The incubation time of zeolite in precursor solution was varied as 0.5, 60 and 240 min before addition of NaOH to precipitate Fe3O4 nanoparticles. The concentration of zeolite 13x was maintained at 150 mg of zeolite and the digestion time after precipitation was maintained at 30 min. The samples prepared in this process were denoted as Ix (x: time in min).

  (iii) Variation of digestion time

  Controlling the growth of nanoparticles by addition of capping agent is a standard process.28 Zeolite, being a cationic affinity material, has a tendency to restrict the growth of freshly nucleated Fe3O4 nanoparticles. In this process, the zeolite 13x was added to the precipitated solution after 0.5, 5 and 30 min of NaOH addition. The concentration of zeolite was fixed at 150 mg. The samples prepared in this process are denoted as Dx (x: time in min).

  Characterization techniques

  X-Ray diffraction (XRD) was performed using RIGAKU Ultima IV diffractometer with Cu-Kα as radiation source and Ni-filtered with cross beam optics (CBO) monochromator; operating voltage 45 kV at 15 mA. The measurements were performed in steps of 0.05 and the scan rate of 2º min-1. Transmission electron microscopy (TEM) images were obtained using a microscope (JEOL, model 1011) to determine the morphology, the mean particle size and the size distribution. The Mössbauer spectra were recorded with a constant acceleration transducer coupled to 57Co in Rh matrix source with an initial activity of 25 mCi in the standard transmission geometry. The velocity calibration per channel was done with a 1.9 mg per 57Fe cm2 iron foil. Thermogravimetry (TG)/derivative thermogravimetry (DTG) and differential thermal analysis (DTA) experiments were performed in a thermo-balance Shimadzu DTG-60H. TG/DTG curves of samples were carried out under oxidant atmosphere (30 mL min-1) using a Pt pan. For all samples, the mass used was approximately 7 mg, and a heating rate of 10 K min-1 was employed between 298-1073 K. The dehydration and phase transformation temperatures were determined by DTG and the heats of exothermic and endothermic processes were determined by DTA.

   

  Results and Discussion

  XRD patterns (Figure 1) confirm the nanoparticles to be cubic iron oxide (Fe3O4/γ-Fe2O3). The average particles size of M0Z (pure Fe3O4) was calculated to be 9 nm using Scherer formula. At lower concentration of zeolite 13x, a decrease in the Fe3O4 particle size (M25Z: 6 nm, M50Z: 6.5 nm and M75Z: 6 nm) is observed which increases to 10.6 nm in the presence of 100 mg of zeolite. On further increasing the zeolite concentration to 180 (M180Z) and 200 mg (M200Z), the particle size decreases to 8.5 and 3 nm, respectively. Due to sharp decrease in particle size, the peaks corresponding to the diffraction pattern from crystal planes get broader with increase in zeolite concentration. The lattice parameter of the pure Fe3O4 is 0.836 nm in agreement with the reported value of Fe3O4 (0.838 nm).25 Zeolite phase was observed along with iron oxide only for sample M1000Z (1000 mg of zeolite). Low intensity diffraction peak from the (642) crystal plane of zeolite was observed in sample M500Z which sharply increases for sample M1000Z and dominates over the (533) peak which happens to be most intense peak of pure zeolite. It has been attributed to the incorporation of iron oxide nanoparticles which affects the crystal structure of zeolite. The XRD peaks of Fe3O4 after addition of zeolite is due to superposition of small size nanoparticle nucleated in the pores and the bigger particles residing on the surface, resulting into broad basal and sharp peaks.

  
    

    [image: Figure 1. (A) X-ray diffractographs]

  

  Figure 1b shows the XRD pattern of the samples nucleated after 0.5 min of incubation (I0.5) and samples synthesized with 30 min of digestion time (D30). The diffraction pattern confirms presence of pure spinel iron oxides. Sample I0.5 shows the presence of weak and broad features of zeolite whereas sample D30 shows presence of sharp crystalline peaks of zeolite. This can be attributed to the amorphization of zeolite due to nucleation of the nanoparticles from the uncompensated cationic affinity sites of the zeolite.29 However, the crystal structure of zeolite remains unaffected when the nanoparticles were nucleated and adsorbed on the zeolite surface. The amorphization of the zeolite is attributed to the strain developed during nucleation of nanoparticles.

  Figure 2a shows the TEM image of the sample M0Z confirming the near to spherical shape of the nanoparticles with high monodispersity. Particle size distributions obtained from the TEM image analysis of M0Z shows particles are 14% of 4-8 nm, 54% of 8-12 nm and 32% of 12-20 nm. Figures 2c and 2d represent the high resolution (HR) TEM of M250Z and M1000Z, respectively.

  
    

    [image: Figure 2. TEM image]

  

  Regular atomic patterns with interplanar spacing 0.25 nm representing the (311) plane of Fe3O4 and diameter of 3 to 7 nm were observed. These regular interplanar spacing were absent in M1000Z. This is due to the reduction of Fe3O4 particles on the surface of zeolite. The XRD pattern observed in M1000Z is understood from the particles inside the pores.

  Figure 3 shows the Mössbauer spectra of sample M0Z least square fitted to four sextets and a doublet, and Table 1 depicts the least square fitted Mössbauer parameters. The doublet represents the superparamagnetic particles (4 to 8 nm) which is 7% of the total area. The sextets (hyperfine field of 14.3 and 34.8 T) with area 61% can be assigned to the particles in the range of 8 to 12 nm. The remaining two sextet subspectra with internal magnetic fields of 45.6 and 41.1 T represent the Fe atoms of tetrahedral and octahedral sites of spinel Fe3O4 in the size range of 12 to 20 nm. The percentages of area fraction of different particle size from Mössbauer analyses (Table 1) are in good agreement with TEM analysis.

  
    

    [image: Figure 3. Room temperature Mössbauer spectra]

  

  It is reported that zeolite possesses selective adsorption due to its unique porous structure and presence of uncompensated charge (AlO4 units).30 Dissolution of zeolite in the precursor solution results in adsorption of Fe2+/Fe3+ into the α and β cages with the excess 
    Fe2+/Fe3+ ions remaining freely in the solution. The growth of the nanoparticles nucleated from the Fe2+/Fe3+ ions adsorbed inside the pores were restricted to the size of cage (maximum pore size in zeolite 13x is 13 Å) which results in the superparamagnetic doublet in Mössbauer spectra. The Fe3O4 nanoparticles nucleated from the freely remaining Fe2+/Fe3+ ions in solution undergo agglomeration which is reflected from sextet components.

  The superparamagnetic doublet increases with the increase of zeolite which is attributed to the higher adsorption of Fe2+/Fe3+ ions into the pores (α and β cages) of zeolite. The Mössbauer spectra of samples M180Z and M200Z show presence of 75 and 100% superparamagnetic nanoparticles, respectively (Table 1). Above this concentration of zeolite, the particle size was found to remain almost constant (2-3 nm) indicating saturation of adsorption.

  
    

    [image: Table 1. Least square fitted Mössbauer parameters]

  

  Mössbauer parameters as a function of zeolite concentration (Figure 4) have been categorized into four different zones. In zone I the superparamagnetic component increases from 7 to 20% with introduction of 25 mg of zeolite and the net area of the tetrahedral and octahedral sites reduces to 8% along with decrease in the mean hyperfine field. These variations of the above parameters clearly indicate decrease in the net particle size distribution. In zone II the mean hyperfine field (<Bhf>) remains constant. Reported neutron scattering31 on the different particle size of Fe3O4 shows that the magnetic moment at the octahedral site is more affected than tetrahedral site with decrease in particle size. Therefore, the octahedral components of M25Z, M50Z and M75Z samples were possibly overlapped with surface component spectrum due to smaller particle sizes as the octahedral component may not have been resolved. The hyperfine field of octahedral sites is assumed to be 0 T for illustration. However, the area of superparamagnetic doublet increases with zeolite concentration. Zone III shows slight increase in the area of superparamagnetic, tetrahedral and octahedral components. The <Bhf> values remain constant but the internal magnetic field of tetrahedral and octahedral sites increases monotonically. In Zone IV the superparamagnetic component increases with compensation to the decrease in octahedral and tetrahedral component. But the internal magnetic field experienced by the tetrahedral and octahedral Fe is larger than the pure Fe3O4. Variation of all these parameters can be attributed to the decrease of area which corresponds to the larger Fe3O4 particles.

  
    

    [image: Figure 4. (a) Superparamagnetic]

  

  It is reported that zeolite attracts the ions and charged surface nanoparticles with electrostatic field from specific cationic sites.32 In low concentration, i.e., 25-75 mg of zeolite, only limited Fe ions are exchanged and small amounts of Fe3O4 are nucleated at the pores. In the precipitated solution nearly 20% of the precipitated iron oxide nucleated in the pores of zeolite. This reduces the concentration of free Fe3O4 and hence the probability of interaction reduces, which results in lower particle size from 9 to ca. 6 nm. The electrostatic field intensity emitted from the zeolite is lower than the threshold force to attract the free iron oxide nucleated in the solution.

  This prevents the agglomeration of the free Fe3O4 on the surface of the zeolite. At higher concentrations of zeolite (100-180 mg), intense electrostatic field attracts the free Fe3O4 nanoparticles dispersed in the solution. These nanoparticles are attached to the surface of zeolite then agglomerates giving larger particles (low fraction) experiencing higher internal magnetic field than the pure Fe3O4 nanoparticles. On further increase in the zeolite concentration to 200 mg, the amount of zeolite becomes sufficient to nucleate all the Fe ions to Fe3O4 at the pores of the zeolite leading to sharp decrease in particle size to 3 nm. The Mössbauer spectra (Figure 5a) of the sample I0.5 consist of 51% superparamagnetic doublet contributed by the nanoparticles of less than 10 nm nucleated from the pores. The remaining 49% exhibiting sextets are from the particles of larger size nucleated on the surface.

  
    

    [image: Figure 5. (A) Mössbauer spectra]

  

  Samples I60 and I240 show presence of 76 and 100% superparamagnetic particles, respectively. It is reported that Na+ ions present in zeolite can be exchanged by transition metallic cations such as Mn2+, Cu2+, Co2+ and Zn2+, etc.33 As the incubation time increases, the Fe2+ or Fe3+ ions get exchanged with Na+ ions residing even at the hexagonal connection of the tetrahedral units of AlO4 and SiO4. Zeolite 13x has uniform pores with maximum diameter of 1.3 nm, with a window size of 0.8 nm (α-cage).10 Other pores that exist of 0.6 nm diameters with window size 0.22 nm are known as sodalite unit (β-cage). β-Cage is more difficult to access than α-cage and hence increasing the incubation time will provide sufficient time for the Fe2+ or Fe3+ ions to diffuse through the β-cage. Therefore, in the low incubation time (30 s), the Fe2+/Fe3+ions exchange with the Na+ ions is significantly less resulting in the formation of nearly 51% of the superparamagnetic Fe3O4. The remaining Fe3O4 nanoparticles agglomerate and are adsorbed on the surface of zeolite. Increase in incubations leads to diffusion of more Fe2+/Fe3+ ions into the pores of the zeolite leading to higher fraction of superparamagnetic nanoparticles.

  Figure 5b shows Mössbauer spectra of the samples D0.5, D5 and D30. The fitted parameters are shown in Table 2. The particles nucleated and attached to zeolite after 0.5 (D0.5) and 5 (D5) min of digestion time show similar superparamagnetic area (19%) and hyperfine field (ca. 36 T). This indicates that the nanoparticles are of similar particle size. Further increasing the digestion time to 30 min (D30) leads to higher mean field (38.9 T) and lower superparamagnetic doublet (7%) which is coarsening of the nanoparticles.

  
    

    [image: Table 2. Least square fitting Mössbauer parameters]

  

  Zeolite 13x has maximum pore size of 1.3 nm and the iron oxide nanoparticles precipitated before addition of zeolite are larger in size than the pores of the zeolite (α-cage). Therefore, the precipitated Fe3O4 nanoparticles get adsorbed on the surface of the zeolite. Addition of zeolite slows down the Oswald ripening process leading to formation of larger particles. Saturation of Oswald ripening beyond the digestion time of 5 min in the chemical synthesis of Fe3O4 is reported.31 In the present case, it has been observed that beyond 5 min Oswald ripening continues leading to further agglomeration.

  High temperature thermal stability of Fe3O4 nanoparticles has been studied in recent years for high temperature applications. Pure Fe3O4 nanoparticles undergo phase transition from γ-Fe2O3 to α-Fe2O3 around 773 K.26 To observe the effect of incubation time and digestion time, I0.5 and D0.5 samples were annealed at various temperatures for 2 h and the corresponding Mössbauer spectra are shown in Figure 6. Mössbauer spectra of sample D0.5 annealed at 823 K shows conversion of only 3% of Fe3O4 to α-Fe2O3. This annealing temperature is 50 K higher than the complete structural transformation temperature in pure Fe3O4 (773 K).26

  
    

    [image: Figure 6. Mössbauer spectra]

  

  In the sample I0.5, no structural transformation was observed till 873 K. The onset of structural phase transformation was observed at 923 K, where only 8% of α-Fe2O3 was found (Table 3). The difference in the Fe3O4 to α-Fe2O3 transition temperature and the agglomeration of the nanoparticles reflected in the area of the sextet signifies that the binding energy of Fe3O4 nanoparticles on the surface is comparatively low.
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  Figure 7 shows the thermal stability of the nanoparticles. Evolution of two endothermic peaks at 343 and 418 K is due to two different binding energies of H2O as shown in Figure 7a. As the Fe3O4 nanoparticles were loaded, the second peak contributed from the dehydration of the pores disappeared as the Fe3O4 occupies the pores of zeolite. Figure 7b shows the increase in the endothermic peaks as zeolite concentration increases. The endothermic peak or binding energy of surface H2O in pure Fe3O4 is less than the zeolite. Therefore the increase in the peak position is due to the partial binding of H2O with zeolite surface which was masked by Fe3O4 that segregates outside the pore. The free surface of zeolite increases as the concentration of zeolite increases leading to the increase in the binding energy. In sample M250Z, the endothermic peak is greater than the first endothermic peak of pure zeolite. This is attributed to the hybridization of the binding center providing a higher energy but the pore is partially occupied providing space for the H2O to reside in the entrance of the pore.

  
    

    [image: Figure 7. (A) DTA curve]

  

  Figure 8a shows the variation of weight due to dehydration as a function of digestion time. The weight of the sample decreases as the digestion time increases along with shift of the endothermic peak position of dehydration towards lower temperature. This can be attributed to the fact that nanoparticles obtained with lower digestion time enter the pores leaving the free zeolite surface for H2O to get attached with a stronger bond. Figure 8b shows the change in weight and endothermic peak position as a function of incubation time. The mechanism of nanoparticles growth on the surface and pores of zeolite is in agreement with the TG-DTA results of the samples synthesized with different incubation times. At low incubation time (0.5 min), nearly 49% of the nanoparticles remain on the surface of the zeolite (as observed in Mössbauer spectra) which reduces the number of H2O molecules attached to the composites which is reflected in the weight loss and endothermic peak. As the incubation time increases the quantity of nanoparticles in the pores increases providing more zeolite surface to interact with H2O. Therefore, the weight loss increases from 9.4 to 13.9% as the incubation time increases from 0.5 to 240 min.

  
    

    [image: Figure 8. (a) Weight loss]

  

  Figure 9 shows the schematic of the nucleation, growth and adsorption of Fe3O4 nanoparticles in the presence and absence of zeolite. Figure 9a shows that pure Fe3O4 seeds undergo agglomeration during synthesis resulting in larger particle size and high dipole-dipole interaction. The nanoparticle further nucleates along with structural phase transformation showing bulk hyperfine properties for annealing above 773 K. Figure 9b shows the surface-surface interaction of Fe3O4 nanoparticles with zeolite and depicts the nanoparticles attached to zeolite as a result of coulombic interaction in the digestion method.34,35 Figures 9c and 9d show the effect of incubation time on thermal stability of Fe3O4 nanoparticles. Incubation provides larger fraction of nanoparticles in the pores of zeolite resulting in the increase in the superparamagnetic doublet.

  
    

    [image: Figure 9. Schematics of the growth of nanoparticles]

  

  The electrostatic interaction between the nanoparticles and the zeolite enhances the thermal stability. In this case a higher thermal treatment (above 773 K) is required to agglomerate the nanoparticles as well as higher activation energy for structural transformation to α-Fe2O3. Surface adsorbed nanoparticles improve the thermal and chemical stability. Stability can further be increased by increasing the binding energy of the nanoparticles with zeolite. This higher binding energy can be achieved only by growing the nanoparticles from the pores of the zeolite. When the zeolite is dispersed in the precursor solution, the Na+ ions get replaced by Fe2+/Fe3+ ions and nucleation takes place from the pores. In this case the nanoparticles get untrapped from the pores and grow only above 923 K.

   

  Conclusions

  Superparamagnetic iron oxides were synthesized in the presence of zeolite. Particle size decreases at lower concentration (25-75 mg) of zeolite. With further increase in the zeolite concentration (100-180 mg), Fe3O4 particles on the surface exhibits bulk magnetic properties. Nucleation on the surface in the case of digestion method maintains the crystal structure of the zeolite 13x. Amorphization takes place as the magnetite nanoparticles nucleates from the pores (incubation method). A binding energy exists within the nanoparticles and zeolite which stabilized the nanoparticles as compared to pure magnetite nanoparticles. Nanoparticles grown on the surface have lower thermal stability compared to the nanoparticles grown in the pores.
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    Tris-heteroleptic ruthenium(II) cis-[Ru(Me4-phen)(dcbH2)(NCS)2], where Me4-phen = 3,4,7,8-tetramethyl-1,10-phenanthroline, dcbH2 = 4,4'-dicarboxylic acid 2,2'-bipyridine, was synthesized, purified and characterized. Its characteristics were compared with those determined for cis-[Ru(Me2-phen)(dcbH2)(NCS)2] and cis-[Ru(phen)(dcbH2)(NCS)2] aiming to evaluate the effect of the number of methyl groups on the properties of the compounds. Changes in the Fourier transform infrared (FTIR) and 1H nuclear magnetic resonance (NMR) spectra indicated a modification in the electronic distribution of the complex because of the presence of methyl groups at the 3 and 8 positions of 1,10-phenanthroline. These changes also modified the excited state properties and resulted in a blue shift of the absorption and emission spectra. The complex was incorporated onto TiO2 to prepare dye-sensitized solar cells, achieving up to JSC = 11.9 mA cm–2, VOC = 0.627 V, ff = 0.67 and η = 5.0%.

    Keywords: ruthenium(II) polypyridyl dyes, dye-sensitized solar cells, energy conversion

  

   

   

  Introduction

  The annual world energy consumption reached 5.5 × 1020 J in 2010, and it is expected to reach 8.7 × 1020 J in 2040 as result of population and economic growth.1,2 The main sources responsible for the world's energetic needs are liquid fuels, coal and natural gas, which have several disadvantages because they are not renewable and because they emit large quantities of pollutants to the atmosphere.3 For these reasons, the conversion of solar energy is extremely attractive due to its low environmental impact, infinite supply of energy and its straightforward use in remote areas.4 Dye-sensitized solar cells (DSSCs) are capable of directly converting sunlight into electricity, and so they could potentially fulfill the world's energy needs. Thus, these devices have attracted considerable attention in recent years.5-16

  The dye sensitizer is the component responsible for harvesting the sunlight and initiating the energy conversion process. Currently, ruthenium polypyridyl tris-heteroleptic compounds are being investigated as dye sensitizers, among other compounds, and have been recently reviewed.4 These complexes usually contain a bipyridine ligand having carboxylic acid groups, which are responsible for its chemical attachment to the TiO2 surface, and isothiocyanate ligands are responsible to tune the t2g energy levels of the complex.13,17 The two remaining coordination sites can be used to coordinate other ligands, with an aim to improve the light absorption or reduction of electron recombination processes. The main compounds that have been investigated are those having bipyridine derivatives, and only a few papers have reported the use of phenanthroline and their derivatives for this purpose. The similarity of phenanthroline to the bipyridyl ligand, coupled with its extended π-conjugated structure, enabled phenanthroline derivatives to be employed in the preparation of dye-sensitizers.18 The first compound having 1,10-phenanthroline as an ancillary ligand developed for DSSCs demonstrated its potential as a new class of sensitizers.19 Aiming to improve the performance of this class of compounds, the ancillary ligand was changed to 5,6-dimethyl-1,10-phenanthroline, which exhibited a lower conversion efficiency.20 Subsequently, this lower efficiency was ascribed to the compound's interfacial electron recombination processes.21 The use of 4,7-diphenyl-1,10-phenanthroline resulted in a complex capable of performing the solar-to-electricity conversion better than the standard compound, (TBA)2cis-[Ru(dcbH)2(NCS)2], N719.10

  A possible way to enhance the solar-to-electrical energy conversion is through the use of electron donating groups.22,23 In a previous work, we investigated the effect of electron donating (i.e., methyl) or withdrawing (i.e., phenyl) substituents on the 4 and 7 positions of 1,10-phenanthroline.22 In this work, the synthesis and characterization of the new dye cis-[Ru(Me4-phen)(dcbH2)(NCS)2] (Me4-phen = 3,4,7,8-tetramethyl-1,10-phenanthroline; dcbH2 = 4,4'-dicarboxylic acid 2,2'-bipyridine) is described. In addition, the photoelectrochemical performance of this compound as a dye-sensitizer for solar cells is presented and compared with the performance of complexes that possess 4,7-dimethyl-1,10-phenanthroline (Me2-phen) and 1,10-phenanthroline (phen), which enables us to evaluate the effect of methyl groups on the 3 and 8 positions of the 1,10-phenanthroline ligand.

   

  Experimental

  4,4'-Dicarboxylic acid-2,2'-bipyridine (Strem, 99%); [Ru(p-cymene)Cl2]2 (Strem, 98%); 3,4,7,8-tetramethyl-1,10-phenanthroline, Me4-phen (Aldrich, 98%); 4,7-dimethyl-1,10-phenanthroline, Me2-phen (Alfa Aesar, 98%); 1,10-phenanthroline, phen (Strem, 99%); methanolic solution of tetrabutylammonium hydroxide (Acros Organics); Sephadex LH20 (Aldrich); tetrabutylammonium hexafluorophosphate (TBAPF6) (Fluka, > 99.0%); N, N'-dimethylformamide-d 7, (Aldrich); NaNCS (Merck); HCl (Fluka); HNO3 (Sigma-Aldrich); methanol (Synth); ethanol (Synth); N, N-dimethylformamide (DMF) (Synth); Ti-nanoxide T/SP ink (Solaronix); fluorine-doped tin oxide (FTO); conductive glass plates (TEC Glass-TEC 8, solar 2.3 mm thickness 2 × 2 cm); the low temperature sealant Surlyn (30 mm, Solaronix); Pt ink (Platisol, Solaronix); acetonitrile (Lichrosolv, Merck); and Iodolyte AN50-electrolyte (consisting of 0.05 mol L–1 of triodide, 0.1 mol L–1 of LiI, 0.5 mol L–1 of 1,2-dimethyl-3-propylimidazolium iodide and 0.5 mol L–1 of 4-tert-butylpyridine in acetonitrile, Solaronix) were used as received.

  Methods

  Nuclear magnetic resonance (NMR) spectra were recorded at 25.0 ºC on a DRX-500 Bruker Avance spectrometer at 500.13 MHz using DMF-d7 as the solvent. The residual DMF peaks were used as an internal standard. Fourier transform infrared (FTIR) spectra were recorded at 25.0 ºC in KBr pellets on a Bomem MB 100 spectrometer (with 4 cm–1 resolution). Electronic absorption spectra of the complexes fully protonated with HNO3 were recorded on an Agilent 8453 diode-array spectrophotometer using quartz cuvettes with a 1.000 cm path length. Uncorrected emission spectra were recorded on a Cary Eclipse spectrofluorimeter using quartz cuvettes with a 1.000 cm path length after the samples had been purged with argon. Cyclic voltammetry experiments were performed with a µautolab III potentiostat/galvanostat (Autolab) using a three electrode arrangement comprised of a glassy carbon, platinum and Ag wires as the working, auxiliary and pseudo-reference electrodes, respectively. TBAPF6 was used as the supporting electrolyte dissolved in acetonitrile. The ferrocene/ferrocenium pair was used as the internal standard. Potentials were reported versus the normal hydrogen electrode (NHE) using E1/2 (Fc/Fc+) = 0.67 V vs. NHE.24

  Fabrication of the dye-sensitized solar cells

  A sandwich-type cell was assembled from a transparent photosensitive electrode, a platinum coated electrode and an I–/I3– based electrolyte. Titania films (0.6 × 0.6 cm2) were obtained by the screen-printing technique using Ti-nanoxide T/SP ink on FTO conductive glass plates. First, the TiO2 film was dried at 150 ºC for 10 min and then heated under an air atmosphere at 450 ºC for 30 min. The thickness of the transparent TiO2 layer was measured at 8 µm. The film was then immersed overnight in a 0.5 mmol L–1 dye solution and a 5 mmol L–1 chenodeoxycholic acid solution in methanol/acetonitrile 1:1 (v:v). Then, the electrode was rinsed with solvent before assembly with the counter electrode. A thin Pt layer was used as the counter electrode, which was also prepared by screen-printing Pt ink onto the FTO coated glass substrate and then heated at 450 ºC for 30 min under an air atmosphere. The platinum counter electrode and the dye-adsorbed TiO2 electrode were assembled together by heating at 110 ºC a hot-melt film sandwiched between the two electrodes. Then, the Iodolyte AN50-electrolyte was filled between the two electrodes with a syringe. The reproducibility of the DSSC preparation was controlled by preparing three replicates and by performing various tests as described below.

  Photoelectrochemical measurements

  The spectral response was determined by measuring the wavelength dependence of the incident photon-to-current conversion efficiency (IPCE) using light from an Osram 300-W xenon lamp coupled to a Newport monochromator (Oriel Cornerstone 260). Photocurrents were measured under short circuit conditions (in DC mode) using a Newport 1936R instrument. Incident irradiance was measured with a 1 cm2 calibrated silicon photodiode. Current-voltage characteristics were determined by applying an external potential bias using a Radiometer PGP 201 potentiostat sweeping the potential with a scan rate of 10 mV s–1. The irradiation source was a Solaronix Luminox A lamp, which matches the AM 1.5 (100 mW cm–2) solar spectrum. Incident irradiance was measured with an ISO-Tech ISM410. The cell temperature was kept below 30 ºC. The data were averaged for three cells for each 
    configuration.

  Synthesis of cis-[Ru(Rn-phen)(dcbH2)(NCS)2]

  The cis-[Ru(Me4-phen)(dcbH2)(NCS)2], cis-[Ru(Me2-phen)(dcbH2)(NCS)2] and cis-[Ru(phen)(dcbH2)(NCS)2] complexes, Figure 1, were prepared by a one-pot procedure, as previously reported.22 Briefly, the ruthenium p-cymene dimer, [Ru(p-cymene)Cl2]2, was added to N, N'-dimethylformamide (DMF) and 2 equivalents of Rn-phen were then added. The mixture was kept at 80 ºC for 2 h under an inert atmosphere. After this period, 2 equivalents of dcbH2 were added to the mixture, and the temperature was increased to 160 ºC. The mixture was kept at this temperature for 4 h. Finally, a 10-fold excess of NaNCS was added to the mixture, the temperature was decreased to 140 ºC and the reaction was kept under these conditions for 4 h, allowing it to proceed to completion. All reactions were monitored by UV-Vis spectrophotometry. To purify the compounds, the obtained solution was concentrated, washed and filtered with ultrapure H2O, diluted in methanol and deprotonated by using a basic methanolic solution, obtained by dilution of tetrabutylammonium hydroxide (1 mol L–1), and centrifuged to remove any residual particles. The solution was applied to a liquid column chromatography containing Sephadex LH-20 as the stationary phase and methanol as the eluent. The pure fraction was concentrated, precipitated by the addition of HNO3 and filtered. The solid was dried in a desiccator. Using this procedure, it was possible to synthesize cis-[Ru(Me4-phen)(dcbH2)(NCS)2] 
    (yield 51%; anal. calcd. for C30H30N6O7RuS2: C, 47.93; H, 4.02; N, 11.18%. Found: C, 49.46; H, 4.33; N, 10.86%), cis-[Ru(Me2-phen)(dcbH2)(NCS)2] (yield 70%; anal. calcd. for C28H24N6O6RuS2: C, 46.47; H, 3.62; N, 11.61. Found: C, 48.71; H, 4.04; N, 11.47%) and cis-[Ru(phen)(dcbH2)(NCS)2] 
    (yield 78%; anal. calcd. for C26H21N6O7RuS2: C, 44.83; H, 3.49; N, 12.31. Found: C, 44.95; H, 3.05; N, 12.10%).

  
    

    [image: Figure 1. Chemical structures]

  

   

  Results

  FTIR spectroscopy

  Typical signals of functional groups are observed in the FTIR spectrum for cis-[Ru(Me4-phen)(dcbH2)(NCS)2], Figure 2. The CH bond bending of the aromatic rings (1940-1915 cm–1 region), the methyl groups (1462, 1384 and 1367 cm–1) and the OH of the carboxylic acids (1425 and 1407 cm–1) can be observed. In addition to the signals described previously, it is important to note the νCO stretching of the carboxylic groups (1720 cm–1) and the νCN of the NCS- ligand (2109 and 768 cm–1).

  
    

    [image: Figure 2. FTIR spectrum]

  

  The νCN(NCS) signals observed with FTIR are also a useful tool to verify the existence of NCS– linkage isomers. The existence of these peaks indicates the coordination of this ligand by the nitrogen atom, as is described for other compounds.22 The typical peak of NCS– coordination through the sulfur atom can be typically observed at 2050 and 700 cm–1.14 However, they are not observed in the present spectrum. Thus, it is possible to conclude that the isothiocyanate complex is the only isomer obtained after purification.

  1H NMR spectroscopy

  1H-1H COSY was used to assign the protons signals of cis-[Ru(Me4-phen)(dcbH2)(NCS)2] to the respective ligand, dcbH2 or Me4-phen, Figure 3. Because the protons were assigned, NMR spectroscopy allowed an evaluation for the electronic influence of the substituents on the chemical shifts and proton couplings determined by the 1H NMR spectrum, Table 1. The number of signals observed in the 1H spectrum is consistent with the cis configuration of the complex, which reduces its symmetry and results in non-equivalent protons.

  
    

    [image: Figure 3. 1H-1H COSY]

  

  
    

    [image: Table 1. Chemical shifts and proton couplings]

  

  The signals corresponding to the Me4-phen ligand are consistent with the proposed structure (Figure 1), exhibiting only one proton coupling between H5 and H6. For the H2 and H9 protons, a difference in their chemical shifts is observed relative to the values reported for cis-[Ru(Me2-phen)(dcbH2)(NCS)2]. The chemical shift values for cis-[Ru(Me4-phen)(dcbH2)(NCS)2] are 9.58 and 8.50 ppm, whereas the analogous values for cis-[Ru(phen)(dcbH2)(NCS)2] are 9.74 and 8.19 ppm.22 These differences indicate an electronic influence of the methyl group on these protons.

  Electrochemistry

  Electrochemical parameters of the complexes cis-[Ru(Me4-phen)(dcbH2)(NCS)2], cis-[Ru(Me2-phen)(dcbH2)(NCS)2] and cis-[Ru(phen)(dcbH2)(NCS)2] were determined by using cyclic voltammetry in acetonitrile, Figure 4.

  
    

    [image: Figure 4. Cyclic voltammograms]

  

  The cyclic voltammograms exhibit a quasi-reversible oxidation process for the ruthenium(II/III) wave for cis-[Ru(Me4-phen)(dcbH2)(NCS)2], cis-[Ru(Me2-phen)(dcbH2)(NCS)2] and cis-[Ru(phen)(dcbH2)(NCS)2], having E1/2 = 0.98, 1.01 and 1.05 V vs. NHE, respectively. The E1/2 for cis-[Ru(phen)(dcbH2)(NCS)2] is in agreement with the value reported in the literature.19

  Absorption spectrum

  The electronic spectrum of cis-[Ru(Me4-phen)(dcbH2)(NCS)2] in acetonitrile, Figure 5, exhibits high energy absorption bands (up to 350 nm), which are ascribed to intraligand π-π* transitions of the Me4-phen and dcbH2 ligands. Absorption bands with maxima at 420 nm (1.3 × 104 L mol–1 cm-1) and at 535 nm (0.8 × 104 L mol–1 cm–1) are observed in the visible region of the spectrum, which overlap the sunlight spectrum. The high molar absorptivities determined for this compound indicate the presence of MLCT transitions, as has been described in the literature for similar compounds.10,25 The existence of these absorption bands increases the sunlight harvesting by this compound.

  
    

    [image: Figure 5. Electronic spectrum]

  

  The features of the absorption spectrum, as well as the absorption maxima and molar absorptivity, are similar to the data reported for cis-[Ru(Me2-phen)(dcbH2)(NCS)2] (ε430nm = 1.3 × 104 L mol–1 cm–1) and cis-[Ru(phen)(dcbH2)(NCS)2] 
    (ε420nm = 1.2 × 104 L mol–1 cm–1).22

  Emission spectrum

  The emission spectrum of cis-[Ru(Me4-phen)(dcbH2)(NCS)2] in acetonitrile, Figure 6, is broad and non-structured, exhibiting an intense emission maximum at 800 nm. The emission feature and its maximum are typical of a 3MLCT lowest lying excited state of ruthenium polypyridyl compounds.26

  
    

    [image: Figure 6. Emission spectrum]

  

  The estimated HOMO-LUMO energy gap, E0-0, determined for the complexes is 1.81 eV for cis-[Ru(Me4-phen)(dcbH2)(NCS)2], 1.84 eV for cis-[Ru(Me2-phen)(dcbH2)(NCS)2] and 1.92 eV for cis-[Ru(phen)(dcbH2)(NCS)2]. These values were determined at the onset of the optical emission spectrum. The excited state oxidation potentials, E(S+/S*), were calculated by using the equation E(S+/S*) = E1/2(S/S+) – E0-0,10 where E1/2(S/S+) is the ground state oxidation potential determined by cyclic voltammetry, Table 2.

  
    

    [image: Table 2. Emission maxima wavelength]

  

  Photoelectrochemical measurements

  The sensitization of TiO2 films was monitored up to 14 h by absorption changes on the visible region, Figure 7. These absorption changes occur due to the increase in dye loading, which is responsible for the sensitization, following the MLCT band of each dye along the time. It is important to notice the absence of shifts on the absorption maxima indicating that a dye monolayer was adsorbed onto TiO2. The amount of dye-loaded was evaluated by their desorption from the film after full loading, and are 9.0 × 10–8, 11 × 10–8 and 9.0 × 10–8 mol cm–2, respectively for cis-[Ru(Me4-phen)(dcbH2)(NCS)2], cis-[Ru(Me2-phen)(dcbH2)(NCS)2] and cis-[Ru(dcbH)2(NCS)2]2– (N719), which was used as a standard for comparison.

  
    

    [image: Figure 7. Absorption spectra]

  

  Dye sensitized solar cells were assembled using TiO2 sensitized films and solar cells were characterized by photocurrent action spectra and current-voltage curves. The photocurrent action spectra establish a relationship between the photocurrent generated by the incident light at a determined wavelength and the light intensity, thus it is possible to access information of the efficiency of the dye at each wavelength. Additionally, important photoelectrochemical parameters from solar cells, such as open-circuit potential, VOC, short circuit current density, JSC, and the overall performance of the solar cell, η, can be determined by the current-voltage curves, which are accessed by exposing the DSSC to simulated solar irradiation.4

  The photocurrent action spectra of cis-[Ru(Me4-phen)(dcbH2)(NCS)2], cis-[Ru(Me2-phen)(dcbH2)(NCS)2] and cis-[Ru(dcbH)2(NCS)2]2–, Figure 8, resemble the absorption spectra of the respective dye-sensitized TiO2 and show that these compounds are capable of harvesting the sunlight and converting it into electrical energy in the visible region of the spectrum.

  
    

    [image: Figure 8. Photocurrent action spectra]

  

  The spectral features of cis-[Ru(Me4-phen)(dcbH2)(NCS)2] and cis-[Ru(Me2-phen)(dcbH2)(NCS)2] are similar, and the spectra of both are different than the standard N719 in the 350-400 nm region. A lower efficiency can also be observed for the cis-[Ru(Me4-phen)(dcbH2)(NCS)2] dye relative to cis-[Ru(Me2-phen)(dcbH2)(NCS)2] for the entire spectrum. Dye-sensitized solar cells prepared by using these complexes are able to convert the sunlight into electricity, and their performances were evaluated by JV curves, Figure 9, and their photoelectrochemical parameters are listed in Table 3.
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    [image: Figure 9. Current – voltage curves determined]

  

  As was expected on the basis of the photocurrent action spectra, a lower JSC is determined for cis-[Ru(Me4-phen)(dcbH2)(NCS)2] in comparison to cis-[Ru(Me2-phen)(dcbH2)(NCS)2] and N719, resulting in the lowest overall efficiency determined for cis-[Ru(Me4-phen)(dcbH2)(NCS)2] by JV curves.

   

  Discussion

  The FTIR spectrum of the compound demonstrates the predominance of isothiocyanate because the typical peaks of the thiocyanate isomer are not observed. The presence of the linkage isomer coordinated by the sulfur atom exhibits a νSCN– at 2050 cm–1 and a resonance at 700 cm–1.14 Additionally, the use of 1H NMR spectroscopy indicates the presence of only one isomer and confirms the existence of the cis-complexes. This is evident because the number of signals observed in the spectrum is consistent with the existence of non-equivalent protons for the cis-isomer. A comparison of the cis-[Ru(Me4-phen)(dcbH2)(NCS)2] FTIR data to those reported for cis-[Ru(Me2-phen)(dcbH2)(NCS)2]22 indicates the electronic influence of the methyl groups at the 3 and 8 positions on the NCS– stretching mode (2109 cm–1), which is shifted by –8 cm–1 relative to cis-[Ru(Me2-phen)(dcbH2)(NCS)2]. This result indicates a reduction of the electronic density on the NCS– ligand.

  Changes of the electronic density on the metal center also shift the redox potential of the ruthenium(II/III) process to lower potentials. A more pronounced shift was observed as the number of methyl groups increases, which suggests that the electronic density on the metal center has increased. Changes to the ruthenium(II/III) E1/2 value as a function of the nature of the phenanthroline substituents are described for several ruthenium compounds27-29 and can be predicted by using ligand electrochemical parameters.30

  The oxidation potentials of the excited states of cis-[Ru(Men-phen)(dcbH2)(NCS)2], n = 2 or 4, are more negative than the conduction band edge of TiO2 anatase (ECB = –0.4 V vs. NHE),10 and their ground state oxidation potentials are more positive than the I2–•/I– (+0.93 V vs. NHE)31 redox pair, Figure 10. The energy of these components is adequate for their use in dye-sensitized solar cells because they permit the electron to move from the excited state of the complexes into the conduction band of TiO2. Thermodynamically, their subsequent regeneration by the redox pair is favorable.

  
    

    [image: Figure 10. Energy diagram for the dyes]

  

  The number of methyl groups on 1,10-phenanthroline changes the electronic distribution of the excited state and has an impact on the electronic spectrum of cis-[Ru(Me4-phen)(dcbH2)(NCS)2], which resembles those determined for similar complexes.10,19,22 However, its molar absorptivity in the visible light region (450-600 nm) is lower than that observed for similar compounds where the solar spectral irradiance is at a maximum. Its emission spectrum exhibits a maximum at 800 nm, which is blue shifted by 5 nm relative to cis-[Ru(Me2-phen)(dcbH2)(NCS)2]. This result indicates a destabilization of the 3MLCT excited state and is responsible for the emission detected.

  The photoelectrochemical performance of cis-[Ru(Me4-phen)(dcbH2)(NCS)2] reflects the changes to the ground and excited states. The presence of four methyl groups on 1,10-phenanthroline reduces its solar light harvesting capacity and destabilizes the 3MLCT excited state. Consequently, its performance is lower than that reported for cis-[Ru(Me2-phen)(dcbH2)(NCS)2] but is similar to cis-[Ru(phen)(dcbH2)(NCS)2].22 Thus, the presence of four electron donating groups attached to phenanthroline does not improve the solar-to-electrical energy conversion. IPCE values determined for cis-[Ru(Me4-phen)(dcbH2)(NCS)2] are lower than those of cis-[Ru(Me2-phen)(dcbH2)(NCS)2] along the entire spectrum, which is consistent with its JV performance. The same trend is observed for the JSC values, as determined by JV curves, which is primarily responsible for the lower energy conversion efficiency of this compound.

  The lower photocurrent determined for cis-[Ru(Me4-phen)(dcbH2)(NCS)2] relative to cis-[Ru(Me2-phen)(dcbH2)(NCS)2] can be ascribed to the lower solar light harvesting capacity of the former complex. The dye regeneration dynamics must also be considered to explain the differences observed on the overall cell efficiencies. Since the ground state redox potentials are not positive enough to access the I•/I– (1.23 V vs. NHE), the regeneration mechanism is expected to proceed by I2–•/I– pathway,31,32 Figure 10. The driving force of electron transfer from mediator to cis-[Ru(Me4-phen)(dcbH2)(NCS)2] 
    is lower than to cis-[Ru(Me2-phen)(dcbH2)(NCS)2], indicating that the less favorable regeneration process reduces the cell efficiency. The lower efficiency observed can also be due to a higher recombination rate of the injected electron to the oxidized dye. This process reduces both the JSC and VOC values,33,34 as was observed in this case. cis-[Ru(Me4-phen)(dcbH2)(NCS)2] 
    exhibits a VOC value that is 10 mV lower than the same value for cis-[Ru(Me2-phen)(dcbH2)(NCS)2], indicating that the recombination process can also reduce the efficiency of energy conversion. If this is the case, the methyl groups at the 3 and 8 positions play an important role in the back electron transfer processes for dye-sensitized solar cells. In this respect, further investigations are being performed on the recombination processes.

   

  Conclusions

  The new cis-[Ru(Me4-phen)(dcbH2)(NCS)2] dye-sensitizer was prepared and characterized. Its characteristics were compared to cis-[Ru(Me2-phen)(dcbH2)(NCS)2] and cis-[Ru(phen)(dcbH2)(NCS)2] to evaluate the influence of methyl groups at the 3 and 8 positions of the phenanthroline ligand. This compound exhibits a wide overlap to the visible spectrum, it sensitizes the TiO2 film and it is able to convert the sunlight into electrical energy in dye-sensitized solar cells. The presence of the four methyl groups on 1,10-phenanthroline leads to changes in both the ground and excited states of the complex. Overall, this changes reduces the solar light harvesting capacity of the complex and destabilizes its 3MLCT excited state. Consequently, its efficiency as a sensitizer is lower than that reported for cis-[Ru(Me2-phen)(dcbH2)(NCS)2], which is consistent with the lower IPCE values along the entire spectrum and the JV performance. The lower photocurrent can be ascribed to the lower solar light harvesting capacity of cis-[Ru(Me4-phen)(dcbH2)(NCS)2], to dye regeneration dynamics or to a higher recombination rate of the injected electron to the oxidized dye, which is ascribed to a reduction of the JSC and VOC values, indicate that the methyl groups at the 3 and 8 positions play an important role in back electron transfer processes for dye-sensitized solar cells.
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    The composition of essential oils from flowers of Solanum stipulaceum Roem & Schult collected in May and September was studied for the first time. Effects of g-radiation on volatile constituents were investigated by gas chromatography (GC) with flame ionization detector (FID). In addition, the antileukemic activity was studied by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay against human cell lines HL-60 and THP-1. The main constituents of the essential oil of flowers collected in May were β-caryophyllene (25.8%), γ-gurjunene (11.9%), and β-gurjunene (8.2%), whereas the essential oil of flowers collected in September was mainly composed of β-caryophyllene (26.5%), caryophyllene oxide (11.0%), and γ-gurjunene (10.0%). The main components of essential oil from flowers collected in September were not significantly affected by γ-radiation at lower doses than 10.0 kGy. No cytotoxic activity in leukemic cell lines was observed for non-irradiated samples. However, irradiated samples exhibited slightly cytotoxic activity.
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  Introduction

  Essential oils are mixtures of volatile natural organic compounds usually obtained from plant material, which usually consist of terpenoids, aromatic, and aliphatic compounds.1 Essential oils exhibit a large spectrum of biological properties, such as antimicrobial, analgesic, and antiseptic.2 The pleasant fragrance of the essential oil components makes them a raw material widely employed by cosmetic, pharmaceutical, agricultural, and food industries. In nature, essential oils play an important role in the protection of plants in their ecosystem.3

  The family Solanaceae includes about 3,000 species distributed in 96 genera, and 1,500 of them belong to the genus Solanum. Solanum species occur in different regions around the world, with the greatest diversity concentrated in Central and South America.4 Solanum stipulaceum Roem & Schult (popularly known as "caiçarinha") is an endemic and native Brazilian plant, widely distributed in the Cerrado region of the state of Minas Gerais.5 The polar extract of the stem of S. stipulaceum exhibits molluscicidal activity and cardiac-depressant properties.6,7 Alkaloids, such as solasodine, solaparnaine, and solamargin, were isolated from their fruits, stems and branches.8,9 Although some studies have been reported for extracts of S. stipulaceum, the flowers have not been studied.

  g-Radiation is an efficient method for microbial decontamination and insect disinfestation of vegetal materials. Moreover, radiosterilization is the most widely used method for commercial preparations of medicinal plants.10 However, chemical composition and biological activities of vegetal species can be changed when plant material is exposed to g-radiation.11 In the case of volatile compounds, some studies indicated that the γ-radiation effect is negligible,12-14 however, significant changes in the essential oil composition have been observed for samples exposed at high doses of ionizing radiation.15-17

  The present work describes for the first time the chemical composition of the essential oil from flowers of S. stipulaceum. Seasonal variations are also considered in the analysis of chemical oil composition, and the effects of γ-radiation on essential oil constituents are studied for flowers submitted at different radiation doses. Moreover, antileukemic activity and evaluation of g-radiation effects on cytotoxicity are investigated for the essential oil from flowers of S. stipulaceum.

   

  Experimental

  Plant material

  Flowers of Solanum stipulaceum Roem & Schult were collected in Montes Claros (state of Minas Gerais, Brazil) in May and September 2014 (samples MS and SS, respectively). The botanical identification was made by Maria Olivia Mercadante-Simões (Universidade Estadual de Montes Claros, Minas Gerais, Brazil). The voucher specimen (BHCB 169873) has been deposited in the Herbarium of the Instituto de Ciências Biológicas of the Universidade Federal de Minas Gerais.

  Ionizing radiation treatment

  Flower samples collected in September 2014 (SS) were irradiated. Five samples (20.0 g) were placed in plastic packages and exposed to γ-radiation at 1.0, 2.5, 5.0, 10.0, and 20.0 kGy at room temperature (22 ºC) in the Centro de Desenvolvimento da Tecnologia Nuclear (CDTN, Belo Horizonte, Brazil). The samples were exposed to g-radiation using a GammaBeam-127 irradiator, model IR-214 (Nordion Inc.) equipped with a cobalt-60 source. The dose rate was 2.81 kGy h-1. The irradiator was calibrated with a Fricke standard dosimeter, and the absorbed doses were controlled by the exposure time of each sample to the source.

  Essential oils isolation and analysis

  Irradiated and non-irradiated flowers of S. stipulaceum were submitted to hydrodistillation for 5 h on a Clevenger-type apparatus. After distillation, the essential oils were extracted three times with dichloromethane, dried over anhydrous sodium sulfate and filtered. After solvent evaporation, volatile oils were stored at 4 ºC in the dark until analysis.18 Solutions of essential oils at 1% in chloroform were prepared for gas chromatography (GC) analysis. All reagents and organic solvents were purchased from Sigma-Aldrich Co. GC with flame ionization detector (FID) analyses were carried out using an Agilent HP 7820A GC system. An Agilent HP5 column (30 m × 0.32 mm × 0.25 µm) was used with hydrogen as the carrier gas (3 mL min-1). The GC oven temperature was programmed from 70-250 ºC at 3 ºC min-1, with injector temperature at 250 ºC, injection volume 1 µL, split ratio adjusted at 30:1, and FID detector temperature at 250 ºC. Percentages of separated compounds were calculated from GC-FID peak areas using EZChrom Elite Compact software. GC/mass spectrometry (MS) analyses were performed using a Shimadzu QP2010 ULTRA GC/MS system. An Rxi-1MS column (30 m × 0.25 mm × 0.25 µm) was used with helium as carrier gas (1.5 mL min-1). GC oven temperature was kept at 70 ºC for 2 min and programmed to 250 ºC at 5 ºC min-1. The injector temperature was 250 ºC, and the injection volume was 1 µL. The split ratio was adjusted at 10:1. MS interface and the detector temperature was 250 ºC. Electron ionization (EI) MS were recorded at 70 eV. Data acquisition was performed and analyzed by GCMSsolution software. Identification of essential oil components was carried out after comparison with those available in the computer library (NIST11) and by comparison of their Kováts retention index with a series of n-alkanes.

  Antileukemic activity

  The cytotoxicity of essential oils was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) colorimetric assay. The evaluation of the cytotoxic activity was performed with human acute promyelocytic leukemia cell line American Type Culture Collection (ATCC)# CCL-240 (HL-60), acute monocytic leukemia cells ATCC# TIB-202 (THP-1) and lung fibroblast ATCC# CCL-95.1 (Wi-26VA4) cell lines. Cells were plated in 96-well plates (2 × 105 cells per well) and incubated for 24 h at 37 ºC in a humidified atmosphere with 5% CO2. After 24 h, the wells were washed with culture medium (RPMI-1640 + 20% inactivated fetal bovine serum + 2 mmol L-1 L-glutamine) and incubated with samples at concentrations from 0.10 to 100 µg mL-1. After 48 h of incubation, the plates were treated with MTT (5 mg mL-1). Colorimetric measurements were performed at 550 nm using the microplate reader Spectramax M5e. All experiments were performed in triplicate. Cytotoxicity was scored as the percent of reduction in absorbance vs. untreated control cultures. The results were expressed by the IC50 values (concentration of the drug that reduced cell viability by 50%). IC50 values were calculated using OriginPro 8.0 software.

   

  Results and Discussion

  Hydrodistillation of non-irradiated samples collected in May and September provided pale yellowish oils with a pleasant aroma, yielding 0.08 and 0.03% (m/m), respectively, from flower extracts. Figure 1 shows the GC-FID chromatograms of essential oils from samples MS and SS. Twenty-four constituents were identified in the essential oil from MS, corresponding to 88.2% of the overall oil composition. In turn, essential oil from SS provided only fourteen constituents with chemical structures identified, corresponding to 90.3% of the overall oil composition. The compound name, Kováts retention index, and percentage of the volatile constituents of both samples are given in Table 1.
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  Essential oil from MS provided a high content of sesquiterpene hydrocarbons (76.2%). The most abundant component was β-caryophyllene (25.8%), followed by γ-gurjunene (11.9%), β-gurjunene (8.2%), α-selinene (5.3%), D-germacrene (3.6%), δ-cadinene (3.6%), aromandendrene (3.5%), δ-elemene (2.8%), α-humulene (2.7%), β-copaene (2.4%) γ-muurolene (1.8%), α-copaene (1.2%), α-neoclovene (0.8%), and α-gurjunene (0.7%). Sesquiterpene epoxides (6.9%) and sesquiterpenols (3.8%) were found in relatively smaller amounts, specifically, caryophyllene oxide (3.6%), alloaromadendrene oxide-(2) (2.2%), isoaromadendrene epoxide (1.1%), β-spathulenol (2.4%), cubenol (1.0%), and viridiflorol (0.5%). Pentadecanoic acid (1.3%) was also detected in MS essential oil. On the other hand, essential oil from SS contains fewer volatile constituents than MS, exhibiting only fourteen constituents (Figure 1 and Table 1). Essential oil from SS contains a lower content of sesquiterpenes (65.9%) and a higher content of sesquiterpene epoxides (14.6%) in relation to oil from MS (76.2 and 6.9%, respectively). Sesquiterpenols were not detected in SS. The volatile compounds α-gurjunene, β-gurjunene, β-copaene, α-neoclovene, γ-muurolene, valencene, isoaromadendrene epoxide, and pentadecanoic acid were not detected in the essential oil of SS. On the other hand, essential oil of SS contains a high content of palmitic acid (9.9%). However, this carboxylic acid was not detected in the essential oil of MS.

  Essential oils from flowers of other species of Solanum contain many sesquiterpenes, which were also identified in the present work. β-Caryophyllene, α-copaene, β-elemene, γ-muurolene, D-germacrene, and δ-cadinene were reported in the essential oil from flowers of S. stuckeflii,20 whereas β -caryophyllene and β-selinene were the predominant sesquiterpenes in the essential oil from flowers of S. incisurm.20

  The differences observed in the composition of essential oils from MS and SS may be related to environmental factors, such as variation in temperature, photoperiod, and humidity conditions and pollinators.21 These biotic and abiotic factors influence the production of secondary metabolites in plants which can explain the greater variety of constituents in the essential oil from MS in relation to SS.

  The effects of γ-radiation on essential oils from flowers of S. stipulaceum were observed in the extraction yield and their chemical composition. The yield of volatile oil obtained from non-irradiated flowers collected in September (0.03%) was slightly increased by gamma radiation. Extraction yield was 0.04% for irradiated material at 1.0, 2.5, and 5.0 kGy. Additionally, the extraction yield was 0.05% for irradiated material at higher doses (10.0 and 20.0 kGy). This increase of the extraction yields is due to damage to plant tissues caused by radiation.22

  Figure 2 shows the GC-FID chromatograms of essential oils from irradiated flowers of S. stipulaceum collected in September, and their chemical composition is shown in Table 2. Essential oils from irradiated material exhibited a higher content of caryophyllene oxide, δ-cadinene, and alloaromadendrene oxide-(2) at all radiation doses than the corresponding non-irradiated sample. The content of some constituents increased at a dose of 1.0 kGy, mainly β-caryophyllene, aromadendrene, and caryophyllene oxide, probably as a result of the increase of their extractability.16 On the other hand, the volatile compounds D-germacrene, γ-gurjunene, α-selinene, 7-epi-α-cadinene, and palmitic acid decreased after irradiation at 1.0 kGy, which could be due to their radiation sensitivity (Figure 3).23 An increase of the content of α-copaene, β-elemene, β-caryophyllene, α-humulene, and aromadendrene was observed for essential oil from flowers exposed to g-radiation at doses below 10.0 kGy. However, the content of these compounds decreased for samples exposed at a dose of 20.0 kGy. On the other hand, the content of δ-elemene, D-germacreme, γ-gurjunene, 7-epi-α-cadinene, and α-selinene decreased when flowers were exposed to g-radiation at different doses. The content of palmitic acid decreased when flowers were irradiated at doses from 1.0 to 10.0 kGy and its content increased at a dose of 20.0 kGy. The content of δ-cadinene, caryophyllene oxide, and alloaromadendrene oxide-(2) also increased at 20.0 kGy (Table 2 and Figure 3). Four new peaks (between 27 and 33 min) were observed in the chromatogram for samples irradiated at 20.0 kGy (Figure 2). Compounds corresponding to these peaks were not identified. Therefore, they were attributed to radiolytic products and correspond to 8.1% of the total oil composition. As a result, g-radiation induces irregular changes in the composition of the essential oil from flowers of S. stipulaceum. However, a direct relation between radiation dose and changes in the essential oil composition was not observed. These results are in agreement with those reported in the literature for essential oils from Angelica gigas Nakai, in which the content of sesquiterpene hydrocarbons and oxygenated sesquiterpenes increased without any correlation with γ-radiation dose.23 Yalcin et al.15 also reported irregular changes in the volatile profile of linseed exposed to γ-radiation, in addition to significant decreases in the content of linseed volatile compounds induced by higher doses of γ-radiation.
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  Oxidation of β-caryophyllene promoted by g-radiation or action of free radicals generated in the ionization of water can explain the increase in the content of caryophyllene oxide when flower samples were irradiated at 20.0 kGy. Similar results were also observed for the essential oil from Piper nigrum L. after radiation at a dose of 30 kGy. An increase in the content of caryophyllene oxide is matched by a decrease of β-caryophyllene.17 Hydroxyl radicals (HO•) are generated from water molecules by exposure to g-radiation. This radical can initiate oxidation of β-caryophyllene by radical addition to the double internal bond, followed by the addition of molecular oxygen to produce peroxyl radicals (RO2•). The reaction of the formed peroxyl radicals with another organic peroxyl radical (RO2•) formed in situ produces β-hydroxyalkoxyl (RO•) radicals which undergo a ring-retaining reaction to obtain caryophyllene oxide.24 This oxidation process can occur with other sesquiterpenes of the essential oil, justifying the decrease in the composition of major constituents of the essential oil (Figure 2).

  The essential oil from flowers of S. stipulaceum contains some active components that have been reported to exhibit cytotoxic activity. β-Caryophyllene, the major constituent identified in this essential oil, has been reported as a cytotoxic agent against human breast and colorectal adenocarcinoma cells.25 Moreover, the volatile compounds α-humulene, β-elemene, δ-elemene, and caryophyllene oxide exhibit cytotoxicity against different human cancer cells.25-28

  Some cytotoxicity studies on essential oils from Solanum sp. have been reported in the literature. The essential oil from leaves of S. erianthum exhibited 98.85 and 97.94% of cell lethality against breast and prostate cancer cells, respectively.29 Moreover, the essential oil from leaves of S. macranthum exhibited 2% lethality against breast cancer cells,29 whereas the essential oil from leaves of S. spirale exhibited significant citotoxicity against breast, oral and lung cancer cells (IC50 = 19.69, 26.42 and 24.02 µg mL-1, respectively).30

  Table 3 shows the results of the cytotoxicity of essential oils from flowers of S. stipulaceum collected in September and irradiated. Cytotoxic action of the non-irradiated sample was not observed for an acute myeloid leukemia (AML) model, specifically HL-60 and THP1 cell lines, when compared with the non-selective chemotherapy control etoposide. Cytotoxic activity was increased for essential oils from irradiated samples, exhibiting a direct relationship with the radiation dose. However, the increase of the cytotoxicity of the samples is not comparable to the corresponding action of etoposide. The essential oil from flowers irradiated at 20.0 kGy was not considered for the cytotoxic assay because the volatile oil composition was significantly affected by γ-radiation.
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  Some factors may affect the cytotoxic activity of the essential oils from irradiated flowers of S. stipulaceum. Concentration of various essential oil constituents, such as caryophylene, a sesquiterpenoid reported as a potential candidate for prevention and treatment of cancer, increased with the g-irradiation dose.31 However, since the essential oil is a mixture of volatile compounds, the biological properties can be the result of synergism.32

   

  Conclusions

  The essential oil composition from flowers of S. stipulaceum was here reported for the first time. Twenty-four constituents of the oil were identified in flowers collected in May, and fourteen in the sample collected in September. The major components were β-caryophyllene, γ-gurjunene, and β-gurjunene in the May sample, whereas, in flowers collected in September, β-caryophyllene, caryophyllene oxide, γ-gurjunene, and palmitic acid were identified as the major volatile components.

  Essential oils from flowers of S. stipulaceum exhibited a decrease in the content of the major volatile components when exposed to γ-radiation at 20.0 kGy, induced by oxidation of their constituents. However, a radiation dose at 10.0 kGy, which is the conventional dose for radiosterilization of plant material, did not significantly affect the content of volatile oil constituents.

  The essential oil from non-irradiated flowers of S. stipulaceum did not show significant cytotoxic activity against HL-60 and THP-1 cell lines. However, an increase of the antileukemic activity was observed for essential oils from flowers exposed to γ-radiation.
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    Species of the Annonaceae family are used in traditional medicine, and several antitumor acetogenins have been isolated from the leaves of Annona muricata and Rollinia mucosa. Leaves samples (self-shaded and sun-exposed) of these species were collected during winter and summer seasons. Extraction media were prepared from mixtures of five solvents according to a simplex centroid design. Plant extracts were analysed by injection into a high-performance liquid chromatography with diode array detection (HPLC-DAD) and evaluated after applying by multivariate curve resolution-alternating least-squares (MCR-ALS) and discriminant-unfolded partial least-squares (D-UPLS). The objective was to check whether the chemometric resolution of chromatographic profiles could help in the discrimination of samples according to taxonomic classification, sun exposition and/or harvest season. The results indicate that extraction media containing ethanol as main solvent achieved discrimination of self-shaded versus sun-exposed plants and harvest season of Annona muricata. Also, D-UPLS analysis allowed taxonomic discrimination between Annona muricata and Rollinia mucosa extract samples.
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  Introduction

  Herbal medicines have been used as medicines for hundreds of years all over the world. However, traditional medicine has not been officially recognized, mainly due to a lack of proper a research methodology for evaluating the plants and their preparations.1 Plants have received special attention in the area of pharmacology due to the pharmacological properties of their active metabolites. Nonetheless, there are still numerous plant species that have not been identified and their medicinal properties remain unknown.2 The Annonaceae is a family of tropical and subtropical trees comprising more than 2000 species. Many species in this family are used in traditional medicine,3 due to the presence of annonaceous acetogenins, a group of long-chain fatty acid derivatives presenting antitumor properties, which are found exclusively in the plant family Annonaceae.4,5

  Annona muricata and Rollinia mucosa are important species belonging to genera of the Annonaceae family. These two plants are widely distributed in various regions of Brazil. Annona muricata is a small tree cultivated throughout the tropical countries and is popularly known as "graviola".2 Their leaves, roots, fruit and seeds have been used in natural medicine6 due to their antioxidant effect and for the treatment of diabetes7 and cancer.8 Cyclohexapeptides, acetogenins and annonaceous acetogenins were the major phytochemical compounds previously described in the literature for this medicinal plant.9 Rollinia mucosa is a tropical tree indigenous to the West Indies and Central America. Leaves, stems and roots of these species, or closely related ones, have been used for the popular treatment of tumours in the West Indies and Indonesia.10 As in the case of Annona muricata, many acetogenins have been isolated from the leaves of Rollinia mucosa.11 Furthermore, in some literature studies, aporphine alkaloids were described as isolated from this plant.12 The structural diversity of the acetogenins and the selectivity of their biological activity against cancer cells have stimulated the search for new compounds of this class of bioactive substances.13 Its basic structure has typically a tetrahydrofuran (THF) ring and a γ-lactone terminal.14

  As there is no standard method to differentiate plant extracts, it is necessary to develop fingerprinting methods either for taxonomic discrimination, authentication or classification of the different herbal medicines. The most widely used technique for this purpose is high-performance liquid chromatography (HPLC) coupled to different detection systems such as diode array (HPLC-DAD) or mass spectrometry (LC-MS).1,15 However, the complexity of analytical results obtained in HPLC studies of herbal medicines has been an obstacle.16 Therefore, combination of this instrumental technique with chemometric multivariate analysis can help in solving this problem, by revealing latent patterns in the data, which may enable sample discrimination.17-21 In many of these latter works, the analysed sample dataset consisted in a vector of the relevant information (i.e., first-order data) that was arranged into a single data matrix to be processed with chemometrics tools.

  Spectroscopic techniques such as nuclear magnetic resonance (NMR) and Fourier-transform infrared (FTIR) spectroscopies combined with multivariate analysis has been successfully used to solve problems such as plant species and cultivar discrimination, metabolite profiling and quality control of food or herbal medicines.22 In our working group, we previously performed a FTIR analysis of plant extracts of Annona muricata and Rollinia mucosa leaves (unpublished results). In the latter study, first-order FTIR data coupled to chemometric methods proved to be an appropriate technique to differentiate the extracts of Annona muricata and Rollinia mucosa leaves. Principal component analysis (PCA) of FTIR spectra discriminated samples of both species in different sunlight conditions (self-shaded and sun-exposed leaves), and also separated samples of Annona muricata and Rollinia mucosa collected during winter and summer. The spectral regions responsible for the separation of these samples comprised were characteristic bands of acetogenins, confirming the importance of these substances in classifying samples of Annona muricata and Rollinia mucosa.

  In this work, we performed a study of plant extracts of Annona muricata and Rollinia mucosa from leaves (self-shaded and sun-exposed) collected during winter and summer times. The extracts were injected into an HPLC-DAD system, and the obtained dataset (second-order data, i.e., a matrix of elution times versus UV-Vis spectral profiles for each sample) were processed by two different chemometric algorithms: multivariate curve resolution with alternating least-squares (MCR-ALS)23 and unfolded partial least-squares (UPLS)24 employed in its discriminant mode D-UPLS.25 The objectives were the chemometric resolution of acetogenins profiles in the modes represented by elution times and spectra profiles, and the use of the latter information in the discrimination of samples according to taxonomic classification, sun exposition or harvest time.

   

  Experimental

  Chemicals

  HPLC grade acetonitrile and methanol were purchased from LiChrosolv (Merck). Mobile phase mixture preparations were made using water prepared with the Millipore Milli-Q purification system (Merck). Ethanol, ethyl acetate, dichloromethane, acetone and chloroform were purchased from F. Maia and were of analytical grade.

  Plant materials

  Leaves were collected during winter (July 2011) and summer (January 2012) in accordance with sunlight conditions (self-shaded and sun-exposed leaves) at an experimental garden of the State University of Londrina, in Londrina, PR, Brazil. Voucher specimens of Annona muricata self-shaded leaves (49.284), Annonamuricata sun-exposed leaves (49.285), Rollinia mucosa sun-exposed leaves (49.286) and Rollinia mucosa self-shaded leaves (49.287) have been stored in the herbarium of the Universidade Estadual de Londrina. Drying was carried out at about 25 ºC for nine days. Samples were then enclosed in brown paper bags within a humidity-controlled room to protect them from light, humidity, and insect and fungus attack.

  Extract preparation

  Extraction media were prepared using mixtures of five solvents: (e) ethanol, (a) ethyl acetate, (δ) dichloromethane, (A) acetone, and (c) chloroform, whose proportions were varied according to a simplex centroid design.26 The proportions of each solvent used in the extraction mixtures are specified in Table 1. Thirty-three extractions were carried out with 31 different mixtures and two additional runs were performed at the central point. Each extract was prepared by weighing 2 g of dried and crushed leaves, adding 15 mL of the solvent mixtures. These mixtures were placed in an ultrasonic bath (Unique, model Ultracleaner 1400) for 60 min with the bath water being changed every 30 min to avoid heating. The extracts were filtered through filter paper to separate the solution from small pieces of leaves, and the solution was placed in an identified and weighed flask. This procedure was repeated fourteen more times, so the total volume of solvent mixture added to the leaves was 225 mL. The remainder was evaporated in a rotary evaporator, removing all the solvents still present in the sample, until attaining constant weight.6
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  Sample preparation

  Each sample was prepared by weighing 3.0 mg of the crude extract which were dissolved in 1.00 mL of methanol. Twenty microliters of each extract was added to 10.0 mL of the mobile phase (35% methanol, 35% acetonitrile, 30% water). Then, the samples were filtered through a 0.20 µm CHROMAFIL® XTRA PTFE-20/25 membrane filter and analysed immediately.

  HPLC-DAD analysis

  Separation was performed on a reversed-phase column Kinetex C18 2.6 µm 100 Å column (Phenomenex) (100 mm × 4.6 mm). The elution time was 15 min, the flow rate 1.00 mL min–1 and the injection volume 20.0 µL. HPLC analysis was conducted on a SPD-M10AV Finnigan Surveyour 61607 liquid chromatograph equipped with a Finnigan Surveyour PDA Plus diode array detector and four Thermo-Electron Corporation pumps (Thermo Fisher Scientific). Elution was isocratic and monitored between 190 and 800 nm. The data were processed using ChromQuest 4.2 software.

  Chemometric models and software

  MCR-ALS (multivariate curve resolution-alternating least-squares) and D-UPLS (discriminant-unfolded partial least-squares) were applied using the toolbox MVC2 (multivariate calibration 2) written for MATLAB (version 7.0, The Mathworks Inc.).27 Principal component analysis was also applied using MATLAB built-in routines. To carry out the study in acceptable computational times, it was necessary to reduce the data obtained in the HPLC-DAD runs: each sample subjected to analysis generated an array of 200 × 106 data points (elution times from 0 to 5 min measured in steps of 6 s, and UV-Vis spectra from 190 to 400 nm taken in steps of 2 nm, respectively).

   

  Results and Discussion

  Multivariate curve resolution-alternating least-squares

  The raw analytical data obtained by HPLC-DAD measurements of the plant extracts are shown in Figure 1 in the form of a three-dimensional surface for ethanol extract of A. muricata collected in winter with self-shaded sun condition. As can be seen, identification of a particular compound (e.g., acetogenin compounds) by visual inspection of this type of datasets would be time demanding and inefficient. Therefore, the selection of suitable data processing algorithms may allow the extraction of patterns for resolving component profiles in terms of their chromatograms and UV-Vis spectra. The latter information is known to help in identifying acetogenins, which have absorption spectral bands in the range 200-230 nm.3
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  Multivariate curve resolution refers to a group of methods which intend the recovery of pure response profiles (UV-Vis spectral profiles, elution profiles, etc.) of the chemical constituents of an unresolved mixture. To process second-order HPLC-DAD data for a group of several samples, extended MCR-ALS can be applied, which builds an augmented data matrix by placing all individual sample matrix adjacent to each other in either column-wise or row-wise augmentation modes. This allows one to model, via suitable constraints that give physical meaning to the obtained solutions; the varying profiles of each the components in the various samples. For a description of the model and further details, see Supplementary Information.

  Several approaches were tried to process data obtained by the different extracting media designed by the simplex centroid design. We first studied the whole dataset, generated for each plant extract, applying MCR-ALS with the intention of simultaneously discriminating the extracted samples according to taxonomic classification (Annona muricata (A) or Rollinia mucosa (R)), harvest time (winter (W) or summer (S)), and also sun condition (self-shaded (ss) or sun-exposed (se)). Therefore, eight classes were considered: 1 (AWss), 2 (ASss), 3 (AWse), 4 (ASse), 5 (RWss), 6 (RSss), 7 (RWse), and 8 (RSse). Unfortunately, PCA processing of the retrieves MCR-ALS scores of Rollinia mucosa extracts did not allow for a suitable classification. It was then decided to divide the different extract in a media designed by the simplex centroid design into five categories, according to the presence of each solvent in each extract, namely, all extract samples having ethanol belonged to the same group and so on. This subset data categorization was chosen in order to maintain the variability achieved with the mixture design, and also to exploit the metabolite extraction capability of each particular solvent which is always present in every extract. Subsequently, MCR-ALS was applied to the HPLC-DAD data measured for three different plant extracts of Annona muricata collected in summer time of self-shaded leaves (ASss), Annona muricata collected in winter time of sun-exposed leaves (AWse) and Annona muricata collected in summer time of sun-exposed leaves (ASse).

  To organize the data matrices, each plant extract (ASss, AWse or ASse) was divided according to the solvent as described above, in such a way that 16 experimentally designed mixtures contained the same solvent. The data were then arranged by column-wise augmentation, i.e., data matrices were placed on top of each other sharing the spectral subspace for creating the so-called augmented data matrix to be submitted to MCR-ALS decomposition. Hence, each plant extract consisted of a matrix of 16 mixtures of solvents, and the augmented data matrix of 48 sample matrices (3 plant extracts × 16 mixtures of solvents) combining the matrices of three plant extracts. Subsequently, MCR-ALS analysis was applied to the augmented matrix (an array of 200 × 5088 data points, corresponding to 48 samples each with 106 data points each), as explained in section Chemometric models and software. The number of components was estimated by PCA of the augmented matrix, inspecting the plot of singular values as a function of increasing number of trial components.28 In this way, 10 components were selected, which explained between 99.1% and 99.4% of the data variance according to the five solvent categories. In addition to the finally selected 10 components, we also applied MCR-ALS with other alternatives involving fewer components (e.g., 8 and 9). However, due to the fact that they led to unsatisfactory results regarding the main objective of classifying the plant extract samples, these results are not described. In order to achieve successful resolution, the following constraints were applied during the least-squares fit: non-negativity in both spectra and chromatograms, and unimodality (i.e., a single maximum) only to chromatograms, until successive changes in residual fit were smaller than 0.1%. In addition to the resolved spectral and chromatograms profiles, MCR-ALS resolution of the HPLC-DAD data renders the area under the resolved chromatographic profile for each component in a particular sample, i.e., the so-called MCR-ALS scores. This resolution was obtained with good quality parameters, namely, fitting error of 0.8% and 6.9% (with respect to PCA and experimental data, respectively) and 99.5% of explained variance.

  Figure 2 shows the chromatograms of the 10 components resolved by MCR-ALS analysis of the experimental design of mixtures containing (a) ethanol, (c) acetone, and (δ) chloroform as the major solvent. As can be seen, similar components were resolved when ethanol and acetone were present in the mixtures in largest proportion, whereas two different components (at 1.9 and 3.1 min, respectively) were resolved in the samples containing chloroform as the main extraction solvent. Although concentration profiles recovered by MCR-ALS resolution were quite similar (Figures 2a, 2c, and 2d) the recovered spectra from these compounds present subtle differences. Moreover, Figure 2b shows the resolved spectral profile for a particular sample (representative of the remaining ones). From Figure 2b, we can conclude that the 10 resolved chromatograms have absorption bands in the range 200-230 nm, characteristic of acetogenins, confirming that the components resolved by MCR-ALS belong to this family of compounds.

   
    

    [image: Figure 2. Elution time profiles for the ten constituents]

  

  The fingerprint information obtained by the MCR-ALS resolution was arranged into a matrix of size 48 × 10 (48  samples and 10 constituent scores). This latter matrix was submitted to PCA for discrimination purposes, and in order to study the relationship among the MCR-ALS acetogenins fingerprint information with the different sunlight conditions and seasons of the Annona muricata samples.

  Figure 3a shows the score plot of first versus second principal component (57.58% and 24.46% of variance retained by PC1 and PC2, respectively) of the samples containing ethanol in the mixture extraction solvent. In this Figure, discrimination is observed between the Annona muricata samples in self-shaded (ASss) and sun-exposed (ASse) conditions collected during summer time. In addition, both classes were discriminated from the samples collected in winter (AWse). On the other hand, Figure 3b shows a plot of PC1 (44.66%) versus PC3 (13.84%) of the samples containing acetone in the mixture extraction solvent, in which partial discrimination is detected between the summer samples ASss and ASse from the winter samples AWse. Finally, Figure 3c shows the score plot of PC1 (49.76%) versus PC2 (24.78%) of the samples containing chloroform in the mixture extraction solvent; discrimination between ASss, ASse and AWse samples is less noticeable in this case. It should be emphasized that Annona muricata samples in self-shaded conditions collected during summer (ASss) appear much more condensed (i.e., have relatively more similar PC scores) for ethanol (Figure 3a), acetone (Figure 3b) and chloroform (Figure 3c) than ASse and AWse samples.
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  The fingerprint information obtained by the MCR-ALS resolution (matrix of 48 samples × 10 constituent scores) was submitted to PCA for discrimination purposes. Contribution, i.e., loading composition, of each principal component from the ten constituents resolved by MCR-ALS reveals which compounds were decisive for extract discrimination by sunlight conditions and harvest time. Figure 4 shows the loadings composition in the principal components that were used for discrimination (PC1 and PC2 for ethanol extract and their mixtures, PC1 and PC3 for acetone extract and their mixtures, and PC1 and PC2 for chloroform extract and their mixtures). As can be observed, regardless of the sign (i.e., in absolute value), constituents No. 4 and 1 displayed the largest contributions to PC1 and PC2, respectively, for ethanol extract and their mixtures; constituents No. 4 and 7 displayed the largest contributions to PC1 and PC3, respectively, for acetone extract and their mixtures; and constituents No. 9 and 1 displayed the largest contributions to PC1 and PC2, respectively, for chloroform extract and their mixtures.
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  Figure 5 shows the resolved spectra of these relevant constituents, where all constituents are seen to have spectra with absorption bands in the range 200-230 nm (ascribed to acetogenins). This means that different acetogenin compounds were responsible for extract discrimination by sunlight conditions and harvest time. In summary, MCR-ALS resolution of the HPLC-DAD data and subsequent processing with PCA allows discrimination of Annona muricata samples with the different sunlight conditions and seasons, separated by solvents. Ethanol extracts and their mixtures (Figure 3a) showed the best separation for the Annona muricata samples. This latter result should undoubtedly be tied to the better extractions yields obtained using ethanol mixtures (see above).
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  Unfortunately, as mentioned earlier, PCA processing of the MCR-ALS scores obtained for Rollinia mucosa samples was not satisfactory, and no discrimination could be achieved in terms of sun exposition or harvest time conditions. This indicates that both species of the same family of plant, even when they are known to contain similar active substances, yield subtly different compounds upon solvent extraction, and this difference did not help to achieve plant extract classification. Therefore, for the sake of brevity, the specific results of MCR-ALS resolution of data for Rollinia mucosa samples are not shown.

  Discriminant unfolded partial least-squares

  Partial least-squares is a regression method that has proven to be a very versatile method for multivariate data analysis.29 Discriminant partial least-squares (D-PLS) is a variant of PLS in which the predicted variables (contained in the so-called Y-block) are categorical values or codes, allowing to separate samples in different classes (see Supplementary Information for more details). In the case of second-order data such as the presently studied HPLC-DAD data, PLS can be applied after unfolding the matrices, concatenating all elution time profiles into a single column vector. This gives rise to the UPLS model (unfolded PLS).

  The classification model were designed with the intention of discriminating extract samples according to taxonomic classification (Annona muricata (A) or Rollinia mucosa (R)), harvest time (winter (W) or summer (S)), and also sun condition (self-shaded (ss) or sun-exposed (se)). Therefore, eight classes were considered: 1 (AWss), 2 (ASss), 3 (AWse), 4 (ASse), 5 (RWss), 6 (RSss), 7 (RWse), and 8 (RSse). Figure 6 shows, in the form of a box-and-whisker plot for each class, the results of D-UPLS analysis for the classes previously described. As can be seen, although good discrimination is not achieved neither in harvest time or sun condition variables, a perfect classification between Annona muricata and Rolliniamucosa extract plants (taxonomic classification) was achieved with the application of this model.
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  Conclusions

  In summary, the results indicate that extraction media containing ethanol, acetone or chloroform as main mixture extraction solvent, achieved discrimination of self-shaded versus sun exposed plants and harvest time (ASss, ASse and AWse) of Annona muricata, and that the extraction media containing ethanol are the best sample discriminators. Interestingly, higher plant extract yields of Annona muricata leaves were obtained when employing ethanol as solvent. This strongly suggests that the higher yields of ethanol extracts are associated to the obtainment of more metabolites from the plant. They may be responsible for the classification success achieved when HPLC-DAD data of plant extracts containing ethanol as solvent were used for MCR-ALS analysis. Examination of the contribution of the constituents resolved by MCR-ALS in each principal component indicates that different acetogenin compounds were the responsible for extract discrimination by sunlight conditions and harvest time. Finally, D-UPLS analysis allows taxonomic discrimination between Annona muricata and Rollinia mucosa extract samples.

   

  Supplementary Information

  Supplementary Information containing the multivariate curve resolution-alternating least-squares (MCR-ALS) theory and discriminant unfolded partial least-squares (D-UPLS) theory is available free of charge at http://jbcs.sbq.org.br
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    Supplementary Information

    Multivariate curve resolution-alternating least-squares (MCR-ALS) theory

    Multivariate curve resolution (MCR) refers to a group of methods that help to find the pure response profiles of the constituents of an unresolved mixture when no prior information is available about the nature and composition of these mixtures. The two requirements needed to apply MCR to a multi-component system are, first, that the experimental data can be structured as a two-way data matrix; and second, that this data set can be explained by a bilinear model using a limited number of components.

    The bilinear model in multivariate curve resolution-alternating least-squares (MCR-ALS) is analogous to the generalized Lambert-Beer's law, where the individual responses of each component are additive. In matrix form, this model is expressed as:

        
    [image: Equation 1]

  

    where D is the matrix of experimental data, C is a matrix whose columns contain the concentration profiles of the N components present in the samples, ST is a matrix who serows contain the component spectra and E collects the experimental error and the variance not explained by the bilinear model.

    The resolution is accomplished using an iterative ALS procedure.1-3 In each iteration, new C and ST matrices are obtained under a series of constraints (non-negativity, unimodality, closure, etc.) to give physical meaning to the solutions, to limit their possible number for the same data fitting, and to decrease the extent of possible rotation ambiguities.4 Iterations continue until an optimal solution is obtained that fulfils the postulated constraints and the established convergence criterion.

    The procedure described above can be easily extended to the simultaneous analysis of multiple data sets or data matrices if they have at least one data mode (direction) in common. In our case, all different data sets have been analysed in a spectral window with the same wavelength (190-400 nm). Hence, the possible data arrangement and bilinear model extension for MCR-ALS are given by the following equation:

        
    [image: Equation 2]

  

    where Daug is the augmented data matrix, constructed from I individual data matrices:5 D1, D2, …DI. Each of these data matrices has size J × K, where J is the number of rows and K is the number of columns. In this column-wise augmentation mode, the data matrices are placed on top of each other, giving the matrix Daug of size IJ × K, which keeps the same number of columns in all of them, and where the different data matrices share their column vector space, Caug is the column-wise augmented matrix of size IJ × N, and Eaug is the corresponding augmented error matrix.

    After decomposition in this augmentation mode, the scores for each constituent are computed as the sum of the elements of the corresponding profile in each of the sub-matrices of Saug according to:

        
    [image: Equation 3]

  

    where i identifies the sample, n the constituent, k each of the data points or channels in the sub-matrix along the non-augmented mode and s i(k, n) the element of the Si matrix (see equation 2) at channel k for component n.

    Discriminant unfolded partial least-squares (D-UPLS) theory

    In the discriminant unfolded partial least-squares (D-UPLS) method, the original second-order data are unfolded into vectors before PLS is applied. In this algorithm, concentration information is employed in the calibration step, without including data for the unknown sample. The Ical calibration data matrices are first vectorized into JK × 1 vectors, and then an usual PLS model is built using these data together with the vector of calibration concentrations y (size Ical × 1). This provides a set of loadings P and weight loadings W (both of size JK × A, where A is the number of latent factors), as well as regression coefficients v (size A × 1).

    The parameter A can be selected by methods such as leave-one-out cross-validation. Each sample is left out from the calibration set, and its concentration is predicted using a model built with the spectra for the remaining samples and a trial number of PLS factors. The squared error for the prediction of the left out sample is summed into a parameter called PRESS (predicted error sum of squares), which is a function of A. The optimum number of factors is then estimated by computing the ratios F(A) = PRESS(A < A*)/PRESS(A) [where PRESS = Σ(Yi,nom – Yi,pred)2, A is a trial number of factors, A* corresponds to the minimum PRESS, and 'nom' and 'pred' stand for nominal and predicted respectively], and selecting the number of factors leading to a probability of less than 75 % that F > 1.

    In classical unfolded partial least-squares (U-PLS) analysis, the values of y are analyte concentrations or sample properties. When classification is the objective of the U-PLS modeling, the values of y are codified so as to reflect the different sample categories. This can be done using digital values such as 0 and 1, or 1, 2, 3, 4, etc., as in the present case. Employed in this manner the model is called D-UPLS, for discriminant U-PLS analysis.
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    In this work, a batch adsorption study was conducted to investigate the removal efficiency of lead, copper and zinc ions from aqueous solutions. Magnetic amine-functionalized mesoporous silica nanoparticles were synthesized by grafting amine groups within the channels of magnetic mesoporous silica nanocomposites. Morphological and structural characterizations were made by X-ray powder diffraction, N2 adsorption-desorption, scanning and transmission electron microscopy, Fourier transform infrared spectroscopy and elemental analysis. Among different factors influencing the sorption process, solution pH, shaking time and mass of adsorbent were investigated. The removal efficiencies were higher than 98% under optimized experimental conditions. Maximum adsorption capacities calculated by the Langmuir model were 268, 93 and 82 mg g-1, for lead(II), copper(II) and zinc(II) ions, respectively. Accuracy and applicability of the synthesized adsorbent was estimated by analyzing spiked natural water samples and good recoveries (> 95%) were obtained with no matrix interferences.

    Keywords: adsorption, amino-functionalization, toxic metal ion removal, magnetic nanocomposite, MCM-41

  

   

   

  Introduction

  The removal of toxic metal ion contaminants from aqueous samples is one of the major economic and environmental problems all over the world.1,2 Toxic metal ions, sometimes even at relatively low concentration, can cause serious hazardous effects on public health, due to their toxicity, carcinogenic effects and tendency to bioaccumulation in living tissues particularly in human bodies. They can cause significant physiological disorders such as damage to central nervous system and blood composition, production of energy and irreversible damage of vital organs of body.3,4 Lead(II), copper(II) and zinc(II) are among the most common toxic metal ion pollutants which are released into the water environment due to the different industrial and natural processes.1,5 The redistribution of toxic metal ions can adversely affect water resources and endanger the surrounding ecosystems and human health; therefore, the removal of toxic metal ions from waters and wastewaters is essential in terms of safety of public health and environment.6 The conventional methods for removal of  toxic metal ions from water and wastewater include oxidation, reduction, precipitation, membrane filtration, ion exchange and adsorption.7 However, most available methods may show economical and technical disadvantages, such as high capital and operational costs, high sensitivity to operational conditions, significant energy consumption, handling and disposal problems, sludge generation and inefficient removal especially at low metal concentrations.3,4,8

  Among these methods, adsorption-based methodology has been considered an attractive approach due to its simplicity, flexibility, cost-effectiveness (because of lower consumption of reagents) and environmental friendliness (especially in case of using adsorbents of natural origin). However, adsorbents with high adsorption capacity, fast adsorption-desorption kinetics and easy fixation and separation from water are in great demand.2,5 There are many types of adsorbents, including natural materials (zeolites, clays and lignite), silica gel, activated carbon, oxide minerals, resins, polymeric hybrid sorbents, fibers, waste materials and biosorbents, which have been used to adsorb metal ions from aqueous solutions.2,7 However, most adsorbents are nonselective and remove not only the target pollutants but also minerals present in water. This significantly decreases the capacity and life of the adsorbent for the target pollutants9 while an ideal adsorbent should have features of strong affinity to target and large surface area with more binding sites. Thus, it necessitates the development of new adsorbents which have shown significant enhancement in toxic metal ion removal efficiencies from water.10

  In the past several years, there has been an increasing interest in developing magnetic mesoporous particles, with enhanced textural properties that allow their use as adsorbents, catalysts or drug carriers.11 Magnetic separation may become one of the promising methods for removal of pollutants in water because of generating no secondary waste and consequently producing no additional pollution, and also adapting with the complex separation conditions. Iron oxides are not mainly chosen due to their favorable magnetic properties, but also to their high availability, convenience of the preparation route and biocompatibility. Magnetite and maghemite have the highest saturation magnetizations among the iron oxides.12 Additionally, the ordered mesoporous silica materials such as MCM-41 and SBA-15 are preferred due to their uniform pores with size in a range of 1.5-20 nm, high pore volume, unique large surface area, high sorption capacity and great diversity in surface functionalization in conjunction with high hydrothermal and chemical stability. So, they could be considered ideal coatings to protect the inner magnetic core.13,14 Fellenz et al.15 reported synthesis and magnetic characterization of magnetite particles embedded in mesoporous MCM-41. Jing-po et al.16 reported Hg(II) sensing and removal performance of a core-shell structured nanocomposite. The inner core was composed of superparamagnetic Fe3O4 nanoparticles and the outer shell was composed of silica molecular sieve MCM-41. Bing17 also reported a core-shell structured nanocomposite for Hg(II) sensing and removal, using superparamagnetic Fe3O4 nanodots as the core and silica molecular sieve MCM-41 as the shell. To further facilitate the adsorption affinity, surface modification has often been used. It has been reported that the amino-functionalized materials demonstrated outstanding ability to remove a wide variety of toxic metal ions from aqueous solutions owing to the strong metal complexing capability of amino groups. Regeneration of metal-loaded amino-functionalized adsorbents can be easily achieved by proton displacement of the metal ion with acid washing.8 Chung et al.18 reported sorption of lead(II) and copper(II) onto multi-amine grafted mesoporous silica embedded with nano-magnetite.

  In this work, magnetic amine-functionalized mesoporous silica adsorbent (Fe3O4@MCM-41-NH2) was synthesized by covalently grafting amino groups onto the inner surface of magnetic MCM-41. The adsorbent was characterized and the effect of experimental conditions on the removal efficiency of lead(II), copper(II) and zinc(II) ions from aqueous solution was investigated in batch mode and the isotherm equilibrium data were fitted to the Langmuir isotherm. Performance of the prepared material in removal of the toxic metal ions from natural water matrices with fast adsorption equilibrium was satisfying.

   

  Experimental

  A Vista-MPX inductively coupled plasma optical emission spectrometry (ICP-OES, Varian Inc., Melbourne, Victoria 3170) equipped with a slurry nebulizer and a charge coupled device detector was used for determination of the analytes. Argon gas for ICP-OES with the purity of 99.999% was purchased from Roham Gas Company. The operational conditions and analytical wavelength of the metal ions were shown in Table 1.

  
    

    [image: Table 1. Instrumental parameters]

  

  The resulting adsorbent was characterized by scanning electron microscopy (SEM) VEGA TESCAN equipped with energy dispersive X-ray spectroscopy (EDX), transmission electron microscopy (Philips CM30 TEM), dynamic light scattering (DLS, Malvern, MAL1001767) and Fourier transform infrared spectroscopy (FTIR, Bruker VERTEX 70 spectrometer). X-ray powder diffraction (XRD) was performed on X'Pert pro MPD diffractometer equipped with a PIXel detector (PANalytical Company). The sample was scanned in step size 0.01º, time per step of 170 s, and the acquisition time of 15 min. The N2 adsorption-desorption isotherm was determined using a Belsorp mini II (Japan Co.) at –196 ºC; after that, the adsorbent was dehydrated and degassed at 120 ºC for 13 h. The specific surface area was determined in relative pressure of 0.05-0.2, and cross-sectional area was also 0.162 nm2. The surface area and the pore distribution were calculated by Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) equations.19

  Iron(III) chloride hexahydrate (FeCl3.6H2O), iron(II) chloride tetrahydrate (FeCl2.4H2O), ammonium hydroxide (NH4OH), cetyltrimethyl ammonium bromide (CTAB), sodium silicate, 3-aminopropyltriethoxysilane (APTES) and toluene were purchased from Merck. The lead(II), copper(II) and zinc(II) working solutions were prepared daily from their stock standard solutions (1000 mg L-1) (Merck). Sodium hydroxide (NaOH) and nitric acid (HNO3) 65% (Merck) were used for adjusting pH of the solutions.

  For preparation of colloidal suspension magnetic nanoparticles, FeCl3.6H2O (2 g) and FeCl2.4H2O (0.8 g) were dissolved in 10 mL of distilled water and was added dropwise to a 100 mL solution of 1.0 mol L-1 NH4OH solution containing 0.4 g of CTAB under nitrogen atmosphere while increasing the temperature up to 80 ºC. The black solution was acquired and sonicated.

  The resultant solution (20 mL) was added dropwise to 840 mL solution of distilled water containing 140 mL of NH4OH (1 mol L-1) and 4 g of CTAB. Then 16 mL of sodium silicate was slowly added and maintained in a closed container under stirring for 24 h. The resulting magnetic MCM-41 was filtered and washed. The surfactant template was then removed from the synthesized material by calcination at 450 ºC for 4 h.

  After synthesis of magnetic MCM-41, 1.024 mL of APTES was added as an agent to modifying the surface of MCM-41 and the solution was refluxed with toluene under nitrogen atmosphere during 120 min for three times to prepare the Fe3O4@MCM-41-NH2.

  Batch adsorption is a simple technique commonly utilized to assess the adsorptive capacities of natural and synthetic sorbents. Beside its easy manipulation, it helps to bring out important information about the efficiency of a given sorbent to remove the studied solute in static conditions. Thus, it is widely used for environmental purposes.20 In the present study, batch experiments were performed in 50 mL tubes containing 20 mL of metal ion solution at predetermined initial concentrations of lead(II), copper(II) and zinc(II). The solution pH was adjusted to the desired value by adding 0.1 mol L-1 HNO3 and 0.1 mol L-1 NaOH prior to mixing with a weighed amount of the adsorbent. The tubes were shaken at room temperature using a mechanical shaker for different time intervals to reach equilibrium. Then the adsorbent was removed magnetically from the solution using a permanent hand-held magnet. The initial concentrations of metal ions (Pb2+, Cu2+ and Zn2+) and those of remaining in aqueous solutions were determined by ICP-OES. All experiments were carried out in duplicate and the values reported are average of two readings. Blank samples were run in parallel on metal solutions without addition of the adsorbent, showing that the experimental procedure did not lead to any reduction of metal concentration and pH variations were unrelated to sorbent effects. The removal efficiency (RF) was calculated according to the following equation 1, where C0 and Ce are the initial and equilibrium concentrations of metal ions in mg L-1, respectively.

  
    [image: Equation 1]

  

   

  Results and Discussion

  Characterization of the magnetic NH2-MCM-41

  The XRD pattern of the prepared magnetic MCM-41 is presented in Figure 1. The result showed relatively well defined XRD pattern for magnetic MCM-41 material, with one strong peak around 2.45 and two small peaks at 4.25 and 4.83 that were assigned to (100), (110), and (200) planes, respectively. Moreover, the fourth peak at 6.44 can be observed and indexed as (210) in the hexagonal system. The observed well-resolved diffraction peaks come from the typical MCM-41. The particle size was about 20.4 nm calculated by Scherrer equation using (100) peak. N2 adsorption/desorption isotherms of magnetic NH2-MCM-41 is illustrated in Figure 2.
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  It can be categorized as type IV curve, typical of the mesoporous materials. The inset shows the BJH pore size distribution of prepared adsorbent calculated from the desorption branch of the isotherm. The surface area and rp,peak of BJH plot that expressed mode of the obtained pore radius in the structure of the synthesized 
    Fe3O4@MCM-41-NH2 were calculated to be 880 m2 g-1 and 1.8 nm, respectively.

  FTIR analyses of magnetic MCM-41 and NH2-MCM-41 are illustrated in Figures 3a and 3b. The peaks of 782, 958 and 1079 cm-1 were attributed to Si-OH vibration, symmetric stretching and asymmetric stretching of Si-O-Si, respectively. In addition, the wide peak in region of 3000-3600 is related to OH stretching. The absorption bands at 500 to 600 cm-1 usually attribute to the Fe–O stretches. Figure 3b also shows the symmetry and asymmetry stretching bonds of methyl group in the structure of modifier at the range of 2800-3000 cm-1 which express amine functionalization of mesoporous substrate. In addition, the wide peak in the region of 3200-3400 cm-1 could be related to NH stretching of amino groups.
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  Both SEM and TEM images (Figure 4) illustrate the spherical morphology for magnetic NH2-MCM-41. Size estimation by DLS analysis proved that nanoparticles have diameters between 80-125 nm with the mean particle size of 105 nm.

  
    

    [image: Figure 4. (a) TEM; (b) SEM images]

  

  Elemental analysis of the magnetic NH2-MCM-41 using energy dispersive spectroscopy (EDS) was presented in Figure 5. The presence of Fe, O, N and Si elements confirms formation of the adsorbent.
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  Effect of functionalization of adsorbent

  For investigation of the functionalization effect on the removal efficiency of the adsorbent, a comparison was made between magnetic MCM-41and magnetic NH2-MCM-41. The removal efficiencies of lead(II), copper(II) and zinc(II) ions reach from 62, 65 and 70% for magnetic MCM-41 to 88, 91 and 95% for magnetic NH2-MCM-41, respectively. It can be seen in magnetic NH2-MCM41, not only the regular porous structure of the silica substrate can adsorb the target analytes but also the presence of hydrophilic NH functional groups can cause a greater ability to remove the metal ions from the aqueous sample.

  Optimization

  Effect of pH

  Earlier studies have indicated that solution pH is an important factor affecting adsorption of toxic metal ions onto the adsorbent. This may be because of the fact that pH influences both the chemistry of metal ions and surface functional groups.9,21,22 Removal of lead(II), copper(II) and zinc(II) was studied as a function of pH within a pH range of 2.0-6.0 for lead(II) and 2.0-8.0 for copper(II) and zinc(II).

  The other parameters including sample volume (20 mL), initial metal ion concentration (25 mg L-1 for Pb2+, 7.5 mg L-1 for Cu2+ and 1.5 mg L-1 for Zn2+), adsorbent dosage (5 mg) and shaking time (10 min) were maintained constant. The results were shown in Figure 6. Higher pH values were neglected to avoid the formation of metal hydroxide precipitates, which competes with the metal ions for the active sites on the adsorbent leading to the reduction in the retention of metal ions.22 As it can be seen from this figure, the removal efficiencies of Pb2+, Cu2+ and Zn2+ increased as pH was raised. Such phenomenon reveals the characteristic of chelation mechanism.8 At low pH values, the adsorbent showed very low tendency for uptaking all the investigated metal ions due to protonation of its functional groups (NH3+) or competition of H3O+ with metal ions, which prevented approaching of the metal ions to the binding sites on the adsorbent. As the pH increased, more binding sites were released and the positive surface charge on the adsorbent decreased. It results in a lower electrostatic repulsion between the surface and the metal ions and hence, better adsorption behavior.1,21 The removal efficiencies reached to 90% at pH of 6.0 for Pb2+, 88% at pH of 7.0 for Cu2+ and 87% at pH of 7.0 for Zn2+.

  
    

    [image: Figure 6. Effects of solution pH on removal]

  

  Effect of adsorbent dosage

  The effect of adsorbent dosage on the removal efficiency of lead, copper and zinc were investigated under optimum pH by using different adsorbent values (5, 10, 12.5, 15 and 20 mg), while other parameters including sample volume (20 mL), initial metal ion concentrations (25 mg L-1 for Pb2+, 7.5 mg L-1 for Cu2+ and 1.5 mg L-1 for Zn2+) and shaking time (10 min) were maintained constant. It was observed (Figure 7) the percentage of removal increased in adsorbent dosage of 12.5 and 15 mg for Cu2+ and Zn2+, and Pb2+ respectively, and the removal efficiencies were remained constant more or less at higher dosage of adsorbents. Therefore, 15 mg was selected for all studied metal ions.
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  Effect of shaking time

  The importance of shaking time comes from the need to identify the possible rapidness of binding and removal processes of the investigated metal ions by the synthesized adsorbents and to obtain the optimum time for complete removal of the target metal ions.22 Adsorption of Pb2+, Cu2+ and Zn2+ onto Fe3O4@MCM-41-NH2 at different shaking times (2, 5, 10 and 15 min) was studied at optimum solution pH and adsorbent dosage. The results were presented in Figure 8. The results showed that shaking time of 5 min was enough for complete removal of metal ions from 20 mL solution with concentration of 25, 7.5 and 1.5 mg L-1 for Pb2+, Cu2+ and Zn2+, respectively. Therefore, the optimum shaking time was considered to be 5 min. This fast adsorption rate that attributed to large external surface and high metal sorption capacity of adsorbent, suggests high adsorption efficiency and applicability for different applications.
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  Adsorption isotherm

  The relationship between the amount of a substance adsorbed per unit mass of adsorbent at constant temperature and its concentration in the equilibrium solution is called the adsorption isotherm. There are several well-known isotherm equations that are mainly employed to evaluate the adsorption capacity of an adsorbent for an adsorbate. Since the more common models are Freundlich and Langmuir equations, the experimental results were modeled using these in order to obtain the best fit isotherm. The Freundlich model is based on using an empirical equation that adopts multilayer adsorption on heterogeneous surfaces considering interaction between the adsorbed species.3,4,8,23 The Freundlich isotherm is described by equation 2 and the linearized form of this model is represented by equation 3:

  
    [image: Equations 2 and 3]

  

  where qe and Ce are the amount of metal ion adsorbed on the sorbent surface at equilibrium and the equilibrium metal ion concentration in the solution, respectively. Also, KF and n are the Frendlich constants related to the adsorption capacity and the adsorption intensity, respectively. They can be obtained from the intercept and the slope of linear plot of log qe vs. log Ce.

  In the Langmuir model, it is assumed that the maximum adsorption corresponds to a saturated monolayer of solute molecules onto a surface containing a finite number of uniform and energetically equivalent adsorption sites, with no subsequent interaction among adsorbed molecules and no transition in the plane of surface.2,24 The expression of the Langmuir model and the linearized form of it are given by equations 4 and 5, respectively,
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  where qe and Ce are the same as in equation 2. Also, qmax and b are the Langmuir constants, representing the maximum adsorption capacity and the energy constant related to the heat of adsorption, respectively.

  The adsorption studies were conducted by varying the initial metal ion concentrations with a constant dosage of adsorbent, optimum pH and shaking time of 5 min. The Langmuir and Freundlich isotherms were shown graphically in Figure 9 and the corresponding parameters were presented in Table 2. According to the coefficients of correlation obtained from linear regression, it was found that in all cases the Langmuir model fit the data better than the Freundlich model.

  
    

    [image: Figure 9. Adsorption isotherms]

  

  
    

    [image: Table 2. Freundlich and Langmuir constants]

  

  The maximum adsorption capacities calculated from the Langmuir model were 268, 93 and 82 mg g-1 which agreed very well with their experimental values. Comparative information on removal of Pb2+, Cu2+ and Zn2+ with those of other published results is given in Table 3. The comparative results show that the removal efficiencies of the prepared adsorbent were comparable or higher, in some cases, than the most reported adsorbents in Table 3. Moreover, it was noted that the contact time required for the metal adsorption using this adsorbent was short and the adsorption equilibriums were reached within few minutes for ionic species examined.
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  The higher selectivity of the proposed adsorbent to the toxic metal ions than the other cations in water samples may be explained by the complexation capability (donor-acceptor interaction) of the -NH2 groups on the surface of the adsorbent and toxic metal ions such as Zn2+, Cu2+ and Pb2+.

  Desorption and reuse

  In addition to excellent adsorption capacity, it was highly desirable that an adsorbent could be reused repeatedly regarding the cost.13 The pH study suggested that desorption of Pb2+, Cu2+ and Zn2+ from 
    Fe3O4@MCM-41-NH2 was possible around pH 2, because under acidic conditions the adsorbent surface is protonated by H3O+ ions to make possible desorption of positively charged metal ions from its surface. Therefore, acid treatment (with 0.1 mol L-1 HNO3) was used for this purpose. In order to show the reusability of the adsorbent an adsorption/desorption cycle was repeated five times. As shown in Figure 10, the removal efficiency of the Fe3O4@MCM-41-NH2 after three cycles was higher than 85%.
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  Real sample analysis

  For accessing the capability of magnetic NH2-MCM-41 for removal of lead, copper and zinc ions from different natural water samples, the method was applied to different spiked water samples including ground, tap and river waters. The data obtained are presented in Table 4. It was found that prepared adsorbent showed good recoveries for Pb2+, Cu2+ and Zn2+ in different natural water resources, with removal efficiencies of over 95%.

   

  Conclusions

  In the present paper, the synthesis of Fe3O4@MCM-41-NH2  was reported. The study indicated that magnetic MCM-41-NH2 could be used as an effective adsorbent material for removal of lead, copper and zinc ions from water sample with a minimum contact time of 5 min. The adsorption of these toxic metal ions on adsorbent was dependent on contact time, pH and dose of the adsorbent. The equilibrium data was well fitted with Langmuir adsorption isotherm which showed an efficient adsorption of lead(II), copper(II) and zinc(II) ions due to the amine groups of the adsorbent. The regeneration of adsorbent was achieved using 0.1 mol L-1 HNO3 and it can be reused in three successive adsorption-regeneration cycles. Therefore, the amino-functionalized magnetic MCM-41 could be regarded as a potential candidate for high efficient and renewable adsorbent of lead(II), copper(II) and zinc(II) ions.
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    The activity of the heterometallic alkoxide [FeCl{Ti2(OiPr)9}] (1) towards polymerization of rac-lactide (rac-LA) and ε-caprolactone (ε-CL) was investigated in toluene solution and in bulk at various temperatures, monomer/heterometallic alkoxide molar ratio and reaction times. The alkoxide 1 was active in solution for ε-CL and in bulk for both monomers. Polymers were obtained in good yields with molecular weights ranging from 3890 to 15000 g mol-1 and polydispersity indexes (PDI) values varying from 1.3 to 2.5. Based on the 1H nuclear magnetic resonance (NMR) end-group analysis of polymers, a coordination-insertion mechanism was suggested for both monomers. The average number of growing chains per molecule of initiator (4 to 5 for rac-LA and 7 to 8 for ε-CL) indicates that both bridging and terminal isopropoxides are active initiating groups. Kinetic studies with ε-CL indicated that the polymerization rate is first order with respect to monomer concentration. The catalytic properties of 1 were compared to those found for other titanium(IV) and iron(II) complexes using ε-CL as a model monomer.
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  Introduction

  Biodegradable and biocompatible polyesters such as poly(ε-caprolactone) (PCL), poly(rac-lactide) (PLA) and their copolymers have been extensively employed in the biomedical field.1,2 The synthesis of these polymers requires the use of an initiator, usually a metal alkoxide or carboxylate, based on a choice of different metals.3 The most commonly used initiator has undoubtedly been stannous(II) octanoate, due to its easy handling and solubility in several organic solvents. Main inconveniences, on the other hand, lie on its relatively low polymerization activity and the occurrence of a large degree of intermolecular and intramolecular transesterification reactions when this initiator is employed.4,5

  As an alternative, the use of initiators based on biocompatible metals, such as zinc, calcium, magnesium,6 iron and titanium has been studied.7 The complex [Ca[N(SiMe3)2]2(thf)2], for example, requires an in situ formation of isopropoxide groups to show good control over polymerization.8,9 On the other hand, [Zn2Cl2(OEt)L] 
    (L = 2,6-bis{N-(2-dimethylaminoethyl)-N-methyl}-4-methylphenol) produces poly-(rac-lactide) with low polydispersity index (PDI) values (ca . 1.1) and high molar mass.10 Simple titanium(IV) alkoxides or aryloxides such as [Ti(OPrn)4], [Ti(OBun)4] and [Ti(OPh)4] have also been tested and have shown good activity towards ring-opening polymerization (ROP) of cyclic esters.11 Despite these promising results, lack of control upon the reaction pathway has been observed in most cases, evidencing the need to develop new initiators with ancillary bulky ligands in order to restrict chain growth to few catalytic sites.12

  More complex, polynuclear titanium(IV) alkoxides have also been employed in bulk polymerization of cyclic esters in a reasonably well-controlled processes.13,14 In this context, our group has successfully employed the ionic [Ti3(µ3-OiPr)2(µ-OiPr)3(OiPr)6][FeCl4]15 halo-alkoxide in the bulk polymerization of lactides and ε-caprolactone, producing polyesters with Mn values ranging from 6350 to 13750 g mol-1 and PDI varying from 1.2 to 1.5.16 Despite the heterometallic nature of the initiator, our work revealed that its activity could be assigned mainly to the trinuclear cation 
    [Ti3(OiPr)11]+.

  A catalytic alternative towards the ROP of cyclic esters that has shown promissing results is the use of bimetallic initiators containing the transition metal together with Zn, Mg or Al. These compounds apparently owe their activities to the cooperative effect of the different metal ions, which leads to higher catalytic activities than those from the corresponding mononuclear complexes 7,10,17-19 In this context, heterometallic alkoxides of titanium(IV) with alkali metals, magnesium or zinc improved the catalytic activity for ε-caprolactone (ε-CL) and L-lactide polymerization, probably due to the withdrawal of electron density from titanium by the second metal through the bridging alkoxide ligands.20 Bimetallic alkoxides based on titanium(IV) and lanthanide(III) centers have also shown cooperative activity of the two metal centers in this type of polymerization.21

  In spite of the growing interest in the application of heterometallic alkoxide complexes as catalytic tools in polymer chemistry,22,23 this line of research has not yet been completely established. Enviromental and biomedical challenges, for example, point to the application of low toxicity metal ions such as iron(II) and iron(III) in the catalysts. Despite this, iron alkoxides are still barely reported and only few of them have been assessed for their activity towards ROP.24-26 Promising examples come from bimetallic iron(II) and sodium complexes with alkoxide and aryloxide ligands that were able to promote ring-opening polymerization of rac-lactide efficiently at room temperature and afforded good control of the molecular weight.27

  In the present work, the activity of the neutral, iron(II)/titanium(IV) alkoxide [FeCl{Ti2(OiPr)9}]28 (1, Figure 1) as initiator of ring-opening polymerization was investigated both in bulk (for rac-lactide and ε-CL) and in solution (for ε-CL). This complex is one of the few examples of heterometallic alkoxides that contain biocompatible metals (iron and titanium) in the same molecular framework. Its synthesis and characterization, both structural and spectroscopic, have been described earlier by our research group.23 In the attempt to elucidate the role of the different metal ions present in 1 in the polymerization reaction, results obtained with this complex were compared with those given by [Ti(OiPr)4] (2), [Fe4Cl8(thf)6]29 (3) and [FeCl2(PriOH)4]30 (4) as ROP initiators in the same experimental conditions.
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  Experimental

  General considerations

  The synthesis and manipulation of the initiators and the polymerization essays were carried out under nitrogen or under vacuum using either standard Schlenk techniques or a VAC/NEXUS 2000 glove-box. The complexes [FeCl{Ti2(OiPr)9}],28 [Fe4Cl8(thf)6]29,30 and [FeCl2(PriOH)4]31 were prepared according to earlier literature reports. Toluene was refluxed over sodium benzophenone and freshly distilled prior to use. The compound ε-caprolactone (ε-CL, Aldrich, 97%) was distilled under vacuum over calcium hydride. The compound rac-lactide (rac-LA, Alfa Aesar, 99%) was dried under vacuum in the presence of phosphorus pentoxide. Both monomers were stored under N2. Polymeric products were precipitated in air using dichloromethane (Vetec, 99.5%) and methanol (Vetec, 99.9%).

  Instruments

  Molecular weights (Mn and Mw) and polydispersity indexes (PDI) of the polymers were determined by gel permeation chromatography (GPC) using a HPLC Waters 1515 equipment with a isocratic pump, two columns (Progel g 1000 HXL and Progel g 2000 HXL of 30 cm × 7.8 mm) and two detectors, namely a refraction index Waters 2414 (40 ºC) and an ultraviolet (λ = 210 nm e 254 nm) Waters 2487 cell. Tetrahydrofuran (thf) (Baker) was used as mobile phase at 40 ºC. Calibration curves were obtained with polystyrene (PS) standards and correction values of 0.56 and 0.58 were used to calculate the PCL and PLA molecular weights, respectively.32 Electron paramagnetic resonance (EPR) data (X-band, 9.5 GHz) were recorded on an X-band Bruker EMX-MICRO spectrometer from solid samples at 77 K. Melting temperatures (Tm) of the polymers were determined by differential scanning calorimetry (DSC) using a Netzsch DSC 204 F1 MAIA calorimeter under continuous nitrogen purge and heating and cooling rates of 10 ºC min-1. Poly(ε-caprolactone) samples were analyzed sequentially from ambient temperature to 150 ºC, with 5 min in isotherm, cooling to 120 ºC, 5 min in isotherm and up to 150 ºC, while poly(rac-lactide) samples were analyzed from 20 to 200 ºC, 5 min in isotherm, cooling to –20 ºC, 5 min in isotherm and up to 200 ºC. Sample amounts ranged between 4 and 8 mg and indium was used to perform instrument calibration. Powder X-ray diffractograms were recorded with a Shimadzu XRD-600 equipment at 40 kV and 40 mA, using Cu-Kα radiation (λ = 1.5418 Å) and scanning rates between 0.02º s–1 and 6º s–1 in 2q. Samples were spread on a conventional glass sample holder. Powder silicon reflections were used for 2θ calibrations. The products of the rac-lactide and ε-caprolactone polymerization reactions were analyzed by 1H nuclear magnetic resonance (RMN) spectroscopy on a Bruker AVANCE 400 spectrometer. Polymers (10 mg) were dissolved in CDCl3 (0.1% tetramethylsilane, tms) and the percentage of conversion (αc) was calculated from the integration of the polymer and monomer signals. Homodecoupled 1H NMR spectra were acquired for poly(rac-lactide) by selective irradiation of the signal at 1.56 ppm employing the Bruker zghd pulse sequence. The probability of racemic linkages between monomeric units (Pr) was determined as described by Ovitt and Coates33 from the equation Pr = 2I1/(I1 + I2), in which I1 = intensity of the tetrad signals at δ 5.20-5.25 ppm (sis, sii/iis) and I2 = intensity of the signals at δ 5.13-5.20 ppm (iii/sii, iii, isi).331H NMR spectroscopy was also employed to determine molecular weights of PCL for comparison with size exclusion chromatography data. Experiments were carried out according to previous literature reports.34

  Polymerization procedure and kinetic studies

  Polymerization reactions of ε-caprolactone and rac-lactide were carried out varying temperature, reaction time and catalyst/monomer rate. Yields were calculated from the expected mass of products considering 100% of conversion. All experiments were performed at least in duplicate.

  Polymerization of ε-caprolactone in solution

  In a 10 mL Schlenk flask containing a magnetic stirring bar, 1.0 mL of toluene and the desired amount of the initiators were introduced. The resulting solution received the addition of ε-caprolactone (1.00 g, 8.76 mmol) and the system was heated to the appropriate temperature for the desired time, after which the solvent was removed under vacuum. The reaction media was then allowed to cool down to room temperature and the product was redissolved in dichloromethane (1 mL) and precipitated with cold methanol (10:1 v/v). The polymeric material was then filtered and dried under vacuum to constant weight.

  Polymerization of ε-caprolactone and rac-lactide in bulk

  In an ampoule-type vial, rac-LA (1.0 g, 6.94 mmol) and the desired amount of 1 were mixed under N2 in a small volume of toluene (3 mL). After the complete evaporation of the solvent, the ampoule was sealed under vacuum and immersed in an oil bath at the required temperatures. For ε-CL, 1.0 g (8.76 mmol) of monomer was introduced in a similar tube with the required amount of each initiator (1 to 4); the reaction mixture was then heated to the appropriate temperature for the required time. After reaction, the polymers were cooled to room temperature and exposed to the air. The solids were dissolved in dichloromethane, precipitated with methanol (1:10 v/v) and dried under vacuum to constant weight.

  Kinetic studies of ε-caprolactone in bulk polymerization

  Kinetic studies of the bulk polymerization of ε-CL were performed by 1H NMR spectroscopy by quantifying the conversion of monomer to polymers at different reaction times. Reactions were conducted as described above, with 1.0 g (8.76 mmol) of ε-CL mixed with [FeCl{Ti2(OiPr)9}] (1) 
    in ε-CL/1 ratios ranging from 500 to 1000. After the pre-established time under the desired temperature, an aliquot of the reaction misture was taken, cooled to 0 ºC and dissolved in CDCl3 to be analyzed. The monitored signals of PCL and ε-CL were those at 2.31 ppm and 2.64 ppm, respectively, assigned to –CH2 groups. For comparison, kinetic studies with titanium(IV) isopropoxide ([Ti(OiPr)4] (2) 
    in ε-CL/2 ratios of 250 and 500 were also conducted. These amounts were chosen because they correspond to the same amount of titanium(IV) present in an ε-CL/1 ratio of 500.

   

  Results and Discussion

  Solution polymerization

  The initiator [FeCl{Ti2(OiPr)9}] (1, Figure 1) was initialy investigated for its activity in the solution polymerization of rac-LA and ε-CL in toluene, with good yields for ε-CL even at 30 ºC. On the other hand, all attempts to run the polymerization of rac-LA in similar conditions were unfruitful. The ε-CL polymerization reactions were performed with a fixed ε-CL/1 molar ratio of 500, according to a previous report by our research group16 and varying temperature (from 30 to 90 ºC) and time (8 to 16 h). Selected reaction results are presented in Table 1 (entries 1 to 9). In the majority of the essays, narrow ranges of molecular weight (Mn) and PDI values were observed; also, Mn values are in good agreement with those calculated by 1H NMR. Optimum reaction conditions for ε-CL polymerizations were found to be 90 ºC for 8 h. Reactions carried out for 16 h produced polymers similar to those presented in Table 1 (data not shown).
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  The increase in the ε-CL/1 ratio from 250 to 3000 showed that this monomer could be quantitatively polymerized even at the lowest concentrations of 1. As expected, the obtained PCL samples present increasing molecular weights as the ε-CL/1 ratio increases from 250 to 1500; this is due to the larger amount of monomer present in the reaction medium, which leads to longer macromolecules (entries 7 to 9). Even for ε-CL/1 ratios of 2000 and 3000, PCL was obtained quantitatively within the same Mn range; however, the obtained PDI values were higher than 2 and evidenced poor control over the polymerization process in these conditions (data not shown). At low initiator concentrations, the structure of 1 probably breaks down, generating metal alkoxides of different nuclearities that compete for the monomer molecules. Aggregation equilibria are common in alkoxide chemistry, being highly dependent on the chemical nature of the metal center and on the bulk of the alkoxide group. The composition of the equilibrium mixture may vary with alkoxide concentration, temperature and storage time.35-37

  Once the optimized reaction conditions for ε-CL polymerization in solution were established, three more consecutive additions of the monomer to the initial polymerization reaction mixture were made in 8 h intervals (Table S1 of the Supplementary Information). After the first addition, quantitative conversion of the monomer was again observed and, after purification of the product, its average molecular weight (Mn) increased from 9080 to 15400 g mol-1 without increasing the PDI value (1.60). After the second and third additions, polymers with similar molecular weights (13,000-15,000) and PDI values (ca. 1.5) were isolated, but in lower yields. In fact, the chromatograms of the raw reaction mixtures obtained after the second and third additions of ε-CL both contain broad peaks assigned to the monomer. These results suggest that 1 achieves its best performance for the production of PCL after the first addition of monomer and that this is a more efficient procedure than the use of dilluted conditions.

  ε-Caprolactone and rac-lactide polymerization in bulk

  Polymerizations of ε-CL and rac-LA employing 1 as initiator were successfully performed in bulk without addition of co-initiators. The experiments were performed from 30 to 120 ºC for ε-CL and 130 to 160 ºC for rac-LA, by varying time (5 to 60 min) and monomer/initiator molar ratio (Table 1, entries 10 to 17, for ε-CL, and Table 2 for rac-LA). The temperature ranges were established as a function of the melting point of the monomers (–1 ºC for ε-CL and 125-127 ºC for rac-LA).

  
    

    [image: Table 2. Bulk polymerization of rac-lactide]

  

  Polymerization essays with ε-CL in bulk have demonstrated a more expressive dependence on temperature than in solution. As an example, at 30 ºC with an ε-CL/1 ratio of 500, an oligomer was the only product obtained, even after 24 h of reaction (Table 1, entry 10). This low activity observed at room temperature could be related to the energy required to the first monomer insertion. Quantitative yields and higher molecular weight polymers were obtained when the reaction was conducted at 90 ºC for 30 min (entry 12), suggesting that the higher activity of 1 could be related to its melting point of 68.4 ºC as determined by DSC analysis, which favors a homogeneous reaction medium or even some thermal activation of the initiator. Similarly to the observed in solution, the control over the polymerization process in bulk showed to be highly dependent on the concentration of 1, being poor at an ε-CL/1 ratio of 1500 (entry 17). In this case, a broad molecular weight distribution indicated that undesired transesterification reactions took place. In contrast to the results obtained in solution, the reactions carried out in bulk showed decreased Mn values for an ε-CL/1 ratio of 2000 and no activity was observed at an ε-CL/1 ratio equal to 3000 (data not shown).

  Reactions of rac-LA conducted with a monomer/iniciator ratio of 500 at 130 ºC showed that 1 is able to produce PLA with an Mn of ca. 14000 g mol-1 and a PDI value of 1.37; this reaction gives quantitative yield in 2 h. For rac-LA/1 ratios of 500 and 1000, the reaction time has a stronger influence in reaction yield than in the final molecular weight or PDI values, evidencing a better controlled polymerization process than the observed with ε-CL. The rac-LA/1 ratio of 750 was found to be the best proportion considering reaction time, temperature and final molecular weight. As far as reaction temperature is concerned, essays performed at a higher temperature, for instance 160 ºC, produced polymers with similar GPC data as compared with 130 ºC. This result is equivalent to those reported for the trinuclear [Ti3(OiPr)11]+ cation in similar reaction conditions,16 in which the advantage of the trinuclear species over other polynuclear titanium(IV) alkoxides such as [Ti4(toeed)( OiPr)12] (toeed = tetrapodal N,N,N',N'-tetrakis(2-hydroxy-ethyl)ethylenediamine) and [(MeC(CH2-µ3-O)(CH2-µ-O)2)2Ti4(OiPr)10] consists in a lower molecular weight distribution of the PLA product.14,38

  Polymerization mechanism

  1H NMR analysis of PCL and PLA samples obtained in this work confirmed that the ROP reaction proceeded through the coordination/insertion mechanism for both monomers. The comparison between the 1H NMR spectra of ε-CL and PCL revealed a shift of the resonance peaks assigned to the methylene groups directly bound to the ester carbonyl groups (Figure S2 of the Supplementary Information), which were found at 2.6 and 4.3 ppm for the monomer and 2.3 and 4.1 ppm for the polymers. Low intensity signals at 1.2, 5.0 and 3.7 ppm were assigned to the hydrogen atoms of terminal isopropyl groups, (CH3)2CH, (CH3)2CH and HOCH2, respectively, whose presence is largely accepted as an evidence for the ring opening polymerization mechanism.39 In turn, the 1H NMR spectra of PLA showed signals at 1.56 and 5.17 ppm assigned to the methylic and methinic hydrogens of the polymer (Figure S3 of the Supplementary Information). As observed for PCL, the obtained PLA molecules contain isopropyl ester as end groups, as shown by low intensity signals at 1.25 and 4.36 ppm, attributed to the (CH3)CH– and (CH3)2(CH)O hydrogens.

  On the polynuclearity of 1 and the nature of the active species

  The molecular weights of PCL and PLA shown in Tables 1 and 2 are not in agreement with the expected theoretical values, Mn (theoretical), calculated for an intact molecule of 1 acting as initiator. This suggests the ocurrence of transesterification during the polymerization reaction and indicates that the nine alkoxide groups and the terminal chloride present in 1 were not equally able to initiate polymer chains. The literature has demonstrated that terminal and bridging alkoxide have different activities40 for polymerization of ε-CL and rac-LA, while the activity of halide ligands (chloride, in this case) is not well established. One of the few studies developed applying titanium(IV) complexes with adamantoxo and borneoxo ligands suggest that the reactivity of the ligand groups follow the order alkoxide > alkyl > halide.41

  The identity of the active species in the reaction mixture was tentatively investigated by the estimation of the Mn(theoretical)/Mn(GPC) ratio (Nn), which accounts for the number of isopropoxide groups available to initiate new chains in the ROP of each monomer. At the most controlled ε-CL polymerization conditions, both in solution and bulk (entries 3 and 12, Table 1), the calculated Nn values are close to seven growing chains of PCL per molecule of 1, which could correspond, in the structure of 1, to four terminal (–OiPr) and three bridging (µ2–OiPr) active groups (see Figure 1). These results agree with early reports pointing to the following relative order of alkoxide activities in ROP processes: – OiPr > µ2– OiPr > µ3– OiPr.40,42 In fact, if seven active isopropoxide groups per molecule of 1 are considered together with the results shown in Table 1 for PCL, the resulting range of calculated Mn(theoretical) values, 7890 to 9130 g mol-1, is close to the experimental Mn range obtained in this work from both GPC and 1H NMR analyses. As far as the concentration of 1 is concerned, in more diluted media Nn values become higher then nine, the total number of alkoxide groups in 1 (entries 8, 9, 16 and 17, Table 1), reflecting a higher number of back-biting reactions for both bulk and solution polymerization of ε-CL. This outcome reinforces the hypothesis that diluted media favors the establishment of an equilibrium between different nuclearity alkoxide species in solution, which are all capable to initiate ε-CL polymerization and give rise to an unknown number of coordinating sites.

  This kind of agregation/disagregation equilibrium was observed earlier in the polymerization of ε-CL and lactides initiated by Al(OiPr)3,42 La(OiPr)332 and, more recently, by the [Ti3(OiPr)11]+ cation.28 For all initiators, the number of active alkoxides capable to initiate ROP process varied with monomer nature and initiator concentration.43 The dependence on the concentration of 1 was clearly observed in Table 2 and Figure 2, for example, when the rac-LA/1 ratio was gradually increased from 250 to 1000 and supposedly a higher number of catalytic sites was made available to produce growing chains. At a first glance, this monomer shows an opposite tendency to that observed for ε-CL in both bulk and solution polymerizations, that is, Nn varying from 4.3 to 8.1. Despite this, better PLA (higher molecular weight and lower PDI) was obtained exactly in the same Nn range (7 to 8) in which better PCL was also produced in both bulk and solution reactions. As this Nn range can be tentatively associated with the intact molecule of 1 performing as the active polymerization species, this result indicates that the trinuclear structure of 1 resists better to disaggregation in rac-LA than in ε-CL media and suggests that this trinuclear species is indeed the responsible for the best polymerization results obtained in this work.
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  ROP activity of 1 compared to other titanium(IV) and iron(II) complexes, with ε-CL as a model monomer

  In an attempt to explain the role of the two metal ions and of the ligands present in 1 in the ROP of ε-CL, three soluble complexes of titanium(IV) or iron(II) were employed as possible initiators in reaction conditions similar to those applied to 1: (i) the mononuclear [Ti(OiPr)4] (2), chosen due to its well-known activity towards polymerization of ε-CL and lactides;12 (ii) the tetranuclear complex [Fe4Cl8(thf)6]30 (3), which contains tetrahydrofuran (thf) as neutral ligand, together with terminal and bridging chlorides; and (iii) the mononuclear iron(II) complex trans-[FeCl2(PriOH)4]31 (4), which possesses two chlorides and four isopropanol ligands (Figure S1 of the Supplementary Information). Besides them, anhydrous FeCl2 was also tested for its activity towards the same reaction. Isopropanol is largely applied as co-initiator of ROP because it potentially produces alkoxide groups in situ to activate the metal site, whereas thf is considered a non-reactive ligand.

  Experiments with [Ti(OiPr)4] (2) were carried out in bulk, for 30 min to 24 h, in the temperature range of 30-120 ºC. The ε-CL/2 ratio was fixed at 250 because it corresponds to the same amount of titanium(IV) centers present in the ε-CL/1 ratio of 500 (Table S2 of the Supplementary Information). PCL molecules produced with 2 as initiator had molecular weights ranging from 7210 to 7900 g mol-1 with PDI values from 1.49 to 1.68. The obtained Nn values, close to 4, were compatible with the mononuclear nature of 2 in the reaction conditions employed in this work. Based on GPC data, alkoxides 1 and 2 showed a similar behavior towards the ROP of ε-CL, as the isolated polyesters were comparable in Mn and PDI values, with a small advantage in favor of 1 when the reaction was conducted at 90 ºC for 30 min (higher molecular weight and lower PDI). In many systems, polymers obtained with heterometallic initiators usually show a broader molecular weight distribution compared to those produced with homometallic complexes, probably due to the different activities of the distinct metal centers. In this context, our results suggest that both titanium(IV) and iron(II) centers show similar ROP activities towards ε-CL, or alternatively that only one of the metal ions actually contribute to the growth of the polymer chains.

  In order to probe the reactivity of iron(II) towards the polymerization of ε-CL and compare the results with those given by 1 in similar reactions conditions, complexes 3 and 4 were tested both in bulk and in toluene solution. They revealed poor activities to promote the ROP reaction in the same ε-CL/initiator ratio employed for 1. Small activity was observed only for complex 4 in toluene solution with an ε-CL/4 ratio of 500 at 90 ºC for 20 h, producing an oligomer (Mn = 1690 g mol-1) in low yield (20%). Anhydrous FeCl2 was tested in bulk at 120 ºC per 1 h, with an ε-CL/FeCl2 ratio of 500. However, this reaction did not lead to any monomer consumption. On the other hand, the literature reports the use of FeCl2⋅4H2O as ROP initiator with ε-CL,44 in which case an addition of alcohol (co-initiator) is made to allow the in situ formation of an Fe–OH bond that attacks the carbonyl group of ε-CL. This opens the ring and then forms an alkoxide that initiates the polymerization process. Even so, products obtained with this initiator presented low molecular weights and broad PDI ranges from 1.41 to 2.15. In the present work, the addition of isopropanol to 4 (ε-CL/4 ratios of 250 to 2000) produced solids in the low molecular weight range of ca . 1000 g mol-1 (Table S3 of the Supplementary Information). The improvement in yield (85%) and PDI values close to 1.0 obtained with this initiator, as compared to the results given by FeCl2⋅4H2O, is possibly related to the existence of only one active species in the solutions of 4, while a mixture of active 
    Fe(H2O)m(OH)x species is probably present in hydrated iron(II) chloride solutions.44

  It has been reported recently that the complex [Fe(bppyH2)Cl2] (bppyH2 = 2,6-di(1H-pyrazol-3-yl)pyridine) showed to be completely inative towards the ROP of ε-CL, even after addition of alcohol, while the correspondent iron(III) complex was a suitable pre-catalyst in the same reaction conditions.45 All these reports reinforce the possible low activity of the terminal iron(II)-Cl bond in 1 and suggest that any activity of the iron(II) center in this initiator would only come from the bridging alkoxides.

  While the chemistry of iron(III) alkoxides has been more frequently investigated, and the existence of well documented examples of controlled polymerization of cyclic esters by these complexes to produce high molecular weight polymers is long known,25,46 investigations with iron(II) compounds are rare and only few of them have been successfully tested in their hability to promote ROP.24,27 High activity of iron(II) homometallic alkoxides for ROP of lactides has been reported only for iron in low coordination environments provided by bulky ligands.25 In the case of the five coordinated iron(II) center in 1, which would present one vacant coordination site for binding the monomer, there is no clear evidence of reactivity or even of the maintenance of this coordination environment in solution. In this context, our polymerization results agree with earlier reports and point to the idea that the iron(II) reactivity in 1 could be due to the presence of the bridging alkoxides.

  Kinect studies of ε-CL bulk polymerization

  Lactides and lactones undergo similar ROP processes via coordination-insertion mechanism. Our interest in examining the kinetics of the reaction of 1 with ε-CL comes from the need for additional evidences on the real composition of the reaction mixtures during polymerization. These studies were not carried out with rac-lactide because of the difficulties created by the high reaction temperature and high viscosity of the reaction medium, as reported earlier by our research group.16 Also, our kinetic studies with ε-CL were performed only in bulk, to avoid misinterpretation of the results caused by the presence of toluene signals in the 1H NMR spectra. The reaction conditions employed were an ε-CL/1 ratio equal to 500 and a temperature range of 90-130 ºC, which provided polymers with Mn values similar to those presented in Table 1.

  The polymerization process was very fast, reaching conversions up to 90% in 7 minutes at 110 ºC and in only 2 min at higher temperatures (Figure 3a). To bring light into the kinetic behavior of 1 in these reaction conditions, a comparative experiment was carried out with [Ti(OiPr)4] (2), employing an ε-CL/2 ratio of 250 (Figure S4 of the Supplementary Information). Plots of ln(1αc) for 1 and 2 as a function of time are shown in Figure 3b and Figure S4b of the Supplementary Information, respectively. In both cases, the polymerization processes were shown to be first-order in monomer concentration, affording the apparent propagation rate constants (kp) summarized in Table 3. There is an induction time of about 1 min, probably determined by the time required for coordination of the monomer to the active sites. Comparison of the rate constants obtained for 1 at 90, 120 and 130 ºC reveals that the reaction is 17 and 26 times faster, respectively, at the highest two temperatures, while the same comparison involving 90, 100 and 110 ºC shows reaction rates that are only 1.8 and 3.1 times higher, respectively (Table 3). Reactions with initiator 2, in turn, gave less abrupted variation of kp with temperature, being only 10 times faster at 130 ºC than at 90 ºC. Additionally, the kp2/kp1 ratio changes remarkably above 110 ºC. These facts reveal a significant kinetic change in the reaction promoted by 1 above 110 ºC, which could be associated to the breakage of the trinuclear structure of 1 to give lower nuclearity species in ε-CL medium.
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  The activation energy (Ea) required for ε-CL polymerization with initiator 2 (65.7 kJ mol-1), obtained from a plot of ln(k) as a function of T-1 (Figure S4 of the Supplementary Information), is close to values reported for [Ti(OPrn)4] (42.0 kJ mol-1),47 Ti[OCH2CCl3]4 (70.0 kJ mol-1),34 and the trinuclear [Ti3(µ3OiPr)2(µOiPr)3(OiPr)6][FeCl4]16 (35 kJ mol-1), respectively. Unfortunately, in the case of 1, the kinetic complexity of the system has prevented the determination of a reliable value of Ea for data in the whole temperature range employed in this work, from 90 to 130 ºC. For temperatures below 120 ºC, an Ea value of aproximately 100 kJ mol-1 was obtained, which lies in the range reported for other titanium(IV) alkoxides in similar reaction conditions.

  Characterization of the polymers

  Powder X-ray diffractograms of the PCL samples produced in this work showed high intensity peaks, typical of the crystalline portion of the polymer chains,48 at 2θ values equal to 21.6 and 23.9º, and smaller peaks at 15.8º and in the region ranging from 30 to 50º (Figure S5 of the Supplementary Information). On the other hand, diffractograms of PLA were predominantly amorphous (Figure S6 of the Supplementary Information). All these results are in accordance with data obtained by homonuclear decoupled 1H RMN analysis (Figure S7 of the Supplementary Information). The spectra displayed five methyne resonances in the range of 5.10-5.25 ppm, typical of the stereosequences isi, sis, iii, iis and sii, which are known to hamper the orientation of polymer chains in crystalline domains.49 The probability of occurrence of racemic linkages between rac-LA monomers (Pr) was 0.55, which is slightly higher than the commonly accepted value for atactic polymers.49 It is, however, in the range (0.50 to 0.56) reported for other titanium(IV) alkoxides, including [Ti(OiPr)4] and polynuclear complexes containing piperazine and four or more isopropoxide ligands.50 Stereosselective polymerization of rac-lactide was not observed in this work, reflecting that not only transesterification, but also cyclization and back biting probably occur during polymerization.

  Results of DSC analyses were compatible with the expected for PCL polymers (Figure S8 of the Supplementary Information). In DSC curves, all ε-PCL samples showed to be semicrystalline (49 to 58%), presenting a single fusion peak. The melting temperature (Tm) in the range of 55.9 to 57.5 ºC and a glass transition temperature (Tg) of –64.1 ºC are in accordance with data reported for polymers of similar molecular weights described in the literature.51 In turn, DSC analysis performed for products obtained from rac-LA showed similar thermal behavior for all samples. DSC curves confirmed the amorphous nature of PLA by the absence of Tm and Tc. The value of Tg increases from 43.3 to 48.2 ºC following the increase in Mn values from 7900 to aproximately 14000 g mol-1; this is in accordance with values reported in the literature.52

  The molecule of initiator 1 contains metal centers, iron(II) and titanium(IV), that are EPR silent when analysed in the X-band. However, EPR studies of the polymeric products performed at 77 K revealed the presence of residual iron(III) in both polymers, probably formed during the precipitation of the products under air. EPR spectra of PLA and PCL are typical of high spin iron(III) (S = 5/2) in rhombic (g = 4.3) and axial (g = 2.0) environments (Figure 4).53 This spectral pattern is compatible with those reported for oxides and oxo-hydroxides of iron(III) and can be assigned as follows: the signals at g = 4.3 are due to isolated iron(III) species and the peak at g = 2.0 arises from oxide-bound or oxo-hydroxo iron(III) in which ions interact magnetically with each other.54 After one step of purification, the signal at g = 2 desappeared from the EPR spectra of PLA, but a weak signal at g = 4.3 remained even after two consecutive repreciptation steps, suggesting that the rhombic iron(III) centres are trapped in the polymeric matrix. From the bulk polymerization of ε-caprolactone, pure PCL, that is, without contamination with iron(III), was obtained after the first purification step, due to an easy leaching of this metal ion from the polymeric matrix (Figure S9 of the Supplementary Information).
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  Conclusions

  In the present work, the heterometallic titanium(IV)/iron(II) alkoxide 1 was employed as an initiator in the ROP of ε-CL and rac-lactide, producing polymers within a molecular weight range expected for titanium(IV) alkoxides. In spite of the complexity of titanium(IV) alkoxide chemistry in solution, which often contributes to a substantial degree of uncertainty in identifying the catalytically active species, our results suggest that initiator 1 is the main responsible for the ROP of both monomers at the optimized conditions described in this work.

  With ε-CL polymerization as a model, it was possible to identify a small, but systematic, improvement in polymer characterization parameters for 1 in relation to mononuclear [Ti(OiPr)4] as initiator, probably due to a small electron-withdrawing effect of the iron(II) ion towards titanium(IV) through the bridging alkoxide ligands. These results are in accordance with the intermediary Pearson hardness of iron(II) centers and suggest that other first-row transition metals harder than iron(II), or even lanthanides, could improve the activity of the [MXn{Ti2(OiPr)9}] trinuclear framework. The poor reactivity of the terminal chloride ligand present in 1 has probably helped in avoiding competition between the two different metal ions for the monomer and also probably improved the activity of the initiator by a cooperative effect of the two metals through the alkoxide bridges.

  As for the alkoxide ligands, the estimate of the average number of growing chains per molecule of initiator points to systematic higher values of Nn for ε-CL (7 to 8) than for rac-LA (4 to 5). Such Nn values are in agreement with the better control over polymerization observed for rac-LA, probably due to a reduced number of active alkoxide sites. On the other hand, for ε-CL, both bridging and terminal alkoxides were active initiating groups, giving a higher number of sites able to grow polymer chains.

  Even though 1 did not promote a living polymerization process, it was possible to increase the Mn of PCL in solution polymerization without increasing PDI values. Also, complex 1 could be explored as an initiator of block co-polymerization, especially with lactide as 
    comonomer.
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    In this study, the monitoring of pesticide residues, which show potential for environmental contamination, in center-pivot irrigated areas in the Brazilian cerrado, was performed. The pesticides monitored were acephate, atrazine, azoxystrobin, buprofezin, carbofuran, cyproconazole, chlorpyrifos, difenoconazole, diuron, imidacloprid, malathion, methamidophos, metolachlor, metribuzin, monocrotophos, monuron, thiamethoxam, and triazophos. Surface water samples were collected upstream and downstream of Tijunqueiro dam. The subsurface water in piezometric wells was drilled in the surroundings of the irrigated area; fish and sediment were collected in the dam. The technique of solid phase extraction (SPE) was used for the extraction of water samples, the matrix solid phase dispersion (MSPD) for the sediment samples and QuEChERS (quick, easy, cheap, effective, rugged and safe) for the fish samples. The multiresidue methods used were accurate and precise for most pesticides monitored by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Atrazine was detected in two of the subsurface water samples.
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  Introduction

  Increasing crop production in agriculture has been easier by the use of effective chemical agents, such as insecticides, fungicides, acaricide and herbicides. However, it is critical that they must be used properly to preserve not only the quality of the final product, but also the finite natural resources that sustain production, especially soil and water.

  Irrigation application and crop water use can be improved by scheduling the irrigation of crops using physical and agronomic principles. The irrigation management strategy using these principles may be automatically implemented using a control system, which is known as center pivot. Its main advantages are reducing hand labor, ability to obtain higher yields, high uniformity of water distribution and ease of automation.1

  The human and ecological system exposure to contaminants is related to their distribution between the various compartments of the environment (atmosphere, soils, surface, subsurface and groundwater and oceans), to their transport between the compartments, and to their fate in each compartment, which includes their availability for uptake and bioaccumulation by organisms. Human exposure may occur by drinking freshwater and eating fish and other seafoods.2

  Within the water compartment, it is particularly important to consider the sediment phase because of many contaminants and their largely hydrophobic nature; they are known to associate strongly with natural sediments and dissolved organic matter.2

  Many studies have reported the monitoring of pesticides in water,3 sediment,4 and fish5 using different extraction and detection techniques and have highlighted its importance, including those methods using solid phase extraction (SPE),6 matrix solid-phase dispersion (MSPD)7 and QuEChERS (quick, easy, cheap, effective, rugged and safe).8,9

  The monitoring of microbasin in Brazilian cerrado is still unusual, but it is crucial to the current and future water supply.10 The goals of the present study were the development and validation of methods to determine pesticide residues in surface and subsurface water, sediments and fish muscle, and also to monitor pesticides in center-pivot irrigated areas in the Brazilian cerrado, which show potential for environmental contamination.

   

  Experimental

  Study area

  The study area, located in the southern region of the state of Goiás in the city of Morrinhos, Brazil, is an important area where there is intensive cultivation of annual crops irrigated through center pivot (Figure 1).11
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  Sampling

  Samples of surface water, subsurface water, sediment and fish were collected in Tijunqueiro microbasin, which has a dam that supplies water to eight pivots around it, making a total of 28 surface water samples, 70 subsurface water samples, 28 sediment samples and 42 fish samples.

  Surface water

  Samples were collected monthly between February 2009 and January 2010, and quarterly between January 2010 and September 2010 to account for the major variations in the water chemical characteristics, which are linked to the seasonal rainfall pattern.

  The water was sampled along a vertical profile in the upstream and downstream of the dam at a depth of approximately 2 m.

  Subsurface water

  The collection of samples from the subsurface water was made in piezometric wells (monitoring wells) drilled around the irrigated area, totaling 6 wells (Figure 1).11 The collection was done on the same dates as the surface water sampling.

  The 6 monitoring wells were drilled with a manual auger in a depth from 3 to 4 m, following the ABNT NBR 13.895 norm.12 The wells were dry at the samplings' time, well 1 and 2 in August, September and October 2009, June and September 2010, and well 4 in September and October 2009, June and September 2010.

  Sediment

  The sediment was collected using a Petersen dredge. Approximately 300 g of sediment was placed in glass amber bottles that were previously washed with acetone, heated to 280 ºC and silanized. The sediment samples were collected quarterly at 2 points, one near the upstream and another near the downstream in the period between March 2009 and September 2010, and on the same dates as the surface water sampling.

  Fish

  Samples of three species of fish primary consumers are tilapia (Tilapia cf . rendalli) and tetra (Astyanax sp.), and the secondary consumer is traira (Hoplias malabaricus) were collected quarterly in the period between March 2009 and September 2010. Duplicates of fish were selected and packed individually in plastic bags with eugenol, stored in a Styrofoam box with ice, and transported to the laboratory on the same day. At the laboratory, the fish were anesthetized with benzocaine 0.2 mg mL-1 and killed by medullary sectioning; then, the muscle with the peel was chopped and crushed with dry ice using a blender with a glass cup, and stored at –18 ºC until the moment of extraction.

  Reagents and materials

  The analytical standards of pesticides were purchased from ChemService (West Chester, PA, USA), ranging from 97% to 99.5% of purity. Acetonitrile and methanol degree HPLC/Spectro were purchased from the Tedia Company Inc. (Fairfield, OH, USA), and formic acid 88% and glacial acetic acid 99.5% from J. T. Baker (Phillipsburg, NJ, USA).

  A Milli-Q Direct-Q 3UV ultrapure water system from Millipore (Bedford, MA, USA) was used throughout the study to obtain the HPLC-grade water.

  The QuEChERS kits (DisQuE product), which consisted of 50 mL tubes containing 6 g anhydrous MgSO4 plus 1.5 g anhydrous NaOAc (tube 1) and 2 mL tubes containing 
    150 mg anhydrous MgSO4 plus 50 mg PSA sorbent (tube 2), were purchased from Waters (Milford, MA, USA).

  Stock standard solutions of individual compounds (1000 µg mL-1) were prepared in acetonitrile and stored at –18 ºC in amber bottles for 6 months. A multicompound working standard solution (10 µg mL-1) was prepared using appropriate dilution of the stock standard solutions with water:acetonitrile (80:20), stored under refrigeration (T < 5 ºC) and renewed weekly.

  Instrumentation

  The liquid chromatography-tandem mass spectrometry (LC-MS/MS) system (Agilent, Wilmington, DE, USA) equipped with a Chromatograph 1200 binary pump, an automatic sampler G1367C and a mass spectrometer 6430 Triple Quadruple was used to determine and quantify the pesticide residues.

  Sample processing and analyses

  Water

  The solid-phase extraction (SPE) cartridge used was Sep-Pak C18 with 500 mg sorbent per cartridges from Waters (Milford, MA, USA); the cartridges were conditioned with 10 mL of methanol, followed by 10 mL of water. An aliquot of 200 mL of solution was passed through the cartridge with a flow rate of 1.5 mL min-1 and then washed with 10 mL of water. After that, the cartridges were dried out for one hour. Subsequently, the pesticides were eluted with 10 mL of methanol. The methanol was evaporated to dryness under a gentle stream of nitrogen using the TurboVap (LV Caliper, LifeSciences). The residue was redissolved in 10 mL of water and acetonitrile (80:20), and the redissolved solution was transferred into a vial for analysis by LC-MS/MS.

  Sediment

  The sample preparation technique employed for sediment samples was the matrix solid-phase dispersion (MSPD). The sediment samples were dried at a low temperature using a lyophilizer Liotop L101 (São Carlos, Brazil), and then passed through a 2 mm sieve. After that, the sediment sample (500 mg) was placed in a glass mortar with 500 mg of sorbent material, octadecyl-C18 silica, purchased from Agilent (Wilmington, DE, USA). The materials were mixed for 1 min in the glass mortar using a glass pestle. After the blending was completed, the sample was packed into an empty column containing a polyethylene frit at the bottom. The second frit was placed on the top of the sample by careful compression with a syringe plunger. The packed column was attached to a vacuum manifold (Visiprep System, Supelco) and coupled with a small vacuum pump. The pesticides were then extracted using 10 mL of methanol and 5 mL of ethyl acetate, and the eluate was collected in a glass graduated conical tube and evaporated to dryness under a gentle stream of nitrogen using the TurboVap. The residue was in 10 mL of water:acetonitrile (80:20), and the solution was transferred to a vial for analysis by LC-MS/MS.

  Fish

  The QuEChERS method13 was used for the sample preparation of fish samples. Five grams of fish was transferred to a polypropylene tube of 50 mL (tube 1). Afterwards, 15 mL of acetonitrile acidified with 1% (v/v) of acetic acid was added, and the samples were manually shaken vigorously for 1 min. Next, the extract was centrifuged at 6900 g for 5 min in a Hitachi CF16RXII centrifuge (Himac, Tokyo, Japan). After that, an aliquot of 1 mL of the supernatant was transferred to a polypropylene tube of 2 mL (tube 2). The extract was shaken manually for 30 s and centrifuged for 5 min at 6900 g. In the end, 100 µL of the supernatant was transferred to a vial and became filled with 900 µL of mobile phase. Before injection in the LC-MS/MS system, the sample was filtered in a 0.20 µm Teflon filter (Whatman, Florham Park, NJ, USA) into a vial for analysis by LC-MS/MS.

  Chemical characterization of water samples

  One liter of the surface and subsurface water samples was filtered with cellulose membrane filters of 0.45 µm. After filtration, the samples were analyzed by ion chromatography (IC), using a Dionex ICS-90 system (Sunnyvale, CA, USA). In the analysis, identification and quantification of ions present in the samples were performed with the use of analytical curves previously prepared at concentrations of 1, 5 and 10 mg L-1. The standards were prepared from stock solutions (100 mg L-1) of each chemical species of interest using low conductivity water (HPLC-grade water). The analyzed ions were: chloride, nitrate, phosphate, sulfate, ammonium, magnesium, potassium, sodium and calcium. The alkalinity content was also determined, represented by the HCO3–, using the microtiter method Gran.14 The pH, temperature, and conductivity were measured using Aquaread AP 5000 AgSolv.

  Physical characterization of sediment samples

  The sediment samples were dried at a low temperature using a lyophilizer Liotop L101, and then passed through a 2 mm sieve. The textural composition (sand, silt and clay) of the samples was determined according to the method described by Raij et al. (1987).15

  LC-MS/MS conditions

  The separations were carried out using an Agilent Eclipse plus C18 column (100 × 2.0 mm, 3.5 mm particle size). The mobile phases were as follows: A-0.1% formic acid and 5 mmol L-1 ammonium formate in water and B-0.1% formic acid and 5 mmol L-1 ammonium formate in acetonitrile. The gradient program started at 20% B until 4 min, with linear gradient at 80% B until 6 min, and then remained constant for 1.4 min. After that, the linear gradient was at 100% B until 8 min, and then remained constant for 3 min. After running for 11 min, the re-equilibrium time (post time) was 3 min using 20% B. The flow remained constant at 0.6 mL min-1, and the injection volume was 10 mL.

  The ESI parameters in the positive ionization mode were as follows: gas flow 10 L min-1, nebulizer pressure 40 psi, gas temperature 300 ºC, and capillary voltage of 3500 V. Nitrogen 99.99% was used as a nebulizer and 99.9999% as a collision gas. For data acquisition, the software Agilent Mass Hunter was used. For the detection in the MS/MS, the SRM (selected reaction monitoring) mode was used.

  The most intense transition was used as a quantifying ion, and the second most intense transition was used as a qualifying ion for the confirmation of the analysis.

  Validation of the analytical procedure

  The evaluated accuracy through the recoveries essay of pesticides was identified using the water, sediment and fish samples spiked with the analytes at three concentration levels: 20, 60 and 100 ng mL-1 for water and 20, 60 and 100 ng g-1 for sediment and fish. The samples were analyzed in quintuplicate.

  The linearity of the method was assessed using standard solutions in solvent and standard solutions in matrix extract; six concentrations between 10 and 100 ng mL-1 were injected in triplicate. Blanks were also prepared as a quality control tool, but they were not included in the regression analysis (blank values were not higher than 30% of the method quantitation limit, MQL). The results were analyzed using the linear regression method.

  The matrix effects (ME) were studied using the evaluation of signal suppression or enhancement for each pesticide. The ME was determined, comparing the slope reasons of standards in the solvent and in the matrix according to the equation 1.16

  
    [image: Equation 1]

  

  The precision of the method was calculated using the repeated (n = 5) analysis of the spiked samples and it was expressed as the relative standard deviation (RSD) of replicate measurements.

  The method detection limits (MDL) and method quantitation limits (MQL) were derived from the spiked samples and expressed as a concentration producing an S/N ratio of 3 and 10 respectively.

   

  Results and Discussion

  The follows sample preparation methods SPE, MSPD and QuEChERS were used to efficiently for the determination of pesticide residues in water, sediment, and fish, respectively, followed by LC-ESI-MS/MS analysis in SRM mode, which confirmed to be an useful tool for this purpose.

  Parameters of mass spectrometry and compound identification

  The monitored ions for each compound are in Table 1.

  
    

    [image: Table 1. Acquisition parameters for pesticide analysis]

  

  The procedure used for the identification of pesticide residues included retention time and two SRM transitions. Chromatograms of the compounds with the transitions selected for the analysis are presented in Figure 2.

  
    

    [image: Figure 2. SRM Chromatogram of 18 pesticides]

  

  Validation of the LC-MS/MS method for water, sediment and fish samples

  The analytical performance parameters are important for determining the method potential. Therefore, under the optimal conditions determined previously, the matrix effects, linearity, accuracy, precision, MDL, MQL and repeatability of extraction methods were measured.

  The results are shown in Table 2. Linearity with correlation coefficients greater than 0.99 for all pesticides was studied over the concentration range of 0.50-100 ng mL-1 in the 3 matrices.
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  It is well known that the matrix effects are one of the main drawbacks of LC-MS/MS methods, making quantification in samples problematic in some cases,17 and the dilution of samples can improve quantitative measurements by lowering the amount of matrix that is present during analysis.18,19 In this study, a dilution of 10 times of the extracts was sufficient to eliminate the matrix effect in the fish samples. The matrix components for all matrices involved were not significantly affected in the present study, because the signal change was less than 20% in the whole investigated concentration range.

  The MDL and MQL obtained are stated in Table 2. The MDL ranged from 0.41 to 35 ng mL-1 for water, 0.10 to 8.4 ng g-1 for sediment, and 0.05 to 3.6 ng g-1 for fish, and the MQL ranged from 1.2 to 106 ng mL-1 for water, 0.31 to 25 ng g-1 for sediment, and 0.17 to 11 ng g-1 for fish.

  The results of accuracy and precision, which were evaluated through recovery tests of all the target compounds at different fortification levels, are presented in Table 2. The accuracy ranged from 70% to 130% for all the target compounds, except acephate, chlorpyrifos, and methamidophos for water and sediment, and metribuzin, monocrotophos and thiamethoxam for sediments. For this reason, these compounds were excluded from the quantifications in these matrices.

  The method precision was observed for all the substances, it was assessed at three concentration levels. The relative standard deviation (RSD) of the quintuplicate experiment results is given in Table 2. The RSD was lower than 9% for all target pesticides.

  Pesticide levels in water samples

  The chemical characterization of surface and subsurface water samples collected in September 2009 is shown in Table 3.
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  Considering the levels of chloride, nitrate and conductivity, there are significant differences between the samples of surface and subsurface water; this difference may be associated with the application of nitrogen and potassium fertilizers in the cultivation of maize, adjacent to monitoring well number 4, the place where the subsurface water sample was collected in September 2009.

  Tijunqueiro microbasin presents relatively flat relief and clayey soil with low susceptibility to erosion; thus, there is less risk of contamination of surface waters by runoff water and drag of the soil particles (erosion).

  No pesticides were detected in surface water samples during the monitoring period from February 2009 to September 2010. Already in the samples of subsurface water, atrazine residues were observed in two samples, but below the MQL, in a sample collected on March 2009 in the well 1 and another sample collected on September 2010 in the well 5.

  The atrazine contamination in subsurface water samples is associated with its application in the maize cultivation in the region.20 Because of the direct application of atrazine in crops, it is possible the occurrence of soil contamination and consequently, subsurface water sources due to its low vapor pressure, slow hydrolysis and moderate mobility in the soil.21,22

  The atrazine has been listed by the United States Environmental Protection Agency (EPA) as a restricted use pesticide, because of its persistence in water and various adverse health effects on humans. In contrast to the United States, Europe has stricter regulations to atrazine use. In 1991, the European Union (EU) directive on pesticides curtailed the use of products suspected of harming human health, groundwater or the environment. Additionally, the order also established a 12-year review period for products already on the market, and concluded that the herbicide had the potential to contaminate groundwater levels exceeding the allowed 0.1 µg L-1 even during appropriate use. This finding instigated a regulatory ban on atrazine that applies to all EU member states, which went into effect in 2005.23

  Pesticide levels in sediment samples

  The physical characterization of the sediment in Tijunqueiro microbasin is shown in Table 4, there is no significant difference between samples collected at the headboard and the downstream of the Tijunqueiro dam.
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  According to the study of land use and soil and water management, the soil of the study area has intensive cultivation of annual crops (beans, sweet corn, seed corn, grain corn, soybean and industrial tomatoes), usually by tillage system. In rainy periods and irrigation season, no runoff of water and sediment was observed in Tijunqueiro dam.

  The local hydrology, topography and soil type are favorable to the leach of pesticides to subsurface water, because the site presents superficial groundwater (in the monitoring well number 5, the water level during rainy season was about 50 cm deep), flat terrain, and clayey soil with granular structure and good permeability. In addition, there is the possibility of contamination of waterways through runoff.

  In the determination of pesticide residues in sediment samples, the results are below the MDL for all compounds monitored.

  Pesticide levels in fish samples

  Fish samples of tilapia (Tilapia cf . rendalli), tetra (Astyanax sp.), and traira (Hoplias malabaricus) collected from Tijunqueiro microbasin showed pesticide residues below the MDL for all compounds monitored.

  The lipophilicity, expressed by the logarithm of octanol-water partition coefficient (pKow), constitutes a physicochemical property of important role in absorption, distribution, metabolism, and elimination characteristics of pesticides.24 Although there are pesticides with pKow values > 4 at this work, pesticide residues were not found above the MDL in fish. This fact can be explained by low evidence of runoff water in the studied area, and another important factor is the large volume of water stored in the dam, which implies high dilution and dispersion of potential contaminants in the water of Tijunqueiro microbasin.

  The potential for ecological risks of atrazine in fresh and estuarine waters has been extensively reviewed with respect to its potential effects in ecological systems, and these assessments concluded that atrazine did not present significantly acute or chronic ecological risks.25 Because of the dilution in these environments, exposures are likely to be very small and do not present a direct or indirect risk.26

  It should be noted that the region of study has natural peat formation riparian zones, which present an accumulation of dead organic material that does not fully decompose because of waterlogged conditions, and this material is important for the management of the water quality.27 Studies have demonstrated the effectiveness of riparian zones in the reduction of nitrates and phosphorous compounds and a number of pesticides in agricultural basins.28,29 This fact could explain the contamination of the subsurface water, only because the molecules can be immobilized on peat or be degraded by microorganisms present30 before contamination of the 
    microbasin.

   

  Conclusions

  The LC-MS/MS methods for simultaneous determination of 18 pesticides of different classes in surface and subsurface water, sediments and muscle from three fish species was simple and fast, thus allowing high sample throughput. The methods demonstrated excellent performance parameters that allowed the determination of low levels of selected pesticides in all the samples.

  The analyses of surface water, sediments, and fish from Tijunqueiro microbasin, located in the city of Morrinhos, state of Goiás, in the Brazilian cerrado, showed no pesticide contamination in the study area, because all pesticides were below the MQL method. On the other hand, atrazine residues in subsurface water samples were detected above the MDL. The atrazine contamination in subsurface water samples is associated with its application in the crops.
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    Ten 4,7-methanoisobenzofuran-1(3H)-ones were synthesized and their insecticidal activities against the insect pest Diaphania hyalinata were evaluated. The most active substances have been selected from the initial screening to find the dose to kill 50 (LD50) and 90% (LD90) of the melonworm. Time-mortality curves of the three selected formulations at the LD90 concentration have been made against D. hyalinata. From the time-mortality curves we found that the formulation (3aR,4R,5S,6S,7S,7aS)- and (3aS,4S,5R,6R,7R,7aR)-5,6-dichlorohexahydro-4,7-methanoisobenzofuran-1(3H)-one + (3aR,4R,5R,6R,7S,7aS)- and (3aS,4S,5S,6S,7R,7aR)-5,6-dichlorohexahydro-4,7-methanoisobenzofuran-1(3H)-one has killed 50% of the melonworm after 2 h, presenting the best knockdown effect. Bioassays against Solenopsis saevissima and Tetragonisca angustula were carried out for the lactones selected in the initial screening against D. hyalinata. The formulation (3aS,4R,5S,6S,7S,7aR)- and (3aR,4S,5R,6R,7R,7aS)-5,6-dibromohexahydro-4,7-methanoisobenzofuran-1(3H)-one + (3aS,4R,5R,6R,7S,7aR)- and (3aR,4S,5S,6S,7R,7aS)-5,6-dibromohexahydro-4,7-methanoisobenzofuran-1(3H)-one has killed 31.25 and 68.30% of the pest natural enemy and the pollinator bee, respectively. At the same concentration this formulation killed 90% of D. hyalinata. The selectivity in favor of the non-target organisms has rendered this formulation a position as a promising agrochemical.

    Keywords: Diaphania hyalinata, Tetragonisca angustula, Solenopsis saevissima, insecticide

  

   

   

  Introduction

  The melonworm Diaphania hyalinata (Lepidoptera: Crambidae) is an important pest of plants of the family Curcubitaceae and occurs in the Americas.1,2 The leaves are first attacked by these insects, limiting plant photosynthesis, therefore, growth and development. After this the stems and shoots are damaged leading to the plant death. When attacked by the caterpillar, fruits become unfit for human consumption.3

  Solenopsis saevissima, an ant widely distributed in South America, is among the natural enemies of D. hyalinata. Worker individuals of this species are aggressive and have a painful sting.4 Predation by S. saevissima contributes significantly to the biological control of agricultural crops.5 Species of the genus Solenopsis have been considered important predators contributing to insect pest reduction in the tropics and subtropics.6

  Bees are another important non-target group of organisms that contribute to the biodiversity of the ecosystems. However, an alarming fact is that during the last decades there were losses in the number of colonies in locations around the world.7 Multiple environmental factors can potentially contribute to these losses, including biotic ones like pathogens, parasites, availability of resources due to habitat fragmentation and loss; and abiotic ones like climate change and pollutants.8-10 Although the causes of the loss of pollinators are still under study, which currently go through a screening process, extensive use of chemical pesticides against insect pests for crop protection may have contributed to the decline of pollinators.11 One hypothesis for the disappearance of bees relates to the use of neonicotinoid insecticides.12-17 Concern for bees is justified by the fact that they play a vital role in agriculture.18 Nearly 35% of the world's food crops depend on pollination mostly by insects,19 especially bees and butterflies. The pollinator insects can increase genetic biodiversity in the cultivated species by the cross pollination leading to better fruits, seeds and plants.20

  In recent years, several species are rapidly going into extinction because the insecticides have been planned to be very effective against pests in general, but with great potential to affect beneficial organisms.21 This concept has fueled concerns about the ecological consequences of biodiversity loss, leading to a flurry of studies examining how changes in diversity affect the ecosystems, particularly those that provide goods and services that humans depend upon.22,23

  Pest control should be based on equilibrium between the use of chemical agents and survival of the natural enemies.24 Therefore, to avoid the possible interruption of the natural control of pests it is important to evaluate the effects of pesticides against the beneficial organisms.25

  The idea that beneficial organisms and insecticides were incompatible has been modified in recent years. The outdated broad-spectrum insecticides have been superseded by more modern agrochemicals like spinosads,26 and novel pyrethroids that present selectivity in favor of the beneficial organisms and a desirable ecotoxicology.27 The novel pyrethroids have been evaluated for their toxicological effect against target insects and adverse activity on natural enemies.28,29

  The conservation of beneficial organisms is an essential component in integrated pest management.22,23,30 The most frequent source of mortality for phytophagous arthropods in ecosystems is attack by natural enemies.5

  The synthesis of new lactones has been inspired by small molecules from natural products that have been the mainstay of research in organic chemistry since its initial development.31 Within this context, phthalides or isobenzofuranones, natural volatile compounds present in apiaceous plants have attracted the attention of many research groups.32 This class of compound has presented a wide spectrum of activities such as vasodilatation,33 analgesic,34 anti-inflammatory,35,36 and protection effect against neuronal impairment induced by deprival of oxygen and glucose.37

  The focus on the use of natural products for agrochemicals is widely used, because the resulting secondary metabolites of plant interaction with the environment during its evolution play an important function in plant protection against herbivores.38-40

  Phthalide derivatives possess potential as agrochemicals because recent research indicates that a large number of compounds display insecticidal,41,42 nematicidal,43 and acaricidal44 activities. These plant-based agrochemicals have presented themselves as an important tool to combat the evolution of resistance to pesticides.45

  Therefore, the aim of this work was to investigate the toxicity of compounds of the class of phthalides against D. hyalinata and non-target organisms: bee pollinator (T. angustula) and the pest natural enemy (S. saevissima). The insecticidal activities of these compounds have been evaluated against the important pest of Curcubitaceae from which three of them have shown stunning insecticidal activities. Besides that we have been involved in functional group modification and/or stereochemistry aiming for novel compounds which could play an important role with respect to the biological activity.

   

  Results and Discussion

  Synthesis

  Cycloaddition reaction of furan-2(5H)-one 1 and cyclopentadiene has been employed in first stage of our work for the synthesis of 4,7-methanoisobenzofuran-1(3H)-ones. The synthesis of the endo 2 and exo 3 adducts using this methodology is represented in Scheme 1. This reaction has been carried out with regio- and stereoselective control but without asymmetric induction. Therefore, to simplify we have opted to use only one of the enantiomers to represent each adduct.

  
    

    [image: Scheme 1. Preparation of adducts]

  

  The most distinct signals of adduct 2 in the 13C nuclear magnetic resonance (NMR) spectrum were the carbonyl and the alkene carbons at δ 178.0, 134.3, and 136.7, respectively. The double bond is confirmed by the multiplet at 6.25-6.33 ppm in the 1H NMR spectrum. These distinct signals have also been observed in the 13C NMR of adduct 3 but at slightly different chemical shifts (δ 177.6, 137.3, and 137.6). The olefinic protons H5 and H6 of 3 are displayed as doublet of doublets at δ 6.18 and 6.23, respectively. Long distance detection experiments in the NMR (nuclear Overhauser effect (NOE)) have enabled us to differentiate these isomers. Irradiation of the signal of H8 of adduct 2 has resulted in 1.32 and 1.87% increase in the signals of H7a and H3a, respectively. However, irradiation of H8 of adduct 3 has resulted in 0.85% NOE in the signal of H3' which is close in space to H8.

  In the next stage, the double bond of lactones 2 and 3 was oxidized with meta-chloroperbenzoic acid to give only epoxides 4 (98% yield) and 5 (83% yield) with stereospecific control (Scheme 2). In the 1H NMR of 4 and 5, H5 and H6 (δ ca. 3.2 ppm) were chemically shielded compared to H5 and H6 (δ ca. 6 ppm) at the double bond in compounds 2 and 3, which is a strong evidence of the epoxide formation. The oxygen at the exo position in epoxides 4 and 5 was established by NOE experiments. Irradiation of the signal of H5/H6 of epoxide 4 has resulted in 1.17% increase in the signal of H3'. However, irradiation of the signal of H5 of epoxide 5 has led to 0.9% increase of H3a. To reinforce the exo position of the oxygen in the epoxide 5 we have irradiated the signal of H6 resulting in 2.03% increase of H7a.
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  Following the idea of preparing novel isobenzofuranone derivatives we have also performed hydrogenation, chlorination, and bromination reactions of these adducts (Scheme 2). Bromination and chlorination of unsaturated lactone 3 have proceeded stereoselectively to give only the trans-1,2-dihalogenated products, as expected. The structures of all compounds have been established by using the spectrometric methods, including in these methods the bidimensional NMR experiments such as heteronuclear single quantum coherence (HSQC), correlation spectroscopy (COSY), and nuclear Overhauser effect spectroscopy (NOESY).

  Insecticidal activity

  In this study, we have assessed the efficacy of compounds 1-7, 9a, and 9b against second-instar larvae of D. hyalinata. Furthermore, the insecticidal activities of the mixtures of 8a/8b (2:1 ratio), and 9a/9b (1:1 ratio) have also been evaluated. Compounds 8a and 8b have not been evaluated separately because only a small quantity of 8b was isolated and purified (57.5 mg).

  There was a significant difference in the mortality of larvae of D. hyalinata as a function of the treatments (analysis of variance (ANOVA), F14.75 = 48.24, p < 0.001). The mortality of D. hyalinata as a result of the treatments is presented in Figure 1 as a histogram with standard deviation bars and assignment letters according to the Scott-Knott grouping analysis test at p < 0 .05. The compounds 1, 9a, 9a + 9b, 9b, and 8a + 8b have presented significant insecticidal activities killing more than the negative control. The lactones 9a + 9b, 9b, and 8a + 8b at the concentration of 45.2 µmol g-1 insect were the most potent, killing 84.8, 91.3 and 96.3% of D. hyalinata, respectively. These compounds were more active than the commercial piperine, which has presented 64.5% mortality.46 Compounds 1 and 9a have shown moderate activities of 23.1 and 40.0%, respectively.
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  Piperine was used as the positive control because the insecticidal activity of this substance has been extensively described in the literature.47-51 Furthermore, extracts of black pepper Piper nigrum L. (Piperaceae), whose main constituent is piperine are toxic to Lepidoptera insects, including Ascia monuste orseis Latreile (Lepidoptera: Pieridae)52 and Spodoptera frugiperda Smith (Lepidoptera: Noctuidae).53

  The isolated isomers 9a and 9b, in the concentration of 45.2 µmol g-1 insect and a period of 48 h, have caused 40.0 and 91.3% mortalities of the insects, respectively. According to Ahern and Whitney,54 many secondary metabolite classes are responsible for the plant resistance against herbivore. Therefore, totally different compounds could play an important defense mechanism for the plants. To the best of our knowledge we have not found many references describing the ecological effects played by modifying the stereochemistry of the active ingredients.55-59

  In some cases, individual isomers have identical bioactivities, but in other cases different isomers can drastically differ in bioactivity.60

  A significant difference in insecticide activity has been observed for stereoisomers 9a and 9b. The isomer 9b is the most active killing 91.3% of the insect pest. However the formulation 9a + 9b at the ratio of 1:1 has killed 84.8% of the pest, which does not differ significantly from that obtained for the pure isomer 9a. Therefore, the laborious separation of the chemicals 9a and 9b is not necessary considering only the difference in insecticidal activity.

  The most active lactones 8a + 8b, 9a + 9b, and 9b were selected for a more thorough investigation after the general insecticidal bioassay. This selection is in line with the Brazilian Health Surveillance Agency (ANVISA) for tests of efficacy on pest control products, which recommends that only values between 90 ± 10% mortality should be considered satisfactory.61

  The dose-mortality results from the lactones application in larvae of D. hyalinata have shown low chi-square test (χ2) and high p values (< 2.39 and > 0 .05, respectively) indicating the suitability of the probit model for fitting the dose-response curves. Curves with acceptance probability of the null hypothesis by χ2 greater than 0.05 were accepted. The doses to kill 50 (LD50) and 90% (LD90) of the insects were obtained from these curves (Figure 2).
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  According to Table 1, the formulation 8a + 8b exhibited the highest toxicity to D. hyalinata, with lethal doses of 20.58 (LD50) and 40.37 (LD90) µmol g-1 insect. However, lactones 9a + 9b and 9b have shown similar insecticidal activities.
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  The curves with the activity rates for the most promising chemicals at the LD90 concentration against D. hyalinata are presented in Figure 3. The survival analysis of D. hyalinata exposed to lactones indicated significant differences among treatments (log-rank test, χ2 = 190.28, df = 3, p < 0.001). The chemicals 8a + 8b, 9a + 9b and 9b have killed 50% of the population of the pest in intervals of 2, 4 and 3 h, respectively. The rate of activity of the insecticide is very important to control the outbreak of pests in the agriculture. The fast population growth of pests should be controlled to avoid great damages to the crops. The formulation 8a + 8b has presented the best time mortality result, which is adequate to control the outbreak of pests because it has killed 50% of the population of D. hyalinata in the shortest period (2 h).
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  The insecticides have been planned to be very effective against pests in general, but with great potential to affect beneficial organisms. Thus we have evaluated the toxicity of eleven chemical formulations against the pest D. hyalinata, and the three most promising formulations have been tested against the beneficial bee pollinator and the natural enemy fire ant.

  The formulations 8a + 8b, 9a + 9b, and 9b have been evaluated against the beneficial organisms S. saevissima and T. angustula (Table 2). The results from this study showed that lactones 9b (t10 = 6.35, p < 0.001) and 9a + 9b (t10 = 4.59, p < 0.001) were selective in favor of S. saevissima and T. angustula (more toxic to the pest than to the natural enemy).
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  Besides the efficiency against insect pests, novel agrochemical agents should preferably provide selectivity to non-target species, especially predators and pollinators. This is important because natural enemies can aid in the control of the population of pests in agricultural crops.62 Moreover, the conservation and enhancement of natural enemy activity in agroecosystems is one of the key elements of sustainable agricultural production.63-67

  However, the natural enemies alone are not able to prevent any damage caused by the pest.24 Because of this, finding a balance between the use of chemical insecticides and the survival of natural enemies is a priority of integrated pest management.

  Furthermore, pollination is essential to ensure the reproduction of most plants.68 Thus pollinator should be retained, so that the biodiversity of the ecosystem is maintained.69,70

  The International Organization for Biological Control (IOBC) uses a standardized classification for the impact of pesticides on natural enemies for experiments in laboratory which consists of four categories: harmless (< 30% effect), slightly harmful (30-79% effect), moderately harmful (80-99% effect), and harmful (> 99% effect).71 The formulation 9a + 9b has killed 31.25 and 68.30% of S. saevissima and T. angustula, respectively. However, the isolated compound 9b has killed 46.99 and 65.33% of S. saevissima and T. angustula, respectively. The selectivity of these lactones in favor of S. saevissima and T. angustula surpasses the negative impact of the outdated broad-spectrum insecticides which kill the insects without selectivity. The selectivity provided by lactones (9a + 9b and 9b) to S. saevissima and T. angustula suggests that the use of these compounds to control D. hyalinata presents a low risk to these non-target insects according to the IOBC classification.

  To sum up we have found that a number of structural features have influenced the insecticidal activity, particularly the presence of halogens and the cis-relationship between the lactone ring and the methylene bridge. The most active compounds were the exo adducts and the ones containing halogens which is in agreement with literature reports where various compounds with biological activities such as fungicide, herbicide, antibiotic, and insecticide have been described.72-74

   

  Conclusions

  In summary, we have synthesized and determined the insecticidal activity of ten lactones. The agrochemicals 9a + 9b, 9b, and 8a + 8b at the concentration of 45.2 µmol g-1 insect were the most active against D. hyalinata killing 84.8, 91.3 and 96.3% of the worms, respectively. The activities presented by these lactones were better than the commercial positive control. The lactones 9a + 9b and 9b were selective in favor of non-target organisms. Therefore, these lactones are promising as potential novel agrochemicals for the integrated pest management.

   

  Experimental

  General

  Reagents and solvents were purified, when necessary, according to the procedures described by Perrin and Armarego.75 The reactions were followed by visualizing the thin layer chromatography (TLC) plates coated with silica-gel in an ultraviolet chamber at 254 nm.76 The furan-2(5H)-one was obtained as previously described.77 The cyclopentadiene was obtained by distillation of dicyclopentadiene commercially available (Sigma-Aldrich) before being used in the Diels-Alder reaction. The 1H, 13C NMR, COSY, HSQC, heteronuclear correlation (HETCOR), heteronuclear multiple-bond correlation (HMBC), NOE difference (NOEDIFF), and NOESY spectra were recorded on a Varian Mercury 300 instrument (300 MHz), using deuterated chloroform as solvent. Infrared (IR) spectra were recorded on a Varian 660-IR, equipped with GladiATR scanning from 4000 to 500 cm-1 . Mass spectra (MS) were recorded on a Shimadzu GCMSQP5050A instrument under electron impact (70 eV) conditions. Melting points are uncorrected and were obtained using MQAPF-301 melting point apparatus (Microquímica). Column chromatography was performed over silica gel (60-230 mesh).

  Synthesis of lactones

  (3aR,4S,7R,7aS)- and (3aS,4R,7S,7aR)-3a,4,7,7a-tetrahydro-4,7-methanoisobenzofuran-1(3H)-one (2) and (3aS,4S,7R,7aR)-and (3aR,4R,7S,7aS)-3a,4,7,7a-tetrahydro-4,7-methanoisobenzo-furan-1(3H)-one (3)

  Furan-2(5H)-one 1 (1.0012 g, 11.9 mmol) and cyclopentadiene (8.1 g, 0.12 mol) have been added to a sealed tube. The resulting reaction mixture has been magnetically stirred and heated at 100 ºC for 72 h. The excess of cyclopentadiene has been evaporated, and the crude product was purified by column chromatography (eluent: hexane: ethyl acetate 2:1 v/v) to give 1.139 g (66% yield) of 2 and 0.363 g (18% yield) of 3.

  Data for compound 2

  White solid; TLC Rf = 0.44 (hexane:ethyl acetate 2:1 v/v); m.p. 119.8-120.6 ºC; IR (film) νmax / cm-1 3065, 2097, 2873, 1765, 1481, 1381, 1345, 1185, 1001; 1H NMR (300 MHz, CDCl3) δ 1.46 (d, 1H, J 8.6 Hz, H8), 1.64 (d, 1H, J 8.6 Hz, H8'), 3.04-3.15 (m, 2H, H3a and H4), 3.25 (dd, 1H, J 9.2, 4.6 Hz, H7a), 3.30-3.36 (m, 1H, H7), 3.79 (dd, 1H, J 9.7, 3.1 Hz, H3'), 4.28 (dd, 1H, J 9.7, 8.3 Hz, H3), 6.25-6.33 (m, 2H, H5 and H6); 13C NMR (75 MHz, CDCl3) δ 40.1 (C3a), 45.6 (C7), 46.0 (C4), 47.4 (C7a), 51.7 (C8), 70.2 (C3), 134.3 (C5), 136.7 (C6), 178.0 (C1); MS m/z (%) 91 (7), 85 (11), 66 (100).

  Data for compound 3

  Colorless oil; TLC Rf = 0.56 (hexane:ethyl acetate 2:1 v/v); IR (film) νmax / cm-1 3061, 2974, 2909, 1761, 1485, 1381, 1185, 1005; 1H NMR (300 MHz, CDCl3) δ 1.47 (dt, 1H, J 9.8, 1.7 Hz, H8), 1.55 (dquint, 1H, J 9.8, 1.7 Hz, H8'), 2.51-2.60 (m, 1H, H3a), 2.65 (dt, 1H, J 8.5, 1.7 Hz, H7a), 2.90 (sl, 1H, H4), 3.27 (sl, 1H, H7), 3.96 (dd, 1H, J 9.8, 3.5 Hz, H3'), 4.48 (dd, 1H, J 9.8, 8.7 Hz, H3), 6.18 (dd, 1H, J 5.7, 3.0 Hz, H5) 6.23 (dd, 1H, J 5.7, 3.0 Hz, H6); 13C NMR (75 MHz, CDCl3) δ 41.7 (C3a), 43.1 (C8), 46.2 (C7), 47.8 (C7a), 48.0 (C4), 71.7 (C3), 137.3 (C6), 137.6 (C5), 177.6 (C1); MS m/z (%) 150 ([M]+, 1), 91 (7), 85 (10), 66 (100).

  (3aR,4R,5R,6S,7S,7aR)- and (3aS,4S,5S,6R,7R,7aS)-5,6-epoxyhexahydro-4,7-methanoisobenzofuran-1(3H)-one (4)

  meta-Chloroperbenzoic acid (MCPBA) (2.6366 g of MCPBA 70%, 15.2 mmol) was added portionwise to a round-bottom flask containing phthalide 2 (1.1386 g, 7.59 mmol) and dichloromethane (100 mL). The reaction mixture was stirred for 15 h and quenched with aqueous Na2SO3 solution (20%, 100 mL). The mixture was extracted with diethyl ether (3 × 100 mL), and the combined organic layers were washed with aqueous NaHCO3 solution (10%, 100 mL) and brine until neutral. The organic layer was dried with anhydrous MgSO4 and filtered. After evaporation of solvent, the product mixture was purified by column chromatography with silica-gel using hexane:ethyl acetate 1:1 as eluent to give 1.238 g of 4 (98% yield): white solid; TLC Rf = 0.36 (hexane:ethyl acetate 1:1 v/v); m.p. 120.9-121.7 ºC; IR (film) νmax / cm-1 2997, 2961, 1761, 1381, 1193, 1001, 849; 1H NMR (300 MHz, CDCl3) δ 0.96 (d, 1H, J 10.2 Hz, H8), 1.56 (d, 1H, J 10.2 Hz, H8'), 2.70-2.74 (m, 1H, H4), 2.95-2.99 (m, 1H, H7), 2.99-3.06 (m, 1H, H3a), 3.11 (dd, 1H, J 10.3, 5.0 Hz, H7a), 3.32-3.36 (m, 2H, H5 and H6), 4.26-4.41 (m, 2H, H3 and H3'); 13C NMR (75 MHz, CDCl3) δ 29.3 (C8), 39.2 (C7), 39.9 (C4), 41.3 (C3a), 45.5 (C7a), 47.3 (C5)*, 48.5 (C6)*, 67.6 (C3), 176.7 (C1); MS m/z (%) 138 (11), 110 (13), 109 (20), 92 (17), 91 (25), 82 (42), 81 (100), 80 (11), 79 (49), 78 (19), 77 (45), 70 (27), 69 (57), 66 (17), 65 (14), 55 (17), 54 (27), 53 (29), 51 (21), 41 (22), 40 (12). *These assignments could be reversed.

  (3aS,4R,5R,6S,7S,7aS)- and (3aR,4S,5S,6R,7R,7aR)-5,6-epoxyhexahydro-4,7-methanoisobenzofuran-1(3H)-one (5)

  Epoxide 5 was obtained (137.5 mg) in 83% yield by reaction of lactone 3 (150 mg, 1.0 mmol) with 70% MCPBA (346.8 mg, 2.0 mmol), by following the same procedure described for lactone 4: white solid; TLC Rf = 0.30 (hexane:ethyl acetate 1:1 v/v); m.p. 112.9-113.4 ºC; IR (film) νmax / cm-1 2969, 1769, 1385, 1189, 1001, 853; 1H NMR (300 MHz, CDCl3) δ 0.87 (dm, 1H, J 11.2 Hz, H8), 1.42 (dquint, 1H, J 11.2, 1.9 Hz, H8'), 2.57 (sl, 1H, H4), 2.61 (ddt, 1H, J 8.9, 3.6, 1.9 Hz, H3a), 2.65-2.70 (m, 1H, H7a), 3.94 (sl, 1H, H7), 3.16 (d, 1H, J 4.4 Hz, H5), 3.26 (d, 1H, J 4.4 Hz, H6) 3.97 (dd, 1H, J 9.7, 3.6 Hz, H3'), 4.49 (dd, 1H, J 9.7, 8.9 Hz, H3); 13C NMR (75 MHz, CDCl3) δ 21.3 (C8), 39.1 (C3a), 41.6 (C7), 43.2 (C4), 45.6 (C7a), 50.5 (C5), 50.9 (C6), 71.4 (C3), 177.3 (C1); MS m/z (%) 93 (21), 91 (27), 82 (92), 81 (100), 79 (34), 77 (43), 66 (12), 65 (11), 54 (22), 53 (21), 51 (18), 41 (15), 40 (9).

  (3aR,4R,7S,7aS)- and (3aS,4S,7R,7aR)-hexahydro-4,7-methanoisobenzofuran-1(3H)-one (6)

  To a 25 mL round-bottom flask were added compound 2 (0.1024 g, 0.68 mmol), ethanol (10 mL) and Pd/C 10% (7.3 mg). The resulting mixture was stirred under hydrogen atmosphere for 1 h. After the solvent evaporation the residue was purified by column chromatography with silica-gel using hexane:ethyl acetate 1:1 as eluent to give 73.1 mg of 6 (70% yield): white solid; TLC Rf = 0.63 (hexane:ethyl acetate 1:1 v/v); m.p. 64.8-65.6 ºC; IR (film) νmax / cm-1 2961, 2881, 1761, 1485, 1381, 1172, 1069, 997; 1H NMR (300 MHz, CDCl3) δ 1.50-1.63 (m, 6H, H5, H6, H8 and H8'), 2.34-2.40 (m, 1H, H4), 2.64-2.69 (m, 1H, H7), 2.80-3.92 (m, 1H, H3a), 2.98 (dd, 1H, J 11.2, 5.7 Hz, H7a) 4.21-4.34 (m, 2H, H3 and H3'); 13C NMR (75 MHz, CDCl3) δ 21.5 (C5)*, 25.4 (C6)*, 39.8 (C7), 40.3 (C4), 41.9 (C8/C3a), 46.7 (C7a), 68.4 (C3), 178.8 (C1); MS m/z (%) 93 (13), 91 (12), 85 (40), 80 (33), 79 (31), 77 (15), 68 (12), 67 (32), 66 (100), 65 (10), 53 (9), 41 (19). *These assignments could be reversed.

  (3aS,4R,7S,7aR)- and (3aR,4S,7R,7aS)-hexahydro-4,7-methanoisobenzofuran-1(3H)-one (7)

  Product 7 was obtained (197.8 mg, 1.30 mmol) in 92% yield by reaction of lactone 3 (0.2132 mg, 1.42 mmol) and Pd/C 10% (14.2 mg) under hydrogen atmosphere, by using the same procedure described for the synthesis of lactone 6: white solid; TLC Rf = 0.30 (hexane:ethyl acetate 1:1 v/v); m.p. 112.9-113.4 ºC; IR (film) νmax / cm-1 2969, 1769, 1385, 1189, 1001, 853; 1H NMR (300 MHz, CDCl3) δ 1.15-1.38 (m, 4H, H5, H6, H8 and H8'), 1.45-1.67 (m, 2H, H5' and H6'), 2.24-2.28 (m, 1H, H4), 2.42 (tdd, 1H, J 8.7, 3.6, 1.3 Hz, H3a), 2.51 (dt, 1H, J 8.7, 1.3 Hz, H7a), 2.65-2.69 (1H, m, H7), 3.89 (dd, 1H, J 9.5, 3.8 Hz, H3'), 4.43 (dd, 1H, J 9.5, 9.0 Hz, H3); 13C NMR (75 MHz, CDCl3) δ 27.1 (C5)*, 27.8 (C6)*, 33.4 (C8), 40.5 (C7), 41.7 (C3a), 42.6 (C4), 48.0 (C7a), 72.9 (C3), 179.6 (C1); MS m/z (%) 152 ([M]+, 14), 93 (19), 91 (11), 85 (10), 81 (10), 80 (100), 79 (72), 78 (11), 77 (20), 68 (17), 67 (39), 66 (86), 64 (15), 54 (14), 53 (13), 51 (10), 41 (27), 40 (10). *These assignments could be reversed.

  (3aR,4R,5S,6S,7S,7aS)- and (3aS,4S,5R,6R,7R,7aR)-5,6-dichlorohexahydro-4,7-methanoisobenzofuran-1(3H)-one (8a) and (3aR,4R,5R,6R,7S,7aS)- and (3aS,4S,5S,6S,7R,7aR)-5,6-dichlorohexahydro-4,7-methanoisobenzofuran-1(3H)-one (8b)

  Chlorine was bubbled for 20 min into a solution of lactone 3 (537.1 mg, 3.58 mmol) δissolved in dichloromethane (20 mL). The chlorine was produced by adding concentrated HCl to a two-neck round-bottom flask containing MnO2 under vigorous stirring. The progress of the reaction was checked by TLC, and the mixture was stirred until all the substrate was fully consumed. The solvent was evaporated and the pure product was obtained after column chromatography packed with silica-gel using hexane:diethyl ether 1:1 as eluent to give 0.2761 g (35% yield) of 8a and 0.0575 g (7% yield) of 8b.

  Data for compound 8a

  Colorless oil; TLC Rf = 0.37 (hexane:ether 1:1 v/v); IR (film) νmax / cm-1 2981, 2913, 1769, 1485, 1385, 1273, 1189, 1052, 1009, 945, 812, 776, 689, 641, 480; 1H NMR (300 MHz, CDCl3) δ 1.55-1.64 (m, 1H, H8), 2.00 (dquint, 1H, J 12.1, 1.6 Hz, H8'), 2.53-2.58 (m, 1H, H4), 2.70 (d, 1H, J 8.9 Hz, H7a), 2.86 (sl, 1H, H7), 3.20 (tdd, 1H, J 8.9, 3.7, 1.6 Hz, H3a), 3.74 (t, 1H, J 3.0 Hz, H6), 3.97 (dd, 1H, J 9.7, 3.7 Hz, H3'), 4.24 (dd, 1H, J 4.0, 3.0 Hz, H5), 4.56 (t, 1H, J 9.7 Hz, H3); 13C NMR (75 MHz, CDCl3) δ 30.4 (C8), 33.6 (C3a), 45.6 (C7a), 49.3 (C4), 49.6 (C7), 66.5 (C6), 67.4 (C5), 71.6 (C3), 177.3 (C1); MS m/z (%) 224 ([M+4]+, 0.22), 222 ([M+2]+, 1.21), 220 ([M]+, 1.70), 141 (12), 105 (29), 91 (25), 80 (100), 79 (52), 78 (11), 77 (23), 66 (38), 65 (42), 63 (19), 53 (17), 52 (15), 51 (44), 50 (15), 49 (10), 41 (15), 40 (13).

  Data for compound 8b

  Colorless oil; TLC Rf = 0.31 (hexane:ether 1:1 v/v); IR (film) νmax / cm-1 2975, 2911, 1769, 1485, 1385, 1189, 1048, 1009, 821, 785, 653, 493; 1H NMR (300 MHz, CDCl3) δ 1.57-1.66 (m, 1H, H8), 2.03 (dquint, 1H, J 12.1, 1.7 Hz, H8'), 2.49 (sl, 1H, H4), 2.61 (tdd, 1H, J 9.0, 3.7, 1.7 Hz, H3a), 2.93-2.97 (m, 1H, H7), 3.27 (dt, 1H, J 9.0, 1.7 Hz, H7a), 3.70 (t, 1H, J 2.7 Hz, H5), 3.97 (dd, 1H, J 9.9, 3.7 Hz, H3'), 4.30 (dd, 1H, J 4.1, 2.7 Hz, H6), 4.54 (dd, 1H, J 9.9, 9.2 Hz, H3); 13C NMR (75 MHz, CDCl3) δ 30.5 (C8), 39.3 (C3a), 47.5 (C7a), 47.6 (C7), 52.1 (C4), 66.3 (C5), 67.2 (C6), 71.5 (C3), 178.6 (C1); MS m/z (%) 224 ([M+4]+, 0.31), 222 ([M+2]+, 1.88), 220 ([M]+, 2.87), 141 (13), 105 (50), 91 (40), 80 (100), 79 (72), 78 (16), 77 (31), 75 (12), 66 (66), 65 (65), 63 (31), 53 (25), 52 (22), 51 (74), 50 (27), 49 (20), 41 (23), 40 (24).

  (3aS,4R,5S,6S,7S,7aR)- and (3aR,4S,5R,6R,7R,7aS)-5,6-dibromohexahydro-4,7-methanoisobenzofuran1(3H)-one (9a) and (3aS,4R,5R,6R,7S,7aR)- and (3aR,4S,5S,6S,7R,7aS)-5,6-dibromohexahydro-4,7-methanoisobenzofuran-1(3H)-one (9b)

  The phthalide 3 (420.3 mg, 2.80 mmol) was dissolved in dichloromethane (20 mL) in a round-bottom flask with a magnetic stirring bar. Then a solution of bromine in dichloromethane was added dropwise using a Pasteur pipette. The reaction mixture was stirred until the substrate was fully consumed. When the reaction was completed by TLC (1 h), the mixture was concentrated. The product mixture was purified by column chromatography with silica-gel using hexane:diethyl ether 1:1 to give 0.1952 g (23% yield) of 9a and 0.1858 g (21% yield) of 9b.

  Data for compound 9a

  Colorless oil; TLC Rf = 0.31 (hexane:diethyl ether 1:1 v/v); IR (film) νmax / cm-1 2976, 2917, 1761, 1475, 1457, 1371, 1180, 1052, 996, 754, 677, 605, 543, 466; 1H NMR (300 MHz, CDCl3) δ 1.56-1.64 (m, 1H, H8), 2.08 (d, 1H, J 12.1 Hz, H8'), 2.55 (d, 1H, J 3.7 Hz, H4), 2.72 (d, 1H, J 8.9 Hz, H7a), 2.92 (s, 1H, H7), 3.22 (tdd, 1H, J 8.9, 3.7, 1.9 Hz, H3a), 3.88 (t, 1H, J 3.0 Hz, H6), 3.96 (dd, 1H, J 9.9, 3.6 Hz, H3'), 4.43 (t, 1H, J 3.7 Hz, H5), 4.56 (t, 1H, J 9.6 Hz, H3); 13C NMR (75 MHz, CDCl3) δ 30.6 (C8), 35.7 (C3a), 46.2 (C7a), 50.0 (C4/C7), 56.0 (C6), 58.0 (C5), 71.7 (C3), 177.0 (C1); MS m/z (%) 231 (33), 229 (35), 106 (31), 105 (100), 92 (11), 91 (60), 80 (19), 79 (48), 78 (22), 77 (40), 66 (86), 65 (85), 63 (36), 53 (28), 52 (32), 51 (78), 50 (34), 41 (26), 40 (33) .

  Data for compound 9b

  Colorless oil; TLC Rf = 0.29 (hexane:diethyl ether 1:1 v/v); IR (film) νmax / cm-1 2977, 2911, 1761, 1478, 1380, 1180, 1053, 1009, 757, 613, 485; 1H NMR (300 MHz, CDCl3) δ 1.60-1.66 (m, 1H, H8), 2.13 (dquint, 1H, J 12.1, 1.8 Hz, H8'), 2.55 (sl, 1H, H4), 2.63 (tdd, 1H, J 8.7, 3.6, 1.8 Hz, H3a), 2.92-2.96 (m, 1H, H7), 3.31 (ddd, 1H, J 8.7, 1.8, 1.8 Hz, H7a), 3.85 (t, 1H, J 2.9 Hz, H5), 3.97 (dd, 1H, J 10.0, 3.6 Hz, H3'), 4.47-4.56 (m, 2H, H3 and H6); 13C NMR (75 MHz, CDCl3) δ 30.8 (C8), 40.0 (C3a), 43.0 (C7a), 48.3 (C7), 52.6 (C4), 55.9 (C5), 57.6 (C6), 71.6 (C3), 178.6 (C1); MS m/z (%) 231 (40), 229 (43), 106 (29), 105 (100), 91 (60), 80 (16), 79 (45), 78 (21), 77 (34), 66 (79), 65 (73), 63 (31), 55 (14), 53 (23), 52 (24), 51 (68), 50 (28), 41 (26), 40 (30).

  Biological assays

  Biological assays were conducted with second-instar larvae of D. hyalinata and adults of S. saevissima and T. angustula. Larvae of D. hyalinata were obtained from a laboratory rearing and adults of S. saevissima and T. angustula were collected from nests located at the University campus.

  Screening bioassay for D. hyalinata

  The experimental design was completely randomized with six replications. Each experimental unit consisted of a glass petri dish (9.5 cm × 2.0 cm) containing ten insects. The average weights of the insects were obtained by measuring, on an analytical balance, the mass of ten insects and taking the average. Bioassays were conducted by topical application. A 10 µL Hamilton micro syringe was employed to apply, on the thoracic tergite of each individual insect, 0.5 µL of a solution of the test compound, dissolved in acetone, corresponding to a concentration of 45.2 µmol g-1 insect. In a negative control experiment, carried out under the same conditions, 0 .5 µL of acetone was applied on each insect. After the application, the insects were kept in individual petri dishes containing discs of chayote leaf as food. The petri dishes were placed in an incubator at 25 ± 0 .5 ºC and 75 ± 5% relative humidity with a photoperiod of 12 h. The mortality counts were made after 6, 12, 24 and 48 h of treatment. Mortalities included dead individuals as well as those without movements. The insecticidal activity of piperine (Sigma-Aldrich) was taken as positive control.

  Dose-mortality bioassays for D. hyalinata

  The most active lactones against D. hyalinata were subjected to experiments to obtain dose-mortality curves. The experimental design was completely randomized with six replications. Each experimental unit consisted of a glass petri dish (9.5 cm × 2.0 cm) containing ten insects. Initially, four doses of each compound were tested to identify the range of concentrations that would provide mortalities greater than zero and less than 100%. Once the ranges of concentrations were defined, other doses were tested for each compound. The number of doses used to obtain the dose-mortality curves varied from five to seven. Bioassays were conducted by topical application using the same procedure described above.

  Time-mortality bioassays for D. hyalinata

  The most active lactones were subjected to experiments to obtain curves of survival. The experimental design was completely randomized with twelve replicates. Each experimental unit consisted of ten insects kept on a glass Petri dish (9 cm diameter × 2 cm height) covered with organza. Bioassays were conducted by the same procedure as that described above. The dose used was equivalent to LD90 obtained for the three most active lactones. Insect mortality was observed every 30 min during the initial 12 h exposure followed by 5 h intervals of observation until the death of approximately 90% of insects' populations.

  Risk assessment to non-target insects

  To determine the magnitude of selectivity of the compounds, LD90 for the most active lactones against D. hyalinata were applied to beneficial insects. The experimental design was completely randomized with six replications. Bioassays were conducted using the same procedure to that described above . T. angustula was subjected to a photoperiod of 12 h while S. saevissima was kept in the dark during the experiment. After application, the insects were kept in individual Petri dishes, containing a mixture of sugar (85%), honey (15%) and water as food. The mortality counts have been made after 6, 12, 24 and 48 h after treatment.

  Data analysis

  Mortality data were subjected to analysis of variance, and the averages were compared by the Scott-Knott grouping analysis test (p < 0 .05). Dose-mortality data of active compounds were corrected by Abbott's method78 and then subjected to probit analysis79 using PROC PROBIT procedure of Statistical Analysis System (SAS) program80 to estimate dose-mortality curves. The curves that presented probabilities greater than 0.05 by the χ2 test81 were accepted. These curves were used to estimate the lethal dose (LD) that causes 50 and 90% mortalities. Time-mortality data were subjected to survival analysis (p < 0.05) with non-parametric Kaplan-Meier estimator82 using LIFETEST procedure.80 The survival curves constructed were compared by log-rank test (p < 0.05) and the median survival times (LT50) of the larvaes were estimated. To evaluate the selectivity, mortality of non-target species were compared with pest mortality by t-test for independent samples (p < 0.05).
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    The continuous search for antimicrobial candidates pushes the pursuit of compounds in the most diverse organisms. Amphibians are known as a prolific source of antibacterial peptides. Based on the rich biodiversity of the Amazon region the unexplored green-tree frog (Hypsiboas cinerascens) was studied for its skin secretion peptide content. Chromatographic separations and established tandem mass spectrometry (MS/MS) methods were used for sequencing the primary structures of the purified compounds. De novo sequencing lead to the identification of five new peptides related to hylaseptin P1, displaying an aminated C-terminal. Sequencing of the complementary deoxyribonucleic acid (cDNA) analysis allowed the disambiguation of isobaric amino-acids for C-01. Matrix assisted laser desorption ionization (MALDI) was carried out, demonstrating the in situ co-occurrence of the identified peptides in the dorsal skin. The major peptide C-01 was synthesized and assayed against a selection of microorganisms displaying minimal inhibitory concentrations (MICs) ranging from 4 to 16 µM.
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  Introduction

  Peptides are short chains of amino acids connected to one another in a sequence by peptide bonds.1 This type of compounds is widespread through all organisms such as plants, microorganisms and animals.2 In animals, peptides are involved in the complex coordination of the organism, mainly attributed to hormonal and neural activities.3 Peptides also are involved in cell growth control that regulate not only cell proliferation but an extraordinary range of cell activities, including matrix protein deposition and resolution, the maintenance of cell viability, cell differentiation, inflammation, and tissue repair.4

  Beyond these activities, a sub-class of peptides named antimicrobial peptides (AMPs) represents a promising source of active compounds to overcome increasing microbes strains resistant to some antibiotics.5 Most of these peptides are cationic and hydrophobic possessing the ability to permeabilize microorganisms membranes.6 The amphipathic nature of AMPs allows the interaction with bacterial membranes through electrostatic bonds, resulting in a disruption process and consequently the cell death.7 This process can occur by more than one manner (detergent-like, barrel stave and pore toroidal mechanisms)8 making it difficult for microorganisms to gain resistance to these peptides.9

  Amphibians represent the main source of AMPs, these compounds are synthesized and stored in the granular glands of the dermal layer of the skin.10 AMPs and other bioactive peptides are synthesized as larger proteins with a signal sequence and an acidic pro-piece that are cleaved to release the mature active peptide before or at the time of secretion from granular.6 The broad spectrum of pathogenic microorganisms that are inhibited by amphibian AMPs11 attract attention for the discovery of new structures present in the skin secretions of these vertebrates.

  Amphibians belonging to the Hylidae are known as a promising source of AMPs. Members of this family are commonly referred to as "tree-frogs" with adaptations suitable for an arboreal lifestyle, including forward-facing eyes providing binocular vision, and adhesive pads on the fingers and toes.12 In the non-arboreal species, these features may be greatly reduced, or absent.12 Several Hylidae genera have been reported as potent AMPs producers, such as Phyllomedusa, Hyla and Hypsiboas, all being found in the Amazon region.13 Hypsiboas is one of the less studied genera found in Brazil, where only H. puntacta had its peptide content previously evaluated.13 The green-tree frog (H. cinerascens) is a nocturnal and arboreal species largely found in the rain forests of Central and South America14 not previously studied for its skin secretion's peptide content.

  The discovery of new amphibian AMPs requires the use of sensitive analytical techniques, since the amount of material is limited. In this case, mass spectrometry (MS) plays a central role when coupled to chromatographic techniques allowing the identification of several peptides in a single run, and with a restricted amount of material. Ambiguities such as the identification of isobaric residues (leucine and isoleucine) can be overcome by combination with molecular biology tools. Considering the increasing need for new antibiotics and the fact that the amphibians comprise a known source of biologically active molecules,11 this work aimed for the identification of AMPs from the skin secretion of the tree frog H. cinerascens. An approach comprising high performance liquid chromatography (HPLC), MS and complementary deoxyribonucleic acid (cDNA) sequencing was applied enabling the identification of new AMPs named cinerascetins. Additionally, antimicrobial assays were performed for the synthetic peptide C-01.

   

  Experimental

  Frog skin secretions

  Adult specimens of Hypsiboas cinerascens (n = 7) whose sex were not determinated were captured after acquisition of a license provided by the Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renováveis (IBAMA, 22533-1) at Adolpho Ducke Reserve (Manaus, Amazonas State, Brazil) in the rainy season of 2010. All frogs were identified at the Department of Biology from the Federal University of Amazonas. Skin secretions were obtained by a gentle transdermal electrical stimulation of the dorsal skin (6 V)15 and collected in falcon tubes of 15 mL after washing the cutaneous surface of the specimens with distilled water. Skin secretions of all specimens were combined, frozen and lyophilized yielding 1 mg of crude secretion. After collection, the specimens were released, with the exception of two, that were euthanized for cDNA sequencing and imaging analyses. The secretion was kept at 4 ºC prior to being snap-frozen with liquid nitrogen, lyophilized and stored at –80 ºC prior to analyses.

  Chromatographic analysis and peptide isolation

  The total lyophilized skin secretion was dissolved in 0.6 mL of water with 0.1% trifluoroacetic acid and injected into a reverse phase (C18) column (Vydac 218TP 250 × 10 mm2, 5 µm particle size). The chromatographic system was a LC10 AD-VP (Shimadzu). Peptides were eluted out by performing a gradient of acetonitrile with 0.1% trifluoroacetic acid ranging from 5 up to 95% over a period of 60 min under flow of 2.5 mL min-1. Peptide elution was monitored at 216 and 280 nm.16 All solvents used for chromatographic and MS techniques were HPLC grade purchased from J. T. Baker and the water was purified by a Milli-Q system.

  Structural characterization

  Chromatographic fractions were dissolved in 10 µL of deionized water and mixed with α-cyano-4hydroxycinnamic acid matrix solution (5 mg of matrix, 250 µL of deionized water, 50 µL acetonitrile with 0.1% trifluoroacetic acid) in a proportion of 1/3 µL followed by spotting matrix assisted laser desorption ionization (MALDI) target plate.16 For mass spectra acquisition, a MALDI-time-of-flight in tandem (MALDI-TOF-TOF) UltraFlex III mass spectrometer (Bruker Daltonics) was operated in the reflector mode for MALDI-TOF MS peptide mass fingerprint at a range of m/z 600-4000 and in the "LIFT™" mode for MALDI-TOF-TOF tandem mass spectrometry (MS/MS) fragmentation experiments, on fully manual mode using FlexControl software v. 2.2. To process the data obtained and perform manual de novo sequencing,17 Flex Analysis v.3.0 software (Bruker Daltonics) was employed. The ambiguities on the fragmentation for peptides containing isobaric amino acids were approached by the molecular cloning of precursor-encoding cDNA.

  Sequence comparison

  All obtained sequences were aligned and subjected to similarities search using the FASTA 3 program on the Expasy Molecular Server (www.expasy.ch) and online BLAST analysis (blastp) from the National Center for Biotechnology Information (NCBI). Secondary structure prediction was performed using SOPMA, also at this server.18

  Molecular cloning of precursor-encoding cDNA

  One specimen was euthanized by injection of a 2% lidocaine solution directly in the brain. Immediately, the skin was removed, frozen with liquid nitrogen and mechanically pulverized. The ribonucleic acid (RNA) isolation of approximately 10 mg of the skin was performed using trizol reagent (Invitrogen). Spectrophotometric analysis ensured the purity and quantity of RNA. The protocol for gene cloning and cDNA sequencing was carried according to Brand et al.19 Briefly, the total RNA (1 µg) was used for the first strand cDNA synthesis using a superscript reverse transcriptase kit (Invitrogen) and an oligo(dT)-anchor primer (5'-GACCACGCGTATCGATGTCGACTTTT TTTTTTTTTTTTT-3').20 The cDNA amplification reactions employed the four degenerated 5' primers PPS-1 (5'-ATGGCTTTCCTGAARAARTCBCTTTT YCTT GTACTATTCCTTGS-3'), PPS-1A (5'-ATGGCTTTCCTGAAGAAATCTCTTTT CCTTGTACTATTCCTTGG-3'), PPS-2 (5'-ATGGCTTTCCTGAARAARTCBCTTT TYCTTGTATTATTTCTCGG-3') and PPS2A (5'-ATGGCTTTCCTGAAGAAATCTCTTTT CCTTGTATTATTTCTCGC-3') that were designed based on the highly conserved 5'-signal regions of previously described AMPs cDNAs of anurans of the Hylidae family.21

  Imaging analysis

  The same euthanasia process was carried for other specimen, and immediately the whole dorsal skin was surgically removed. The dorsal skin was stretched over a glass plate and dried at room temperature. After dryness, the dorsal skin was fixed in a MALDI plate and covered with a thin layer of matrix solution (5 mg of α-cyano-4hydroxycinnamic acid, 250 µL of deionized water, 50 µL acetonitrile with 0.1% trifluoroacetic acid). The imaging analysis was performed on an Ultraflex III instrument on a reflective positive mode, with laser intensity at 30% and 200 µm of distance from each acquisition point. The data acquisition and post analysis was performed using Flex-imaging 3.0 software (Bruker Daltonics) which was programmed to map molecular components ranging from 600 to 4000 m/z. The software Biomap was used to perform the ion co-localization analysis. The complete preparation of the dorsal frog skin fragment for MALDI imaging analysis has been described elsewhere.19

  Solid phase peptide synthesis

  The peptide C-01 was manually synthesized by the solid phase approach using the 9-fluorenylmethoxycarbonyl (Fmoc)/t-butyl chemistry according to the previously employed methodology.22 After chemical de-protection and lyophilization, the peptide was purified by reverse phase HPLC.

  Antimicrobial assay

  Candida albicans American Type Culture Collection (ATCC) 90028, Cryptococcus neoformans ATCC 28957, Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 25923 were used to evaluate the antimicrobial activity of C-01. Dermaseptin-1 (DS01) peptide, a known antimicrobial peptide isolated from frog skin, was used as positive control and pure water was used as negative control. The minimal inhibitory concentrations (MICs) were evaluated by broth microdilution test according to Clinical and Laboratory Standards Institute (CLSI) protocols.23 For yeasts, CLSI M27-A3 protocol was used. Briefly, yeast cell suspensions from 48 h old Sabouraud dextrose agar (SDA) were prepared in 0.85% (v/v) sodium chloride and diluted at appropriate densities in Roswell Park Memorial Institute (RPMI) 1640 broth (with L-glutamine, without bicarbonate, pH 7.0). A total of 1 × 103 cells were mixed at different peptides concentration ranging from 256 to 0.5 µM at a final volume of 100 µL. Experimental tests were incubated at 35 ± 2 ºC for 48 and 72 h for C. albicans and C. neoformans, respectively. MIC was determined as the concentration that no visible cell growth was observed after incubation period. All tests were performed in triplicate.

  For bacteria, M07-A9 protocol was used.24 Prior to testing, bacteria were transferred to inclined casoy agar and incubated at 35 ± 2 ºC for 24 h. Bacteria cells suspension were prepared in 0.85% (v/v) NaCl, diluted and adjusted to 0.5 McFarland (1 × 108 colony-forming unit (CFU) mL-1).25 Muller Hinton broth was used for antibacterial test. The final volume of 100 µL, containing different peptides concentration and 5 µL of bacteria inoculum were incubated at 35 ± 2 ºC for 24 h. The MIC was determined as the concentration that no visible cell growth was observed after incubation period. All tests were performed in triplicate.26

   

  Results and Discussion

  Peptide identification

  The pooled skin secretion obtained from H. cinerascens was purified by reverse phase HPLC (Figure 1). Twenty fractions were manually collected and aliquots of each one containing the major peaks in the chromatogram were subjected to MALDI LIFT-TOF-MS/MS analysis. Chromatographic fractions eluting at 42.41, 34.90, 37.94, 36.64 and 34.90 min (Figure 1) displayed ions whose monoisotopic masses were m/z 2386.43, 2395.25, 2165.30, 2393.43 and 2490.50, respectively. MS/MS experiments allowed de novo sequencing of the major peaks. The manual interpretation of the product spectra displayed similar fragmentation behaviors, consistent with peptides sharing similar sequences named cinerascetins (C-01 to C-05). The chemical similarities among the isolated peptides demanded a carefully inspection of the fragmentation pattern.
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  The main peak observed at the chromatographic step (C-01) displayed the m/z 2386.4328 (–1.5 ppm) whose primary structure presented a sequence with 25 amino acid residues (GVI/LDAI/LKAI/LAKAAGKAAI/LQAAGEHI/ L-NH2). The monoisotopic mass of C-01 it showed to be 1 Da below the theoretical value (2387.3696). The observed m/z suggested a post-translational modification. Based on the sequencing and the recorded protonated peptide we proposed the existence of a carboxyamidated C-terminal residue. C-02 eluted at 34.90 min (m/z 2395.2525, +1.3 ppm) displaying a similar sequence to C-01, differing only at the residue number 18, where a histidine residue is found instead of a glutamine/lysine. The peptide C-03 (m/z 2165.2939, 3.6 ppm) eluted at 37.94 min and its sequence is composed of 24 amino acid residues (GVSVI/LAI/LAGTI/ LAKAAGKAAI/LEAAI/L-NH2). The remaining peptides C-04 (m/z 2393.4300, –2.6 ppm) and C-05 (m/z 2490.5047, 3.3 ppm) eluted in 36.64 and 34.50 min, respectively, containing 25 and 26 amino acid residues characterized as GVI/LDKI/LKAI/LAKAAGKAAI/LKAAGESI/L-NH2 and GVVI/LDKI/LKAI/LAKAAGKAAI/LQAAGEVV-NH2. For C-02 to C-05 the same 1 Da shifts on the recorded masses were observed, indicating that all identified peptides include a carboxyamidated C-terminal residue. AMPs with such modifications are largely found in Anuran. For the studied genus, H. pulchellus displayed peptides with the same post-translational modification.27 Disambiguation of isobaric residues and confirmation of the post-translational modifications were carried by the cDNA analysis.

  Cloning of cinerascetins biosynthetic precursor-encoding cDNAs

  In order to establish the isobaric residues such as leucine and isoleucine and residues with near masses (glutamine/lysine) the biosynthetic precursors were cloned. Four different cinerascetin-encoding sequences were consistently cloned from the skin secretion cDNA library. Unfortunately, from the MS-based identification only C-01 was encoded (Figure 2), whereas the remaining ones represent peptides not identified by MS. Those peptide sequences were named C-06, C-07 and C-08, since they displayed similar sequences when compared with the MS-identified ones. The ambiguities were resolved for C-01, where the obtained sequence was GVLDAIKAIAKAAGKAALQAAGEHI-NH2. All encoded peptides displayed a glycine at the end of the mature peptide followed by a stop codon, which is a confirmation of C-terminal amination during the peptide cleavage. NCBI-BLAST comparisons were performed with these four encoded peptides revealing that they possess novel sequences with high identities to known AMPs from Hypsiboas punctatus: 93% of identity with hylapseptin-P1;28 Phyllomedusa distincta: 65% with dermadistinctin-K;29 and Phyllomedusa sauvagii: 71% with dermaseptin-S5.30 On the other hand, cinerascetins displayed different sequences when compared with peptides reported from H. semilineatus,31 H. albopunctatus,32 H. biobeba,33 H. raniceps,21 and H. pulchellus27 (Table 1).
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  Imaging analysis

  Imaging of biological tissues enables the molecular mapping of ions under almost native conditions, preserving morphological and molecular informations. Aiming to map the cinerascetins on the skin tissue and to compare their distribution on the skin, the total dorsal tissue of H. cinerascens was submitted to imaging acquisition. To facilitate observation of results, a representative fragment of analyzed skin is demonstrated in Figure 3. Pictorial representation of C-01 (m/z 2386.43), C-02 (m/z 2395.25), C-03 (m/z 2165.29), C-04 (m/z 2393.43) and C-05 (m/z 2490.50) are shown in Figures 3c to 3g, respectively. Co-localization between C-01 (green) and the other related peptides (red) are shown in Figures 3h to 3k, respectively. The areas shared between two ions are shown in yellow. The technique was able to detect all reported cinerascetins in this work. The results indicate that C-01 is present in a great area of the dorsal tissue and that the other related peptides shared the same area. Thus, based on the primary structure and spatial location, the peptides C-02, C-03, C-04 and C-05 probably have similar biological role as C-01.
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  Solid phase synthesis and antimicrobial assay

  Based on the structure of peptides characterized here and knowledge about the amphibian peptides antimicrobial potential, C-01 was selected to be manually synthesized for its antimicrobial evaluation. The peptide was prepared on a solid phase system and the purified peptide assayed against the yeast Cryptococcus neoformans, the fungus Candida albicans, the gram-positive bacteria Staphylococcus aureus and the gram-negative bacteria Escherichia coli, all human pathogens.34 The synthetic peptide was also evaluated against Xanthomonas axonopodis pv. glycines, a plant pathogenic bacteria. The peptide dermaseptin-01 (DS01) obtained from Phyllomedusa hypochondrialis was used as positive control due to its antimicrobial properties.15

  The peptide C-01 was able to inhibit the growth of all tested microorganisms with MIC values ranging from 4 to 16 µM (Table 2). The uncommon broad spectrum activity of C-01 was shown to be more active than peptides previously described in Hypsiboas such as Rsp-1 (MIC of 20 µM against S. aureus)21 and hylaseptin-P1 (MIC of 24.2 µM against E. coli).28 Over the last years a wide range of antimicrobial cationic peptides have been shown to play a significant role in host defenses.35 The mode of action of these peptides against gram-positive bacteria is well known,36 where the ability to form channels in lipid bilayer membranes seems to be most accepted theory.35 On the other hand the mechanism against gram-negative bacteria and fungi still remains unclear.36 The cationic nature of C-01 must be taken into account to determine the possible mechanism (76% of α-helix according to self-optimized prediction method with alignment (SOPMA) prediction). Similar anuran peptides such as dermaseptin-01 are also cationic, and it has been suggested that the membrane surface in the presence of negatively charged lipids is associated with a "carpet-like" manner, breaking the lipid bonds due the reduction of repulsive electrostatic forces between positively charged peptides.37 The similarities among dermaseptin-01 and C-01 may be the key to establish the mechanism of action, however, more studies to confirm this hypothesis are needed. Additionally, the presence of a carboxyamidated C-terminal moiety has been shown as a factor of increasing the antimicrobial activity, possibly by a decrease of degradation rate by carboxypeptidases.38
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  Conclusions

  Using chromatography and MS it was possible to identify and characterize five new peptides. These compounds displayed sequences with 24 to 26 amino acid residues. Molecular cloning of precursor-encoding cDNA was performed and four sequences were identified, being one previously detected by MS. Imaging analysis with the dorsal skin allowed the localization of the MS identified peptides throughout the whole tissue. These peptides were assigned as new peptides related to hylaseptin-P1, displayed the C-terminal region with amination as post translational modifications. The synthetic peptide C-01 displayed in vitro antimicrobial activity against the tested organisms. The presented results are part of the continuous search for novel substances that can serve as models for new antibiotics. This work constitutes the first report on the peptide constitution of H. cinerascens.

   

  Supplementary Information

  Supplementary data (imaging and MALDI LIFT-TOFMS/MS spectra of C-01, C-02, C-03, C-04 and C-05 and sequences of cDNA of C-06, C-07 and C-08) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    We present here our results in the synthesis of eleven new 3-(1H-1,2,3-triazol-1-yl)-2-(arylselanyl)pyridines by copper-catalyzed azide-alkyne cycloaddition reactions. The reactions were performed in the presence of catalytic amount of copper(II) acetate and sodium ascorbate using a mixture of tetrahydrofuran/water (1:1) as solvent at room temperature in air. The reaction is tolerant to different functional groups such as substituted-benzene rings, alcohol and ester and none electronic or steric influence was observed. All the products were obtained in good to excellent yields. Alternatively to the conventional oil bath heating, the use of microwave irradiation or ultrasound methods is also presented as alternative energy sources.
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  Introduction

  Nitrogen heterocycles represent a large spectrum of compounds found in several natural and bioactive molecules.1 In this context, the heterocycles of five members containing three nitrogen atoms, well known as triazoles, are important units of this class present in several medicines worldwide consumed, as example the antifungal agents (fluconazole, itraconazole and voriconazole).2 A great number of triazole derivatives have been synthesized and their chemistry has attracted a good deal of interest and activity from a variety of standpoints such as structure, stereochemistry, reactivity and applications to organic synthesis.3 Still, their importance can be measured by the large number of publications elucidating the biological properties for new synthetic derivatives.4

  In this context, considerable effort has been applied to the development of an efficient, green, mild and relatively cheap method for the synthesis of triazoles and the copper-catalyzed azide-alkyne cycloaddition (CuAAC) definitively features a significant advance in this field, specially for 1,2,3-triazoles.5

  On the other hand, organoselenium compounds are a class of versatile and useful organic substrates that has emerged in recent years being subject of many reviews6 and books.7 These compounds are well known as precursors to introduce an unsaturated carbon-carbon bond on organic molecules by an intramolecular syn elimination of selenoxide in oxidant media,8 firstly described by Jones et al. in 1970.9 However, in recent years, organic selenium compounds have been used in an increased spectrum of applications in organic synthesis such as ionic liquids10 and asymmetric catalysis.6,11 Moreover, organoselenium compounds are widely studied as agents with a diverse array of biological effects, these include antioxidant action, antitumoral, anticonvulsant, hepatoprotective and antinociceptive.12

  With this background, the synthesis of selenium-containing 1,2,3-triazoles13 emerged as an opportunity for research, which combines the potentiality of triazoles with the organoselenium portion. Very recently, some CuAAC protocols were reported for the synthesis of organoselenium-functionalized triazoles in excellent yields under mild reaction conditions.13 However, a synthetic approach, which could incorporate to these molecules another synthetic and biological important unit, the pyridine, has not to be published so far. Realizing the importance of this research, we described here a synthetic methodology to the synthesis of 3-(1H-1,2,3-triazol-1-yl)-2-(arylselanyl)pyridines combining organoselenides, pyridines and triazoles on the same molecule.

   

  Results and Discussion

  Initially, our study was focused on preparing the starting materials, 2-phenylselanyl-3-azido-pyridines 4a (Scheme 1). The treatment of 3-amino-2-chloro-pyridine 2, commercially available, with benzeneselenol generated in situ by the reaction of diphenyl diselenide 1a with hipophosporous acid (50 wt.% in H2O) as reducing agent in glycerol gave de 3-amino-2-phenylselanylpyridine 3a in 95% yield.14 Using the pyridine 3a in the presence of isopentyl nitrite and trimethylsilyl azide (TMSN3) in tetrahydrofuran (THF) from 0 ºC to room temperature,15 the expected 3-azido-2-phenylselanylpyridine 4a could be obtained in 90% yield after 3 h (Scheme 1).
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  By using the methodology described above, six new 3-azido-pyridines 4 containing differently substituted arylselanyl moieties were easily obtained in good yields and these compounds are presented in Table 1.
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  With these starting materials in hand, we envisioned to obtain the 3-(1H-1,2,3-triazol-1-yl)-2-(arylselanyl) pyridines 6 as the desired products. In view of our expertise in recent publications on this field, we decided to employ the azides 4 on copper-catalyzed azide-alkyne cycloaddition reaction (CuAAC) using sodium ascorbate as reducer agent in a mixture of THF/H2O as solvent in air.13

  As a preliminary experiment we reacted the 3-azido-2-phenylselanyl-pyridine 4a with phenyl acetylene 5a in the presence of 5 mol% of Cu(OAc)2.H2O and 10 mol% of sodium ascorbate and the desired triazole 6a was obtained in 90% yield after 6 h at room temperature (Scheme 2).
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  In accordance with this good result, the methodology was then extended to the synthesis of a range of 3-(1H-1,2,3- triazol-1-yl)-2-(arylselanyl)pyridines 6 using as starting materials the 3-azido pyridines 4a-f previously described and commercially available terminal alkynes 5a-f (Table 2).
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  Inspection of Table 2 shows that the reaction worked well for a variety of differently substituted alkynes 5 and different arylselenides directly attached to the pyridine ring 4. A closer inspection of the results revealed that the reaction is not sensitive to the electronic effects in alkynes 5. A wide range of groups attached to the alkynes such as electron rich, -neutral and -poor reacted efficiently with the 3-azido-2-(phenylselanyl)pyridine 4a under these conditions and produced the functionalized 1,2,3-triazoles 6a-d as products in moderate to good yields. For example, alkynes containing p-methyl, p-methoxy or p-chloro groups afforded the desired products in 90, 75 and 80% yield, respectively (Table 2, entries 2-4). We also observed that the reaction is tolerant to different functional groups directly attached to the alkyne, for example ester 5e and alcohol 5f, which gave the expected triazoles 6e and 6f, respectively, in good yields (Table 2, entries 5 and 6).

  In an attempt to broaden the scope of our methodology, the possibility of performing the reaction with other 2-(arylselanyl)-3-azido-pyridines was also investigated. As illustrated in Table 2, the CuAAC reaction of 4b-f with phenyl acetylene 5a, under the same reaction conditions, led to the corresponding triazole products 6g-k in good to excellent yields (Table 2, entries 7-11).

  The use of different 2-(arylselanyl)-3-azido-pyridines 4b-f, containing electron-donating and withdrawing groups afforded the required products in satisfactory yields, demonstrating that the reaction is not sensitive to the electronic effect of the aromatic ring attached to the selenium atom (Table 2, entries 7-10). Comparing the entries 7 and 11 (Table 2), we realized that when the aryl selenide 4f bearing an ortho-methyl group was used, no steric influence in the formation of the desired product 6k is perceived in this cycloaddition reaction.

  The use of an internal alkyne, the 1,2-diphenyl acetylene 5g, was also investigated under the optimal reaction condition, but after 24 h no product could be observed and the starting materials were quantitatively recovered (Table 2, entry 12).

  Finally, in order to explore this CuAAC reaction between phenyl acetylene 5a and the 2-(phenylselanyl)- 3-azido-pyridine 4a envisioning the possibility to obtain the product 6a in a shorter reaction time and using cleaner methods, we performed the reaction employing focused microwave irradiation (using an irradiation power of 100 W) and ultrasound conditions (60% of amplitude) (Scheme 3). Results presented in Scheme 3 revealed that under both non-classical methods, the product 6a could be obtained in excellent yields after only 10 min, demonstrating the efficient use of alternative energy sources to this synthesis.
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  Conclusions

  In summary, we presented the synthesis of a series of new 3-(1H-1,2,3-triazol-1-yl)-2-(arylselanyl)pyridines 6 by copper-catalyzed azide-alkyne cycloaddition between 3-azido-2-arylselanyl-pyridines 4 and terminal alkynes 5. The reaction conditions are simple and mild, employing easy handle and available catalytic amount of copper(II) acetate and sodium ascorbate, using THF/H2O as solvent in air. The reaction does not show to suffer steric or electronic influence of the substituents of the aryl selenide 4 or at the alkyne 5 and all products were obtained in good to excellent yields. These molecules comprise a new class of organoselenium-substituted triazole compounds that associated to pyridine moieties are plausible candidates to present potent pharmacological properties.

   

  Experimental

  Materials and methods

  Proton nuclear magnetic resonance spectra (1H NMR) were obtained at 400 MHz on a DPX-400 NMR spectrometer. Carbon-13 nuclear magnetic resonance spectra (13C NMR) were obtained at 100 MHz on a DPX-400 NMR spectrometer. Spectra were recorded in CDCl3 or DMSO-d6 solutions. Chemical shifts are reported in ppm, referenced to the solvent peak of CDCl3, DMSO-d6 or tetramethylsilane (TMS) as the external reference. Data are reported as follows: chemical shift (δ), multiplicity, coupling constant (J) in Hertz and integrated intensity. Low-resolution mass spectra were obtained with a Shimadzu GC-MS-QP2010 mass spectrometer. High resolution mass spectra (HRMS) were recorded on a Bruker Micro TOF-QII spectrometer 10416. A Cole Parmer-ultrasonic processor Model CPX 130, with a maxim power of 130 W, operating at amplitude of 60% and a frequency of 20 kHz was used in Scheme 3. A Microwave CEM Discover Legacy apparatus, with magnetic frequency of 2.45 MHz and power of 300 W, operating at 50 ºC, was used in Scheme 3. Baker silica gel (particle size 0.040-0.063 mm) was used for flash chromatography. Thin layer chromatography (TLC) was performed using Merck Silica Gel GF254, 0.25 mm thickness. For visualization, TLC plates were either placed under ultraviolet light, or stained with iodine vapor, or 5% vanillin in 10% H2SO4 and heat as developing agents. Most reactions were monitored by TLC for disappearance of starting material.

  General procedure for the preparation of 3-azido-2-arylselanylpyridine 4

  To a solution of 3-amino-2-arylselanylpyridine 3 (1.0 mmol) in THF (2.0 mL), iso-pentyl nitrite (1.15 mmol) followed by trimethylsilyl azide (1.15 mmol) was added drop by drop at 0 ºC under air. Then the mixture was stirred at 0 ºC for 10 min, the ice bath was removed, and the mixture was stirred at room temperature for 6 h. The solvent was removed under vacuum and the product was isolated by column chromatography using hexane or hexane/ethyl acetate as eluent.

  3-Azido-2-(phenylselanyl)pyridine (4a)

  Yield: 0.238 g (87%); brown solid; m.p. 54-59 ºC; 1H NMR (400 MHz, CDCl3) δ 7.99 (d, 1H, J 3.6 Hz, Ar-H), 7.53-7.51 (m, 2H, Ar-H), 7.25-7.21 (m, 3H, Ar-H), 7.12 (d, 1H, J 7.8 Hz, Ar-H), 6.92 (dd, 1H, J 7.8, 4.8 Hz, Ar-H); 13C NMR (100 MHz, CDCl3) δ 148.4, 146.1, 136.0, 135.4, 128.9, 128.3, 126.8, 124.1, 121.1; MS m/z (rel. int.): 275 (3), 177 (16), 168 (30), 149 (12), 97 (17), 77 (20), 43 (100); HRMS (ESI+) m/z calcd. for C11H8N4Se [M + H]+: 276.9987; found: 276.9991.

  3-Azido-2-(p-tolylselanyl)pyridine (4b)

  Yield: 0.233 g (81%); brown solid; m.p. 47-49 ºC; 1H NMR (400 MHz, CDCl3) δ 8.04 (dd, 1H, J 4.7, 1.3 Hz, Ar-H), 7.43 (d, 2H, J 7.9 Hz, Ar-H), 7.18 (dd, 1H, J 7.9, 1.3 Hz, Ar-H), 7.08 (d, 2H, J 7.9 Hz, Ar-H), 6.97 (dd, 1H, J 7.9, 4.7 Hz, Ar-H), 2.27 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ 148.9, 146.3, 138.6, 136.6, 135.3, 130.0, 124.0, 123.0, 121.0, 21.2; MS m/z (rel. int.): 290 (11), 247 (31), 182 (54), 171 (39), 91(100); HRMS (ESI+) m/z calculated for C12H10N4Se [M + H]+: 291.0143; found: 391.0164.

  3-Azido-2-((4-methoxyphenyl)selanyl)pyridine (4c)

  Yield: 0.261 g (86%); yellow solid; m.p. 75-77 ºC; 1H NMR (400 MHz, CDCl3) δ 8.00 (dd, 1H, J 4.7, 1.4 Hz, Ar-H), 7.44 (dt, 2H, J 8.8, 2.0 Hz, Ar-H), 7.14 (dd, 1H, J 7.9, 1.4 Hz, Ar-H), 6.94 (dd, 1H, J 7.9, 4.7 Hz, Ar-H), 6.79 (dd, 2H, J 8.8, 2.0 Hz, Ar-H), 3.69 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ 160.2, 149.2, 146.4, 138.1, 135.2, 124.0, 120.9, 116.9, 114.9, 55.2; MS m/z (rel. int.): 306 (1), 178 (100), 161 (49), 123 (18), 69 (64), 55 (26); HRMS (ESI+) m/z calcd. for C12H10N4OSe [M + H]+: 307.0093; found: 307.0097.

  3-Azido-2-((4-chlorophenyl)selanyl)pyridine (4d)

  Yield: 0.298 g (97%); violet solid; m.p. 56-60 ºC; 1H NMR (400 MHz, CDCl3) δ 8.05 (dd, 1H, J 4.7, 1.4 Hz, Ar-H), 7.48 (dd, 2H, J 8.5, 1.9 Hz, Ar-H), 7.24 (dd, 2H, J 8.5, 1.9 Hz, Ar-H), 7.22 (dd, 1H, J 7.9, 1.4 Hz, Ar-H), 7.02 (dd, 1H, J 7.9, 4.7 Hz, Ar-H); 13C NMR (100 MHz, CDCl3) δ 148.0, 146.3, 137.5, 135.5, 134.9, 129.2, 125.0, 124.2, 121.3; MS m/z (rel. int.): 310 (16), 282 (20), 247 (75), 202 (84), 190 (100), 156 (72), 145 (64), 75 (46).

  3-Azido-2-((4-fluorophenyl)selanyl)pyridine (4e)

  Yield: 0.251 g (86%); brown solid; m.p. 58-62 ºC; 1H NMR (400 MHz, CDCl3) δ 8.15 (dd, 1H, J 4.7, 1.4 Hz, Ar-H), 7.66-7.61 (m, 2H, Ar-H), 7.32 (dd, 1H, J 7.9, 1.4 Hz, Ar-H), 7.12 (dd, 1H, J 7.9, 4.7 Hz, Ar-H), 7.11-7.06 (m, 2H, Ar-H); 13C NMR (100 MHz, CDCl3) δ 163.1 (d, J 248.4 Hz), 148.4, 146.3, 138.5 (d, J 8.1 Hz), 135.3, 124.1, 121.3 (d, J 3.3 Hz), 121.2, 116.4 (d, J 21.7 Hz); MS m/z (rel. int.): 294 (10), 186 (100), 174 (73), 145 (32), 95 (24), 83 (38); HRMS (ESI+) m/z calcd. for C11H7FN4Se [M + H]+: 294.9893; found: 294.9893.

  3-Azido-2-(o-tolylselanyl)pyridine (4f)

  Yield: 0.224 g (78%); brownish solid; m.p. 82-85 ºC; 1H NMR (400 MHz, CDCl3) δ 8.00 (dd, 1H, J 4.7, 1.4 Hz, Py-H), 7.54 (d, 1H, J 7.4 Hz, Ar-H), 7.20-7.22 (m, 2H, Ar-H), 7.18 (dd, 1H, J 7.9, 1.4 Hz, Py-H), 7.08-7.02 (m, 1H, Ar-H), 6.95 (dd, 1H, J 7.9, 4.7 Hz, Py-H), 2.30 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ 148.5, 146.3, 145.1, 137.4, 130.1, 129.3, 127.7, 126.4, 124.0, 123.1, 120.9, 22.8; MS m/z (rel. int.): 290 (4), 178 (64), 161 (33), 123 (30), 97 (42), 71 (55), 69 (91), 57 (100).

  General procedure for the preparation of 3-(1H-1,2,3-triazol-1-yl)-2-(arylselanyl)pyridines 6

  To a solution of 3-azido-2-arylselanylpyridine 4 (0.30 mmol) in THF (0.50 mL), the terminal alkyne 5 (0.33 mmol) and distilled water (0.50 mL) were added. Then the sodium ascorbate (0.006 g, 10 mol%) and Cu(OAc)2.H2O (0.003 g, 5 mol %) were added and the mixture was stirred under air for the desired time, monitored by TLC. Brine solution (3.0 mL) was added and the mixture was extracted with methylene chloride (3 × 5.0 mL). The organic layers were combined, washed with brine (3.0 mL) and dried with MgSO4. The solvent was removed under vacuum and the product was isolated by column chromatography using hexane/ethyl acetate as eluent.

  3-(4-Phenyl-1H-1,2,3-triazol-1-yl)-2-(phenylselanyl)pyridine (6a)

  Yield: 0.101 g (90%); white solid; m.p. 171-175 ºC; 1H NMR (400 MHz, DMSO-d6) δ 9.05 (s, 1H, *Tr-H), 8.53 (dd, 1H, J 4.7, 1.6 Hz, Py-H), 8.05 (dd, 1H, J 7.9, 1.6 Hz, Py-H), 7.97-7.95 (m, 2H, Ar-H), 7.58-7.55 (m, 2H, Ar-H), 7.53-7.49 (m, 2H, Ar-H), 7.49 (dd, 1H, J 7.9, 4.7 Hz, Py-H), 7.42-7.34 (m, 4H, Ar-H); 13C NMR (100 MHz, DMSO-d6) δ 151.5, 150.4, 146.9, 135.4, 132.9, 132.8, 129.7, 128.8, 128.6, 128.3, 128.0, 127.4, 125.2, 122.4, 121.5; MS m/z (rel. int.): 378 (1), 348 (81), 272 (77), 269 (48), 193 (100), 167 (30), 77 (44), 69 (61); HRMS (ESI+) m/z calcd. for C19H14N4Se [M + H]+: 379.0456; found: 379.0468. *Tr-H: triazole hydrogen.

  2-(Phenylselanyl)-3-(4-(p-tolyl)-1H-1,2,3-triazol-1-yl) pyridine (6b)

  Yield: 0.105 g (90%); white solid; m.p. 199-201 ºC; 1H NMR (400 MHz, CDCl3) δ 8.47 (d, 1H, J 4.7 Hz, Py-H), 8.08 (s, 1H, Tr-H), 7.78 (d, 2H, J 7.9 Hz, Ar-H), 7.69 (d, 1H, J 7.8 Hz, Py-H), 7.57-7.56 (m, 2H, Ar-H), 7.34-7.23 (m, 5H, Ar-H), 7.22 (dd, 1H, J 7.8, 4.7 Hz, Py-H), 2.39 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ 153.1, 150.7, 148.4, 138.4, 135.9, 133.8, 132.8, 129.6, 129.1, 128.7, 127.5, 127.3, 125.9, 121.1, 120.4, 21.2; MS m/z (rel. int.): 392 (1), 363 (64), 287 (100), 285 (55), 271 (50), 207 (68), 180 (25), 115 (44), 77 (50); HRMS (ESI+) m/z calcd. for C20H16N4Se [M + H]+: 393.0613; found: 393.0608.

  3-(4-(4-Methoxyphenyl)-1H-1,2,3-triazol-1-yl)-2-(phenylselanyl)pyridine (6c)

  Yield: 0.091 g (75%); white solid; m.p. 160-163 ºC; 1H NMR (400 MHz, CDCl3) δ 8.44 (dd, 1H, J 4.7, 1.5 Hz, Py-H), 8.04 (s, 1H, Tr-H), 7.81 (d, 2H, J 8.8 Hz, Ar-H), 7.66 (dd, 1H, J 7.8, 1.5 Hz, Py-H), 7.56-7.54 (m, 2H, Ar-H), 7.33-7.27 (m, 3H, Ar-H), 7.21 (dd, 1H, J 7.8, 4.7 Hz, Py-H), 6.97 (d, 2H, J 8.8Hz, Ar-H), 3.83 (s, 3H, CH3); 13CNMR (100MHz, CDCl3) δ 159.9, 153.0, 150.7, 148.1, 135.9, 133.5, 132.7, 129.1, 128.7, 127.3, 127.2, 122.5, 121.0, 119.9, 114.3, 55.3; MS m/z (rel. int.): 408 (1), 302 (100), 271 (21), 223 (46), 208 (17), 179 (11), 77 (25); HRMS (ESI+) m/z calcd. for C20H16N4OSe [M + H]+: 409.0562; found: 409.0567.

  3-(4-(4-Chlorophenyl)-1H-1,2,3-triazol-1-yl)-2-(phenylselanyl)pyridine (6d)

  Yield: 0.098 g (80%); white solid; m.p. 194-196 ºC; 1H NMR (400 MHz, CDCl3) δ 8.46 (dd, 1H, J 4.6, 1.2 Hz, Py-H), 8.11 (s, 1H, Tr-H), 7.82 (d, 2H, J 8.4 Hz, Ar-H), 7.68 (dd, 1H, J 7.8, 1.2 Hz, Ar-H), 7.56-7.45 (m, 2H, Ar-H), 7.41 (d, 1H, J 8.4 Hz, Py-H), 7.34-7.27 (m, 3H, Ar-H), 7.22 (dd, 1H, J 7.8, 4.7 Hz, Py-H); 13C NMR (100 MHz, CDCl3) δ 153.0, 150.8, 147.2, 135.8, 134.4, 133.6, 132.9, 129.2, 129.1, 128.7, 128.6, 127.3, 127.2, 121.1, 120.9; MS m/z (rel. int.): 412 (2), 383 (87), 306 (63), 272 (100), 192 (60), 115 (34), 77 (63); HRMS (ESI+) m/z calcd. for C19H13ClN4Se [M + H]+: 413.0067; found: 413.0071.

  Ethyl 1-(2-(phenylselanyl)pyridin-3-yl)-1H-1,2,3-triazole-4-carboxylate (6e)

  Yield: 0.078 g (70%); pale yellow solid; m.p. 110-114 ºC; 1H NMR (400 MHz, CDCl3) δ 8.43 (dd, 1H, J 4.7, 1.6 Hz, Py-H), 8.38 (s, 1H, Tr-H), 7.61 (dd, 1H, J 7.8, 1.6 Hz, Py-H), 7.47-7.44 (m, 2H, Ar-H), 7.30-7.22 (m, 3H, Ar-H), 7.20 (dd, 1H, J 7.8, 4.7 Hz, Py-H), 4.39 (q, 2H, J 7.1 Hz, CH2), 1.36 (t, 3H, J 7.1 Hz, CH3); 13C NMR (100 MHz, CDCl3) δ 160.2, 153.1, 151.3, 140.5, 135.7, 133.2, 132.8, 129.2, 128.9, 128.8, 126.7, 121.2, 61.4, 14.2; MS m/z (rel. int.): 374 (21), 345 (35), 300 (24), 273 (85), 269 (100), 240 (33), 193 (91), 154 (44), 115 (47), 91 (97), 77 (91); HRMS (ESI+) m/z calcd. for C16H14N4O2Se [M + H]+: 375.0355; found: 375.0351.

  2-(1-(2-(Phenylselanyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl) propan-2-ol (6f)

  Yield: 0.064 g (60%); white solid; m.p. 146-149 ºC; 1H NMR (400 MHz, CDCl3) δ 8.36 (d, 1H, J 4.7 Hz, Py-H), 7.8 (s, 1H, Tr-H), 7.56 (d, 1H, J 7.6 Hz, Py-H), 7.45 (d, 2H, J 6.6 Hz, Ar-H), 7.27-7.18 (m, 3H, Ar-H), 7.12 (dd, 1H, J 7.6, 4.7 Hz, Py-H), 2.9 (s, 1H, OH), 1.6 (s, 6H, 2(CH3)); 13C NMR (100 MHz, CDCl3) δ 156.1, 152.9, 150.6, 135.7, 133.5, 132.7, 129.1, 128.6, 127.3, 121.0, 120.6, 68.5, 30.4; MS m/z (rel. int.): 360 (1), 195 (10), 178 (100), 161 (51), 123 (21), 69 (70), 57 (63); HRMS (ESI+) m/z calcd. for C16H16N4OSe [M + H]+: 361.0562; found: 361.0566.

  3-(4-Phenyl-1H-1,2,3-triazol-1-yl)-2-(p-tolylselanyl)pyridine (6g)

  Yield: 0.091 g (78%); brownish solid; m.p. 159-160 ºC; 1H NMR (400 MHz, CDCl3) δ 8.36 (dd, 1H, J 4.7, 1.5 Hz, Py-H), 8.04 (s, 1H, Tr-H), 7.81 (d, 2H, J 7.6 Hz, Ar-H), 7.57 (dd, 1H, J 7.8, 1.5 Hz, Py-H), 7.37-7.34 (m, 4H, Ar-H), 7.29-7.25 (m, 1H, Ar-H), 7.11 (dd, 1H, J 7.8, 4.7 Hz, Py-H), 7.02 (d, 2H, J 7.6 Hz, Ar-H), 2.23 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ 153.4, 150.7, 148.0, 138.9, 136.0, 133.2, 132.7, 130.0, 129.8, 128.8, 128.5, 125.8, 123.3, 120.9, 120.8, 21.2. MS m/z (rel. int.): 382 (9), 363 (40), 193 (47), 127 (28), 81 (42), 69 (91), 57 (100); HRMS (ESI+) m/z calcd. for C20H16N4Se [M + H]+: 393.0613; found: 393.0607.

  2-((4-Methoxyphenyl)selanyl)-3-(4-phenyl-1H-1,2,3-triazol-1-yl)pyridine (6h)

  Yield: 0.104 g (86%); white solid; m.p. 166-169 ºC; 1H NMR (400 MHz, CDCl3) δ 8.36 (dd, 1H, J 4.5, 1.4 Hz, Py-H), 8.03 (s, 1H, Tr-H), 7.81 (d, 2H, J 7.8 Hz, Ar-H), 7.56 (dd, 1H, J 7.9, 1.4 Hz, Py-H), 7.39-3.34 (m, 4H, Ar-H), 7.29-7.25 (m, 1H, Ar-H), 7.11 (dd, 1H, J 7.9, 4.5 Hz, Py-H), 6.74 (d, 2H, J 7.8 Hz, Ar-H), 3.67 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ 160.4, 153.7, 150.6, 148.1, 137.8, 133.3, 132.7, 130.1, 128.8, 128.4, 125.9, 120.8, 120.7, 117.5, 114.9, 55.1; MS m/z (rel. int.): 408 (9), 378 (97), 299 (43), 273 (58), 193 (100), 166 (47), 141 (43), 89 (41), 63 (40); HRMS (ESI+) m/z calcd. for C20H16N4OSe [M + H]+: 409.0557; found: 409.0540.

  2-((4-Chlorophenyl)selanyl)-3-(4-phenyl-1H-1,2,3-triazol-1-yl)pyridine (6i)

  Yield: 0.119 g (97%); white solid; m.p. 138-142 ºC; 1H NMR (400 MHz, CDCl3) δ 8.38 (dd, 1H, J 4.6, 1.5 Hz, Py-H), 8.05 (s, 1H, Tr-H), 7.82 (d, 2H, J 7.1 Hz, Ar-H), 7.61 (dd, 1H, J 7.8, 1.5 Hz, Py-H), 7.42-7.35 (m, 4H, Ar-H), 7.31-7.27 (m, 1H, Ar-H), 7.21-7.17 (m, 2H, Ar-H), 7.16 (dd, 1H, J 7.8, 4.6 Hz, Py-H); 13C NMR (100 MHz, CDCl3) δ 152.7, 150.7, 148.3, 137.4, 135.2, 133.2, 132.6, 129.7, 129.3, 128.9, 128.6, 125.9, 125.3, 121.1, 120.5; MS m/z (rel. int.): 412 (1), 382 (40), 273 (37), 193 (59), 166 (22), 111 (21), 69 (100); HRMS (ESI+) m/z calcd. for C19H13ClN4Se [M + H]+: 413.0067; found: 413.0059.

  2-((4-Fluorophenyl)selanyl)-3-(4-phenyl-1H-1,2,3-triazol-1-yl)pyridine (6j)

  Yield: 0.101 g (86%); yellow solid; m.p. 157-160 ºC; 1H NMR (400 MHz, CDCl3) δ 8.36 (dd, 1H, J 4.7, 1.5 Hz, 1H), 8.05 (s, 1H, Tr-H), 7.83-7.80 (m, 2H, Ar-H), 7.59 (dd, 1H, J 7.8, 1.5 Hz, Py-H), 7.48-7.44 (m, 2H, Ar-H), 7.38-7.34 (dd, 2H, J 7.8, 1.2 Hz, Ar-H), 7.28 (dd, 1H, J 7.8, 1.2 Hz, Ar-H), 7.14 (dd, 1H, J 7.8, 4.7 Hz, Py-H); 13C NMR (100 MHz, CDCl3) δ 163.2 (d, J 249.2 Hz), 152.9, 150.6, 148.3, 138.3 (d, J 8.2 Hz), 133.2, 132.5, 129.8, 128.9, 128.5, 125.9, 121.8 (d, J 3.4 Hz), 121.0, 120.6, 116.3 (d, J 21.6 Hz); MS m/z (rel. int.): 396 (1), 367 (74), 287 (29), 273 (61), 193 (100), 166 (25), 89 (28); HRMS (ESI+) m/z calcd. for C19H13FN4Se [M + H]+: 397.0362; found: 397.0355.

  3-(4-Phenyl-1H-1,2,3-triazol-1-yl)-2-(o-tolylselanyl)pyridine (6k)

  Yield: 0.091 g (78%); white solid; m.p. 177-181 ºC; 1H NMR (400 MHz, CDCl3) δ 8.39 (dd, 1H, J 4.6, 1.5 Hz, Py-H), 8.08 (s, 1H, Tr-H), 7.84 (d, 2H, J 7.4 Hz, Ar-H), 7.63 (dd, 1H, J 7.8, 1.5 Hz, Py-H), 7.49 (d, 1H, J 7.4 Hz, Ar-H), 7.39 (t, 2H, J 7.4 Hz, Ar-H), 7.30 (t, 1H, J 7.4 Hz, Ar-H), 7.23-7.15 (m, 2H, Ar-H), 7.15 (dd, 1H, J 7.8, 4.6 Hz, Py-H), 7.06-7.02 (m, 1H, Ar-H), 2.27 (s, 3H, CH3); 13C NMR (100 MHz, CDCl3) δ 153.1, 150.9, 148.2, 142.6, 137.1, 133.6, 132.9, 130.3, 129.9, 129.6, 128.9, 128.5, 128.0, 126.5, 125.9, 120.8, 120.7, 22.8; MS m/z (rel. int.): 392 (2), 363 (19), 283 (100), 273 (79), 193 (97), 166 (36), 91 (54); HRMS (ESI+) m/z calcd. for C20H16N4Se [M + H]+: 393.0613; found: 393.0603.

   

  Supplementary Information

  Supplementary data are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    As part of our ongoing search for bioactive constituents of natural Korean medicinal resources, a bioassay-guided fractionation and chemical investigation of the MeOH extract of Raphanus sativus (Brassicaceae) seeds resulted in the isolation and identification of fifteen compounds, including a new phenolic compound. The structure of the new compound was determined by extensive spectroscopic analysis and the Mosher's method. One of the compounds has been recently reported as a synthetic product. Some compounds showed moderate antiproliferative activities against the tumor cell lines A549, SK-OV-3, SK-MEL-2, and HCT-15 with IC50 values in the range of 5.62 to 28.88 µM. Moreover, the anti-neuroinflammatory activities of the isolates were determined by measuring the nitric oxide (NO) levels in the medium using murine microglia BV-2 cells. With exception of one specific compound, all the others inhibited the lipopolysaccharide (LPS)-stimulated NO production (IC50 values < 200 µM).
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  Introduction

  The edible root vegetable Raphanus sativus L. (Brassicaceae), commonly known as radish, is one of the most widely grown and consumed vegetables throughout the world. In China, it has been used as a traditional herbal medicine for over 1400 years, recorded in 'Tang Materia Medica', the first Chinese pharmacopoeia.1 Different parts of R. sativus, including roots, seeds, and leaves, are known to possess a variety of medicinal properties.2 In particular, the seeds of R. sativus, also known as Raphani Semen, have been used as a traditional Korean medicine since ancient times, as carminative, diuretic, expectorant, laxative, and stomachic agents, and have also been used as anti-cancer and/or anti-inflammatory agents.3-5 These effects have been supported by previous phytochemical investigations reporting pharmacologically active glucosinolates responsible for cancer-chemoprotective properties.1,6-8

  In a previous work,9,10 we found that the MeOH extract of Raphani Semen exhibits significant cytotoxic activity against the human tumor cell lines, A549, SK-OV-3, SK-MEL-2, and HCT-15, in addition to inhibitory effects on nitric oxide (NO) production in lipopolysaccharide (LPS)-stimulated BV-2 microglial cells. This observation led to the isolation and identification of 4-methylthio-butanyl derivatives and phenylpropanoid sucrosides that correlated with the cytotoxic and anti-inflammatory activities.9,10 Using a bioassay-guided methodology, we are now reporting the isolation of fifteen compounds (1-15), including a new phenolic (1), from the most active CHCl3-soluble fraction of the MeOH extract (Figure 1). In addition, their antiproliferative activities against A549, SK-OV-3, SK-MEL-2, and HCT-15 cell lines, and their inhibitory effects on NO production in a LPS-activated BV2 cell line, have been evaluated.
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  Experimental

  General experimental procedures

  Melting point was determined on a Gallenkamp melting point apparatus and is uncorrected. Infrared (IR) spectra were recorded on a Bruker IFS-66/S FTIR spectrometer (Bruker, Karlsruhe, Germany). UV spectra were recorded with a Shimadzu UV-1601 UV-Visible spectrophotometer (Shimadzu, Tokyo, Japan). High-resolution electrospray ionisation mass spectrometry (HR-ESIMS) and ESIMS spectra were recorded on a Micromass QTOF2-MS (MicroMass, Waters, Milford, MA, USA). Nuclear magnetic resonance (NMR) spectra, including 1H-1H COSY, HMQC, and HMBC experiments, were recorded on a Varian UNITY INOVA 500 NMR spectrometer (Varian, Palo Alto, CA, USA) operating at 500 MHz (1H) and 125 MHz (13C), with chemical shifts given in ppm (δ). Semi-preparative high performance liquid chromatography (HPLC) was conducted using a Gilson 306 pump (Gilson, Middleton, WI) with Shodex refractive index detector (Shodex, New York, NY). Silica gel 60 and RP-C18 silica gel (230-400 mesh, Merck, Darmstadt, Germany) were used for column chromatography. Low-pressure liquid chromatography (LPLC) was carried out over a LiChroprep Lobar-A Si 60 column (240 mm × 10 mm i.d.; Merck) with a FMI QSY-0 pump. The packing material for molecular sieve column chromatography was Sephadex LH-20 (Pharmacia, Uppsala, Sweden). Merck precoated silica gel F254 plates and RP-18 F254s plates (Merck, Darmstadt, Germany) were used for thin layer chromatography (TLC). Spots were detected on TLC under UV light or by heating after spraying with 10% H2SO4 in C2H5OH (v/v).

  Plant material

  The seeds of R. sativus were purchased at the Kyungdong herbal market, Seoul, Korea, in January 2010, and identified by one of the authors (K. R. Lee). A voucher specimen (SKKU-2010-01) has been deposited in the herbarium of the School of Pharmacy, Sungkyunkwan University, Suwon, Korea.

  Extraction and isolation

  The dried seeds of R. sativus (3.6 kg) were ground and extracted twice with 80% aqueous MeOH at room temperature, and subsequently filtered. The filtrate was evaporated in vacuo to obtain a crude extract (325 g), which was fractionated by sequential liquid-liquid partitioning of H2O with n-hexane, CHCl3, and n-BuOH to yield 12, 8, and 30 g of residues, respectively. Each fraction was evaluated for cytotoxicity against A549, SK-OV-3, SK-MEL-2, and HCT-15 cell lines using a sulforhodamine B (SRB) assay. The CHCl3-soluble fraction exhibited the highest cytotoxic activity against the tested tumor cell lines. It also showed potent inhibition of NO production in LPS-stimulated BV-2 cells. The CHCl3-soluble fraction (8 g) was separated by column chromatography on a reversed-phase C18 column using a gradient of increasing MeOH in H2O [40% MeOH (1.5 L), 60% MeOH (1.5 L), and 100% MeOH (2.0 L)] to give 13 fractions [C1-C13; C1-C3 (each 0.5 L of 40% MeOH), C4-C8 (each 0.3 L of 60% MeOH), and C9-C13 (each 0.4 L of 100% MeOH)], whose compositions were monitored by TLC. Fraction C4 (180 mg) was subjected to semi-preparative reversed-phase HPLC using a 250 mm × 10 mm i.d., 10 µm, Econosil RP-18 column (Alltech, Nicholasville, KY, USA), with MeOH-H2O (2:3) as eluent, to yield fraction C41. Fraction C41 (55 mg) was reapplied to semi-preparative normal-phase HPLC using a 250 mm × 10 mm i.d., 5 µm, Apollo Silica column (Alltech), with CHCl3-MeOH (30:1) as eluent, to yield compounds 1 (8 mg) and 4 (6 mg). Fraction C5 (530 mg) was applied to LPLC on a 240 mm × 10 mm i.d., 40-63 µm, LiChroprep Lobar-A Si 60 column (Merck), with n-hexane-EtOAc (1:1, 900 mL) as eluent, to give three fractions [C51-C53; C51 (200 mL), C52 (200 mL), and C53 (500 mL)]. Fraction C51 (182 mg) was purified using semi-preparative normal-phase HPLC with n-hexane-CHCl3-EtOAc (1:1:2) as eluent, to yield compounds 7 (5 mg), 8 (15 mg), 12 (7 mg), 13 (6 mg), and 14 (8 mg). Fraction C52 (162 mg) was also purified using semi-preparative normal-phase HPLC with CHCl3-MeOH (30:1) as eluent, to yield compound 15 (9 mg). Fraction C7 (400 mg) was subjected to a Sephadex LH-20 column using CH2Cl2-MeOH (1:1) as eluent, to yield two fractions (C71 and C72). Fraction C72 (150 mg) was then applied to semi-preparative normal-phase HPLC with n-hexane-CHCl3-EtOAc (1:0.1:1) as eluent, to afford compounds 5 (5 mg), 6 (5 mg), 9 (6 mg), and 11 (6 mg). Fraction C8 (350 mg) was separated over a Sephadex LH-20 column using CH2Cl2-MeOH (1:1) as eluent, to yield compound 10 (7 mg). Fraction C10 (280 mg) was also applied to a Sephadex LH-20 column using the same eluent, to give two fractions (C101 and C102). Fraction C101 (75 mg) was further purified using semi-preparative normal-phase HPLC with n-hexane-CHCl3-EtOAc (1:0.1:1) as eluent, to yield compounds 2 (33 mg) and 3 (9 mg).

  Methyl (3R)-hydroxy-3-(4-hydroxy-3,5-dimethoxyphenyl) propanoate (1)

  Colorless gum; [α]D25 +17.3 (c 0.40, MeOH); UV (MeOH) λmax / nm (log ε) 270 (1.2), 238 (2.8), 216 (3.9); IR (KBr) νmax / cm–1 3357, 2946, 2832, 1720, 1451, 1116, 1032, 674; 1H (500 MHz) and 13C (125 MHz) NMR, see Table 1; ESIMS (positive-ion mode) m/z 279 [M + Na]+; HRESIMS (negative-ion mode) m/z 255.0877 [M – H]+ (calcd. for C12H15O6, 255.0869).
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  Preparation of (R)- and (S)-MTPA ester derivatives of 1

  4-(Dimethylamino)pyridine (DMAP, 1 mg) and (S)-(+)-α-methoxy-α-(trifluoromethyl)phenylacetyl chloride (MTPA-Cl, 10 µL) were added to a stirred solution of 1 (2.0 mg) in pyridine (400 µL), and the mixture was further stirred at room temperature for 16 h. The reaction mixture was then passed through a silica gel Waters Sep-Pak Vac 6cc and eluted with n-hexane-EtOAc (15:1) to give the (R)-Mosher ester 1r. Treatment of 1 (2.0 mg) with (R)-MTPA-Cl (10 µL) as described above, yielded the corresponding (S)-MTPA ester 1s.

  Cytotoxicity assays

  All tumor cell cultures were maintained using RPMI1640 cell growth medium (Gibco, Carlsbad, CA), supplemented with 5% fetal bovine serum (FBS) (Gibco), 100 units mL–1 penicillin and 100 µg mL–1 streptomycin. The human tumor cell lines, A549 (non-small cell lung carcinoma), SK-OV-3 (ovarian malignant ascites), SK-MEL-2 (skin melanoma), and HCT-15 (colon adenocarcinoma) were provided by the National Cancer Institute (NCI). The cytotoxicity of the isolates against cultured human tumor cell lines was evaluated by the sulforhodamine B (SRB) method. Each tumor cell line was inoculated into standard 96-well flat-bottom microplates and incubated for 24 h at 37 ºC in a humidified atmosphere of 5% CO2. The attached cells were then incubated with the serially diluted compounds with the control cultures receiving the carrier solvent (0.1% dimethyl sulfoxide). After continuous exposure to the compounds for 48 h, the culture medium was removed from each well and the cells were fixed with 10% cold trichloroacetic acid at 4 ºC for 1 h. After washing with tap water, the cells were stained with 0.4% SRB dye and incubated for 30 min at room temperature. The cells were washed again and solubilized with 10 mM unbuffered Tris base solution (pH 10.5). The absorbance was measured spectrophotometrically at 520 nm using a microtiter plate reader. Doxorubicin (purity > 98%; Sigma) was used as a positive control. Tested compounds were demonstrated to be pure as evidenced by NMR and HPLC analysis (purity > 95%).

  Measurement of NO production

  The murine microglial BV2 cell line was generously provided by PhD E. Choi from Korea University (Seoul, Korea), and maintained in Dulbecco's modified Eagle (DMEM) medium supplemented with 5% FBS, 100 units mL–1 penicillin, and 100 µg mL–1 streptomycin. All cells were incubated at 37 ºC in a humidified incubator with 5% CO2. BV-2 cells were plated into a 96-well plate (3 × 104 cells well–1). Following culture for 24 h, cells were pretreated with the compounds for 30 min, and subsequently stimulated with 100 ng mL–1 of LPS for a further 24 h. Control cultures received the carrier solvent (0.1% dimethyl sulfoxide). Nitrite, a soluble oxidation product of NO, was measured in the culture media using the Griess reaction. The supernatant (50 µL) was harvested and mixed with an equal volume of Griess reagent (1% sulfanilamide, 0.1% N-1-napthylethylenediamine dihydrochloride in 5% phosphoric acid). After 10 min, the absorbance at 570 nm was measured using a microplate reader. Sodium nitrite was used as a standard to calculate the NO2– concentration. NG-monomethyl-L-arginine (NMMA, Sigma, St. Louis, MO, USA), a well-known NO synthase inhibitor, was tested as a positive control.

   

  Results and Discussion

  Compound 1 was isolated as a colorless gum. The molecular formula of 1 was determined to be C12H16O6 by the negative mode HRESIMS at m/z 255.0877 [M – H]+ (calcd. for C12H15O6, 255.0869). The IR spectrum displayed absorption bands associated with hydroxyl (3357 cm–1) and carbonyl ester (1720 cm–1) groups. The 1H NMR spectrum of 1 (Table 1) showed characteristic signals attributable to a 1,3,4,5-tetrasubstituted aromatic ring at δH 6.54 (2H, s, H-2 and H-6), one downfield shifted methine at δH 5.00 (1H, ddd, J 9.0, 4.0, 3.0 Hz, H-7), one methylene adjacent to a carbonyl group at δH 2.70 (1H, dd, J 16.0, 9.0 Hz, H-8a) and 2.62 (1H, dd, J 16.0, 4.0 Hz, H-8b), and three methoxy groups, two that were overlapping at δH 3.83 (6H, s) and another at δH 3.66 (3H, s). The 13C NMR spectrum of 1 (Table 1) exhibited a total of 12 carbons including six aromatic carbons in the range δC 147.1-102.3, one oxygenated carbon at δC 70.5, one methylene carbon at δC 43.4, one carbonyl carbon at δC 172.8, and three methoxy carbons at δC 56.3 (× 2) and 51.9. Interpretation of the 2D NMR spectra correlations, including 1H-1H correlated spectroscopy (COSY), heteronuclear multiple quantum correlation (HMQC), and heteronuclear multiple bond correlation (HMBC), revealed compound 1 to be the sinapic acid derivative, methyl 3-hydroxy-3-(4-hydroxy-3,5-dimethoxyphenyl) propanoate (Figure 2). The absolute configuration of C-7 of 1 was established on the basis of the modified Mosher's method.11 Treatment of 1 with (S)-(+)-α-methoxy-α-(trifluoromethyl)phenylacetyl chloride [(S)-MTPA-Cl] and DMAP in pyridine gave the (R)-MTPA ester 1r. Similar treatment of 1 with (R)-(–)-MTPA-Cl afforded the (S)-MTPA ester 1s. Analysis of the 1H NMR chemical shift differences (δdS-R) [see Supporting Information (SI) section] of the two MTPA esters allowed the assignment of the absolute configuration of C-7 as R (Figure 3). Thus, the structure of 1 was elucidated as methyl (3R)-hydroxy-3-(4-hydroxy-3,5-dimethoxyphenyl) propanoate, which appears to be the epimer of methyl (3S)-hydroxy-3-(4-hydroxy-3,5-dimethoxyphenyl) propanoate, previously reported in Ruta graveolens L.12 The spectroscopic data of the known epimer is similar to those of 1 (Table 1), except for the splitting pattern of H-7,12 however, its optical rotation value ([α]D25 –1.03 in MeOH) was easily distinguishable from that of 1 ([α]D25 +17.3 in MeOH).12
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  The known compounds were identified as sinapic acid methyl ester (2),13 sinapic acid (3),14 dihydrosinapic alcohol (4),15 (E)-ferulic acid (5),16 (Z)-ferulic acid (6),16 p-anisic aldehyde (7),17 and syringic aldehyde (8),18 by comparison of their spectroscopic data with previously reported literature values. Furthermore, three indole alkaloids were identified as methyl 7-hydroxyoxindole-3-acetate (9),19 4-hydroxy-3-indolecarbaldehyde (10),20 and methyl oxindole-3-acetate (11),21 by comparison with previously published data. On the other hand, methyl 7-hydroxyoxindole-3-acetate (9) has been recently reported as a synthetic product.19 Compound 9 appears to be an artifact of extraction with MeOH, since its free acid precursor has been reported to be present in Zea mays.19,22 Other known megastigmane derivatives were also identified as (–)-dihydrovomifoliol (12),23 (6R,9R)-vomifoliol (13),24 (6S,9R)-vomifoliol (14),24 and (6S,9S)-vomifoliol (15),24 by comparison of their spectroscopic data with previously reported values. The absolute configurations of compounds 12-15 were established on the basis of their NMR data, optical rotation values, and circular dichroism (CD) data.23,24

  The antiproliferative activities of compounds 1-15 were evaluated by determining their inhibitory effects on four human tumor cell lines, namely A549, SK-OV-3, SK-MEL-2, and HCT-15, using the SRB bioassay.25 The results (Table 2) showed that compounds 2,3, and 9-11 displayed moderate antiproliferative activities against all the tumor cell lines. However, the other compounds were inactive (IC50 > 30 µM) in all four cell lines. In particular, among the isolates, indole alkaloids 9-11 showed good antiproliferative effects against all the tumor cells tested, with IC50 values ranging from 5.62 to 28.88 µM.
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  Compounds 1-15 were also examined for their anti-neuroinflammatory activities by measuring the NO levels produced in LPS-activated BV-2 cells, a microglial cell line. The results (Table 3) showed that all the compounds, with the exception of compound 6, inhibited NO production (IC50 values < 200 µM). These compounds had no effect on cell viability in LPS-treated BV-2 cells at their respective IC50 values (data not shown). Among these, compounds 2, 4, and 12 significantly inhibited NO levels with IC50 values of 18.99, 18.69, and 15.60 µM, respectively. In particular, compound 12 showed potent inhibition of NO in LPS-stimulated NO production with an IC50 of 15.60 µM, which is a lower concentration than that displayed by the positive control NG-nonomethyl-L-arginine (IC50 19.15 µM). Excess production of NO by activated microglia induces neuronal cell death,26,27 which consequently leads to various neurodegeneration disorders of the CNS. Therefore, the active compounds 2, 4, and 12 could be considered potential candidates in the prevention of the progressive damage resulting from neurodegenerative diseases.
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  Conclusions

  The bioassay-guided fractionation and chemical investigation of the MeOH extract of R. sativus seeds resulted in the isolation and identification of fifteen compounds (1-15), including a new phenolic compound, methyl (3R)-hydroxy-3-(4-hydroxy-3,5-dimethoxyphenyl) propanoate (1). Among the isolates, three indole alkaloids (9-11) showed good antiproliferative effects against all the tumor cells tested, with IC50 values ranging from 5.62 to 28.88 µM. In addition, compounds 2, 4, and 12 significantly inhibited LPS-stimulated NO production in murine microglia BV-2 cells with IC50 values of 18.99, 18.69, and 15.60 µM, respectively. These results suggest that the above mentioned active compounds with cytotoxic or anti-neuroinflammatory activities, could be considered as lead molecules for drug development related to various cancers or neurodegenerative diseases.
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  Supplementary data are available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    Validating methodology formerly reported, polythiophene electrosynthesised as nanowires from the monomer and some of its oligomers is now described. The work is conducted on a platinum electrode previously modified with a template that tunes the polymer growth inside the confined space of the pores. In addition, it was confirmed that the use of larger chain-length oligomers as starting unit helps to obtain more homogeneous wires, although its adhesion to the supporting substrate works against. Characterisation allows to verify the morphology and to confirm higher levels of doping/undoping of the nanostructures as compared to the corresponding bulky deposits, which points to improved macroscopic properties. It is demonstrated that this strategy allows obtaining nanowires of very small diameter, ranging from 2.8 to 4.0 nm; thus demonstrating that the use of this approach enables the direct obtainment of nanowires upon the electrode surface, with the obvious advantage that this implies.

    Keywords: electropolymerisation, polythiophene nanowire, thiophene oligomers, template

  

   

   

  Introduction

  Nanostructured materials have received great attention due to, among other properties, their high surface area, new size effects and significantly improved kinetics.1 Much attention has been paid to nanostructured conducting polymers (CP) because of their enhanced performance in technological applications, as compared with the corresponding bulk polymer,2,3 as well as to their potential applications in energy storage, sensors, photovoltaic cells, etc.4-6 Furthermore, polythiophene CP, with its unique optical and electrical properties and high environmental stability, has recently been extensively studied; this has led to many developments intended for applications such as electrochromic devices, solar cells, batteries, etc.7-10

  A variety of methods have been used for the synthesis of nanostructures, among them stand out the templated pathway, use of a "hard-template" or "soft-template" to physically guide nanometric growth and those that do not consider the use of a template ("template-free").6,11,12 In the current work a mixed methodology is reported, in which only electrochemical techniques are used to obtain the polymeric nanostructures.13,14 Most remarkable advantages of both methods, soft- and hard-template, are employed at different stages of the synthesis. First of all, the renowned silicon-oxide porous films are prepared on the electrode using the soft-template surfactant approach. Then, this inert nanostructured oxide surface will act as hard template in the CP electrosynthesis. The advantage of this mixed approach is the ability to control the morphology of the polymeric deposit since the electrode surface is previously modified by a silica mesoporous film.15 Pores on the oxide film are known to be perpendicular to the electrode surface, hence, the nanowires may grow directly in this confined space and consequently, post-treatment stages are unnecessary. Other advantages may be mentioned such as its low cost, reproducibility and versatility (can be used on various electrodic substrates and for any type of electrodeposit).

  On the other hand, regarding CPs electrosynthesis, the effect of the many experimental variables involved has already been studied, e.g., kind and concentration of supporting electrolyte, monomer concentration,16 solvent,17 solubility,18 temperature19 and starting unit chain-length.20 From these studies a previously reported model was inferred,17 which has been corroborated and continuously validated by studying different CPs, e.g., polythiophene and its derivatives, polyaniline, polypyrrole and polyfuran; this model has been considered one of the most realistic models proposed thus far.21-24

  Consequently, regarding the advantages of nanostructured CPs, the capability of controlling and improving the morphology of the polymeric deposits determines the efficiency of the different devices where they may be further applied.25 On this regard, there are several reports mentioning that, when applying π-conjugated materials on different devices, a key-aspect to be considered is the surface homogeneity and orientation. Electronics design (light emitting diodes, field transistors, photovoltaics, etc.) requires materials with oriented structure (for appropriate charge movement and dissipation); hence, nanostructured electronics is a promising research field with proven success.26-28

  Electrochemical synthesis tools and the knowledge of an electropolymerisation model enable full control of the electrodeposit based on experimental variables and starting unit. Therefore, in this report polythiophene nanowires electrosynthesis is described using the monomer and oligomeric species as starting unit; growth takes place inside confined space to yield the nanostructures. From previous reports,20 it has been proven that the use of oligomers instead of monomer for electrochemical deposition of polythiophene yields more homogeneous film surfaces. Moreover, when employing oligomers, as the starting unit chain length increases, the film evenness is enhanced. In addition, the control exerted by the template enables nanostructured electrodes preparation possessing enhanced features, suitable for use in various types of devices.

   

  Experimental

  For the electrochemical studies, a CH Instruments potentiostat coupled to a computer with appropriate software to control experimental conditions and data acquisition was utilised. A three-compartment anchor-type electrochemical cell was used. A 0.03 cm2 geometric area Pt disc was the working electrode while a platinum wire coil of large area was the counter electrode. The reference electrode was a Ag|AgCl electrode immersed in a tetramethylammonium chloride solution, whose concentration is adjusted so the potential matches that of a saturated calomel electrode (SCE) at room temperature.29

  The reagents used as starting units were, thiophene (Th, 99% m/m), 2,2'-bithiophene (BTh, 97% m/m), 2,2':5',2"-terthiophene (TTh, 99% m/m), 2,2':5',2':5',2'''-quaterthiophene (QTh, 96% m/m), acetonitrile solvent (99.9%). Tetrabutylammonium hexafluorophosphate (TBAPF6) was the supporting electrolyte (99% m/m). All reagents were purchased from Aldrich and used as received.

  Platinum electrodes modified with a porous silica film (Pt|(SiO2)n) were prepared using the approach proposed by Walcarius et al.,15 which has already been used with success in works reported elsewhere.3,13,14 Template synthesis is highly reproducible, always obtaining the same pore size. Permeability and area of the electrode were evaluated by analysing the cyclic voltammograms (working window 0.3 and 0.8 V vs. SCE) in an acetonitrile solution containing 1.24 mmol L-1 ferrocene (98%, Aldrich) and 0.1 mol L-1 TBAPF6 (scan rate: 50 mV s-1). Thus, the use of the ferrocene/ferrocenium couple allowed, using the Randles-Sevcik equation,30 determining the electrode area and current density reported herein.

  Assays for removing the template were performed using a 50:50 (v/v) HF (extra pure, Aldrich) and double distilled water mixture. Nanolayers were characterised measuring their voltammetric response (scan rate: 10 mV s-1) in a solution containing just supporting electrolyte and comparing the result with deposits obtained under the same experimental conditions but without template.

  Transmission electron microscopy (TEM) images of the dispersed polymer deposits onto a copper mesh were obtained on a LEO electron microscope, model 142VP. Samples for TEM measurements were prepared by mechanically removing (scraping) some pieces of the deposit, grinding them firstly on a mortar, and then directly supported on the copper mesh.

   

  Results and Discussion

  First, the conditions for the electropolymerisation on Pt of the different starting units [(thiophene (Th); 2,2'-bithiophene (BTh); 2,2':5',2"-terthiophene (TTh), and 2,2':5',2":5",2"'-quaterthiophene (QTh)] were optimised, by setting the parameters (concentration of the starting unit, potential scan rate, number of successive voltammetric cycles, potential window and supporting electrolyte concentration) that allowed highly reproducible recording profiles as those shown in Figure 1.
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  Figure 1 shows the cyclic voltammograms when polythiophene electropolymerisation is accomplished using the different starting units. In general terms, profiles exhibit a current increase after each successive cycle, which accounts for the growth of the deposit on the CP electrode surface, regardless of the utilised starting unit.17 Besides, in all cases the formation of a deposit that changes from dark to light brown or orange was checked out, when scanning from the more positive potential to the initial one (doped and undoped forms, respectively), in agreement with previous reports. In addition, this could be interpreted as evidence that all the starting units give rise to an analogous polymer.31,32

  Another important aspect to underline when oligomers are used is the remarkable decrease in oxidation potential (highlighted in Figure 1) as the starting unit chain length increases. This fact is explained by the greater conjugation of the radical generated by the oxidation: increased stability favours its formation.16,20 By introduction of oligomer species and precise control of experimental variables, polythiophene overoxidation can be prevented. It is known that polythiophene may be obtained by applying and oxidative perturbation of ca. 2.00 V vs. SCE to thiophene-containing anhydrous conditions. However, polythiophene films present an intrinsic oxidation (p-doping) potential near 1.00 V vs. SCE. These two features are known as the polythiophene paradox phenomenon, since when polymerising from the monomer the film suffers overoxidation at the same time, impairing its conductivity properties. Selecting oligomers instead of monomer for deposition, since they require lower potential values, may prevent such phenomenon.33

  Particularly, pQTh deposits were very thin, probably due to the low solubility of the starting unit into the working solution that makes necessary the use of very dilute solutions (QTh concentration was 0.4 mmol L-1). Moreover, it is observed that the adhesion of the polymer to the electrode is strongly affected by the potential sweep rate and the size of oligomer fragments. Consequently, it was established that scanning at 5 mV s-1 complete and homogeneous modification of the electrode surface was achieved from these starting units.34 As a consequence, the polymer deposit was achieved when applying four times more cycles.

  Once the appropriate potentiodynamic range was established, the optimal potential for the potentiostatic electropolymerisation was determined. Figure 2 exhibits transients recorded using this potentiostatic method in response to the formation of a conductive film. The current density of these results was determined by dividing the output current with the area resulting from the calculation using the Randles-Sevcik equation.35 This requires the study of the electrochemical response of Pt and Pt|(SiO2)n in a solution containing the ferrocene/ferrocinium redox couple. This way, Pt and Pt|(SiO2)n surfaces presented a surface of 0.038 and 0.012 cm2, respectively, i.e., ca. 69% of the Pt surface was covered with silica deposit and the remaining 31% represents the pore area.
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  It is reasonable that when starting units such as BTh and TTh are used, shorter time (compared with that obtained for Th) would be required to initiate the nucleation and growth process, because the oxidation of such species will afford tetramers and hexamers that will result in a swifter interface saturation, and hence precipitation on the electrode. This result is consistent, first, with the findings reported by Xu et al.,36,37 namely that the electrochemical formation of polythiophene commences from 6-ring oligomers; and second, with the number of references that demonstrated the solubility is what determines the nucleation starting time.16-22

  The induction time for polythiophene electrodeposition from QTh, however, is much longer, which may appear inconsistent with the above, but in this case the interpretation must consider that TTh oxidation immediately yields oligomers with 8 monomer units that, by their large size and linear form, present little ability of adhesion to the surface, hindering thus the nucleation on the electrode. This is in agreement with the fact that, even though the chain length increase promotes conditions for obtaining a more homogenous deposit, as the starting unit chain length increases detachment of the polymeric material is observed and coating of the electrode becomes more difficult consequently. Such trend would be limited by the adhesion of the respective nuclei onto the electrode.

  A most interesting fact is that for each starting unit current outputs were always higher when using the Pt|(SiO2)n electrode. Previous studies on potentiodynamic synthesis of polythiophene proved that higher current outputs were observed when employing such silica-modified surface.3 It was argued that the presence of the pores hindered early-synthesised oligomer radicals movement towards the bulk solution; hence, current output is enhanced (or catalysed) by reactive species trapped within the pores. Also, this phenomenon is explained by the fact that an enhanced electroactive surface is formed (known also to cause current loop during potentiodynamic polymerisation) a feature that is boosted if nanowires are formed.

  Polymer deposits on Pt|(SiO2)n coated electrodes were potentiostatically obtained at different times, because, as noted, no experimental parameters exist to elucidate in situ the optimum electrosynthesis time to take up the template pores without overfilling them. To this purpose, the voltammetric response of electrodeposits prepared under identical conditions upon the bare and template-coated electrode, in solutions of supporting electrolyte, was studied. Thus, in the early stages the i-t transient found for polymers grown on Pt|(SiO2)n and on Pt showed a noticeable difference; this is due to the formation of structures with different nucleation and growth mechanisms (NGM). Considering that the presence of porous silica template exerts control by shaping the polymer growth into the confined space of the pores and from i-t current profile, it can be postulated that it corresponds to an exponential current increase due to one-dimensional (1D, along the template pore) increase, which will be confirmed later on by determining the respective NGM.

  Figure 3 depicts voltammetric responses of deposits in a solution containing just supporting electrolyte. It is possible to verify that the polymer obtained on Pt|(SiO2)n exhibits a current density much higher than that of the bulk polymer. This increase would indicate a greater effective area due to nanowires formation when the polymer grows into the template confined spaces.6 The significant charge increase of the p-doping/undoping processes, precisely the result of a greater surface area of the electrode modified with polythiophene nanowires is evidence that nanostructured polymers from Th, BTh, TTh and QTh were obtained. By comparing the higher current outputs of the wires with the one of the massive film it can be stated that conductivity (even if not calculated) of the nano-structured polymer was effectively enhanced.

  
    

    [image: Figure 3. Response]

  

  However, it is important to complement the electrochemical characterisation by determining the respective NGM. The diffusion current, due to transport of starting units toward the surface, must be previously corrected. This way, only the current when the first nuclei start forming on the electrode will be considered. Thus, j = 0 and t = 0 are assigned to the induction time (t), i.e., when the current increases after the exponential decay, to deconvolve "corrected" transients corresponding solely to the nucleation and growth stages.16-22,34,38,39 In this manner, in previous works the polythiophene NGM on bulk Pt was established, from the monomer and their oligomers. The global mechanism for massive polymerisation was composed of more than one contribution: instantaneous nucleation with two-dimensional growth (IN2D), progressive nucleation with three-dimensionally grown controlled by charge transfer (PN3Dct) and progressive nucleation with three dimensional growth controlled by diffusion (PN3Ddif). The magnitude and/or contribution of each of these components is determined by the polymerisation time and starting unit.17,20

  As previously mentioned, these transients exhibited an exponential current growth at the onset, independent of the starting unit used, which is consistent with a one-dimensional (N1D) growth of the polymeric material within the confined space of template pores.

  Subsequent to the formation of nuclei parallel to the electrode, the deposit grows inside the pores of the template, responsible for guiding the growth, following the N1D growth that in the case of Th and BTh corresponds to over 95% of the overall process. While for Th this behavior is observed up to 9 s (Figure 4), for BTh it takes place just up to 6 s, which also agrees with the proposed NGM model. As reported,17 in similar experimental conditions IN2D, PN3Dct and PN3Ddif contributions govern massive polymerisation of thiophene. Using the same high-density oligomeric region model (HDOR)40 it is easy to explain the drop of contributions and the preference for the instantaneous ones. If film formation is caused mainly by oligomer precipitation from the diffusion region, then this process is surely accelerated by the presence of the pores provoking instantaneous growth. Oligomer oversaturation levels would be accomplished faster inside the pores (incrementing current) and progressive nucleation is prevented since electrode surface is limited.

  
    

    [image: Figure 4. Transient corrected and deconvolved]

  

  Likewise, when TTh is used as starting unit, the IN2D contribution disappears and now NP3Dtc becomes relevant, corroborating results previously reported by our group: when oligomeric species of longer chains are utilised as starting unit it diminishes the number of species that will constitute the nuclei, hence, number of contributions forming the NGM decreases as well.20 Less contributions would produce even surfaces; this is an advantage from the point of view that further characterisation in devices application requires an homogeneous layer of conducting film.

  As for QTh, detachment of the polymeric material is massive, consequently obtainment of a homogeneous coating on Pt and Pt|(SiO2)n was never achieved. To overcome this problem in order to obtain deposits for TEM imaging, nanowires were prepared using QTh as starting unit by modifying Pt|(SiO2)n electrodes using potentiodynamic techniques that enhance the adhesion of the polymeric material upon the electrodic surface.34

  In the TEM characterisation (Figure 5), fibers or nanowires electrodeposited following the methodology described herein, with diameters ranging from 2.8 to 4.0 nm, can be observed.

  
    

    [image: Figure 5. TEM images of PTh electroobtained]

  

  From the pictures, it can be calculated that nanowires obtained from Th, BTh and TTh had ca . 25, 80 and 37 nm wire-length, respectively, an impressive low value considering the synthetic methods employed. It is also appreciated that as the starting unit chain length increases and electrosynthesis into confined spaces of the porous film is performed, the obtained polymer exhibits a higher order degree. The last statement is confirmed when comparing images with the ones of previous reports,13 proving the reproducibility of the methods when using different monomeric species.

  Despite QTh deposits presenting non-reproducible results, there was some film formation (deposition with colour change within the electrode) evidence in the electrode. Nevertheless, in this case nanowire presence was not verified, possibly because deposition from long units within the pores is highly hindered and could not be appreciated by the employed techniques. In any case, in the images it is still possible to observe some presence of the template15 used to guide the polymer growth, therefore it is necessary to look into contact time and/or concentration or, in general, the methodology utilised for template removal.

  Summarising, polythiophene nanowires can be synthesised using thiophene oligomers as starting units. This approach has advantages as requiring less oxidation potential preventing film overoxidation and, according to NGM discussion, the produced film would present a more homogeneous surface; both features desired for electronics design. These advantages were fully verified for Th, BTh and TTh deposits. However, the methods employed prevent the complete polymerisation when using QTh as starting unit, mainly due to the lower solubility of the oligomer and less adherence of the film.

   

  Conclusions

  Polymeric deposits have been electrosynthesised from Th, BTh, TTh and QTh on Pt and Pt|(SiO2)n electrodes, confirming that increase of the starting unit chain length yields more homogeneous layers, although this effect is limited since adhesion onto the electrode decreases.

  Polythiophene deposited as nanowires improves macroscopic properties of the bulk deposits and promotes a charge increase of p-doping/undoping processes, because of the greater effective area of the nanostructured electrode.

  The feasibility of electrosynthesising polymeric nanowires from different starting units, using only electrochemical techniques, has been corroborated. The current strategy enables validating and generalising the usefulness of the proposed methodology, pioneer and essential in an area where most applications of these kind of materials are determined by their morphology and requires deposition onto a supporting substrate. It only remains to establish or optimise strategies that enable the total removal of the template, to favour the nanostructured conformation of the modified electrode.
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    The species Piper ottonoides Yuncker (Piperaceae), known as "joão-brandim", is a shrub that occurs in the Brazilian Amazon rainforest. Its roots and leaves are used in traditional medicine as local anesthetic to treat toothache and sore throat. In this study, the structural characterization in mixture of isobutyl amides present in semi-purified fractions from fruits, leaves, stems and roots of P. ottonoides was achieved by employing gas chromatography-mass spectrometry (GC-MS) and a combination of nuclear magnetic resonance (NMR) techniques (1H, 1H-1H COSY, 1H-13C HSQC, 1H-13C HMBC, TOCSY and 1H-1H J-RES). The MS fragmentation patterns and the NMR chemical shifts, multiplicities, coupling constants and the signal correlations in the two-dimensional spectra were carefully analyzed also taking into account some key elements of differentiation among the compounds. The data set allowed identifying unequivocally the new amide N-isobutyl-7-(4'-methoxyphenyl)-2E,4E-heptadienamide, which we named ottonoidenamide as well as piperovatine and chingchengenamide A in all parts of the plant, the additional presence of pipercallosine and pipercallosidine in roots and of dihydropiperlonguminine in fruits and leaves. The presence of piperovatine and pipercallosine in P. ottonoides should be associated to its traditional use.

    Keywords: Piper ottonoides, Piperaceae, isobutyl piperamides, mixture analysis

  

   

   

  Introduction

  The botanical family Piperaceae currently contains five genera: Manekia Trel ., Peperomia Ruiz & Pav ., Piper L ., Verhuellia Miq. and Zippelia Blume.1 The genus Piper comprises approximately 1000 species of herbs, shrubs, small trees and vines, distributed among Asia, South Pacific and America,2,3 which are present in the daily life of many people as medicines and food.4-6 The chemical composition of the genus Piper has been widely investigated revealing amides, lignoids, chromenes, phenylpropanoids, pyrones, terpenoids, steroids and flavonoids.4,7-10

  The species Piper ottonoides Yuncker, known in Brazil as "joão-brandim", "joão-brandinho" and "jamburandi", is a shrub that occurs in the Brazilian Amazon rainforest. Its roots and leaves are used in traditional medicine as local anesthetic to treat toothache and throat pain. The essential oil from its leaves contains mainly mono- and sesquiterpenoids11 and the ethanol extracts from its leaves, stems and roots show toxicity against two insect caterpillars found in corn and soy crops.12

  The structural elucidation of natural compounds traditionally involves the separation, purification and then the structural analysis of the pure compounds. This methodology is certainly important and has allowed producing an unprecedented knowledge about the chemical composition of plants and other organisms as well as the discovery of bioactive compounds. Nowadays, the accumulation of structural compound data and the improvement of analytical techniques have enabled a great progress in quickly and efficiently accessing the metabolite profiles and/or active principles from the exceptionally complex natural matrices. The advances in hyphenated analytical tools in combination with library databases have allowed access structural information and rapid identification of known compounds in different matrices.13 On the other hand, nuclear magnetic resonance (NMR) spectroscopy can both be coupled to a separation technique and used to directly analyze compounds in mixture.14,15

  The aim of this study was to unequivocally achieve the structural characterization of the piperamides present in P. ottonoides without their previous isolation by using integrative gas chromatography-mass spectrometry (GC-MS) and NMR techniques (1H, 1H-1H COSY, 1H-13C HSQC, 1H-13C HMBC, TOCSY and J-RES). The approach has allowed characterizing in fruits, leaves, stems and roots of the species a new piperamide (2) and other five known piperamides (1, 3-6). Their distribution in all parts of the plant was also visualized.

   

  Experimental

  General experimental procedures

  The thin layer chromatography (TLC) analyses were performed in pre-coated silica gel 60 F254 (Merck), with mobile phase CHCl3/EtOAc 7:3 v/v (previously optimized condition) and UV irradiation (254 nm) to visualize the spots. The column chromatography (CC) experiments were performed in silica gel 60 ASTM (Merck): 230-400 mesh for the root extract and 70-230 mesh for the fruit, leaf and stem extracts. The GC-MS analyses were carried out on a Shimadzu GC-2010 chromatograph coupled to a Shimadzu GCMS-QP2010s mass spectrometer fitted with a 30 m × 0.25 mm HP-5 ms column coated with 0.25 µm film thickness. Helium was used as the carrier gas at a flow rate of 1.5 mL min–1, 1 µL of CH2Cl2 solutions (1 mg mL–1) was injected into the injection port using a split ratio of 1:10. Compound separation was achieved following a linear temperature program of 100 ºC (3 min), 100-280 ºC (10 ºC min–1), 280 ºC (10 min). MS parameters were: ionization voltage (EI) 70 eV, peak width 2 s, mass range 30-650 Daltons and detector voltage 1.5 V. The NIST05 MS database (National Institute of Standards and Technology, USA) was used when necessary. The 1D and 2D NMR spectra were recorded at 25 ºC on a Varian VNMRS500 (500 MHz) spectrometer in 5 mm NMR tubes and 0.6 mL of CDCl3 (Tedia) and tetramethylsilane (TMS) as internal reference. Chemical shifts (δ) were given in ppm and coupling constants (J) in Hz. All 2D experiments were performed using field gradient and the heretonuclear correlation experiments (HMBC and HSQC) with adiabatic pulses. The chemical shifts of the carbon atoms were taken from the HSQC and HMBC spectra. The spectra were processed with MestreNova v. 6.0.2 software. Positive ion electrospray high resolution mass spectral analysis (HRESITOF) was made with a Bruker Daltonics micrOTOF instrument (Bruker Co., Fremont, CA, USA).

  Plant material

  Piper ottonoides was collected from wild specimen at the Experimental Field of the Empresa Brasileira de Pesquisa Agropecuária (EMBRAPA), Rio Branco, Acre State, Brazil. A voucher specimen was deposited at the Herbarium Bradeanum, Rio de Janeiro, RJ, Brazil, under number HB 91291.

  Extraction and semi-purification procedures

  Dried and sieved fruits (7.7 g), leaves (9.4 g), stems (302.0 g) and roots (80.8 g) of P. ottonoides were extracted with ultra-sound assistance at room temperature, using 1.0 g of plant material and 100 mL of MeOH (6×) by 10 min each cycle. The supernatants were pooled and the solvents removed under low pressure yielding 1.05, 0.56, 22.91 and 7.54 g of the dried extracts respectively. The extracts were submitted to CC as described: 1.2 g of the root extract in 4.5 cm e.d. × 15.0 cm phase height, eluted sequentially with CHCl3:EtOAc 9:1, EtOAc and MeOH yielding 87 fractions; 13.2 g of the stem extract in 4.5 cm e.d. × 30.0 cm phase height, eluted sequentially with CHCl3:EtOAc 9:1, EtOAc, EtOAc:MeOH (7:3 and 1:1) and MeOH yielding 34 fractions; 561.3 mg of the leaf extract in 3.0 cm e.d. × 15.0 cm phase height, eluted sequentially with hexane, hexane:CHCl3 (7:3 and 3:7), CHCl3, CHCl3:EtOAc (9:1 and 1:1), EtOAc and MeOH yielding 36 fractions; 207.1 mg of the fruit extract in 2.0 cm e.d. × 12.0 cm phase height, eluted sequentially with CHCl3:EtOAc 9:1, EtOAc, EtOAc:MeOH 1:1 and MeOH yielding 20 fractions. The fractions were pooled together by TLC similarities, resulting in: 10 root fractions; 8 stem fractions; 7 leaf fractions and 5 fruit fractions. The fractions: 4-7 from roots; 4-6 from stems; 2-6 from leaves and 1-3 from fruits, that showed by TLC major spots with high UV absorption at 254 and Rf ≠ 0 were selected to be further screened by GC-MS. The fractions: 6 (16.9 mg) from roots, 5 (67.9 mg) from stems, 2 (23.0 mg) from fruits, all eluted from the CC with CHCl3:EtOAc 9:1 and 6 (6.5 mg) from leaves, eluted with CHCl3:EtOAc 1:1 were selected for NMR analyses.

  N-isobutyl-7-(4'-methoxyphenyl)-2E, 4E-heptadienamide (2) (ottonoidenamide)

  HRESIMS [M + Na]+ m/z 310.1645 (calculated 287.1879 for C18H25NO2); for 1H and 13C NMR spectroscopic data, see Table 2; for GC-EIMS data see peaks with RRt = 1.03 in Table 1.
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  Results and Discussion

  Many species of Piperaceae associated with the traditional use as an anesthetic have been reported to contain piperamides.16-22 As P. ottonoides has similar properties, it should be expected that piperamides would be found in this species. The use of normal phase silica gel CC to isolate the compounds present in the MeOH extracts of fruits, leaves, stems and roots of P. ottonoides led to some minor semi-purified fractions which showed by subsequent GC-MS analysis, odd molecular ions characteristic of amide group. However the small amounts of these fractions associated with the significant number and similar chromatographic behavior of their constituents, as revealed by the TLC and GC chromatograms, have motivated us to analyze them as a mixture.

  GC-MS of the piperamide enriched fractions

  One fraction from each part of the plant that revealed by GC-MS representative amide peaks and less fatty compounds (by comparison to NIST05 MS database) was selected for further analyses.

  Various studies have reported the MS fragmentation patterns of piperamides. These compounds usually present, among others, fragment ions related to the cleavage at the C–N bond and, when applied, ions containing the aromatic ring.6,21,23-28

  The set of GC-MS chromatograms showed six different peaks with MS patterns compatible to piperamides (Table 1). The analyses of their MS fragments showed ions at m/z [M – 72]+ corresponding to [M-NHCH2CH(CH3)2]+ and [M – 100]+ corresponding to [M-CONHCH2CH(CH3)2]+, characteristic of some isobutylamides.21,25,28 These fragments were present in most of the MS compound profiles of the four studied fractions (Table 1), strongly suggesting the presence of this kind of piperamides in P. ottonoides. The ions at m/z 121 and 135 that have been related to methoxy and methylenedioxy substituted tropylium ions, respectively,6,21,24,26 were observed as base peak in most of the compounds present in all the fractions (Table 1). The ion at m/z 135 has been observed in the MS of piperamides with methylenedioxy substituted aromatic ring bearing either a benzylic methylene carbon or a double bond with no extending conjugation.6,21,26 However, for the latter option, together with the ion at m/z 135, the MS should contain an ion at m/z 161 attributed to a benzodioxole-allylic fragment.6,23,26,27 This ion was not observed in the MS profiles of the compounds present in P. ottonoides suggesting the absence of piperamides with methylenedioxy substituted aromatic ring bearing a conjugated double bond.

  The overall analyses of the MS profiles allowed suggesting the number of carbon atoms and unsaturation in the carbon chains of these compounds. The peaks with relative retention times (RRt) 1.00 and 1.03 (Table 1), m/z [M]+ 273 and 287, respectively, present in all fractions, might correspond to isobutyl piperamides with methoxy group in the aromatic ring (m/z 121) and carbon chains with five and six carbons, respectively, both containing two unsaturations (m/z [M – 72]+ 201 and 215; [M – 100]+ 173 and 187). The peaks presenting m/z [M]+ 275, 301, 303 and 329 (RRt = 0.95, 1.08-1.09, 1.04 and 1.21, respectively) (Table 1) might correspond to piperamides with methylenedioxy group in the aromatic ring (m/z 135). Two of them, that showed ions at m/z [M]+ 303, [M – 100]+ 203 and m/z [M]+ 301, [M – 100]+ 201, seemed to contain carbon chains with six carbons, differing by two mass units, thus suggesting that one has minus one double bond (Figure 1). The amide related to the peak with RRt = 1.21, m/z [M]+ 329, [M – 100]+ 229, found just in the roots of the species, showed 28 mass units more than that related to the peak with m/z [M]+ 301, which might suggest a longer carbon chain. The search for matching compounds at the NIST05 MS database indicated that the peak with m/z M+ 273 (RRt = 1.00) would possibly be piperovatine (1). These MS data gave strong structural indications of the piperamides present in the species but were not enough for an unequivocal identification of the compounds, specially taking into account the configuration of the double bonds.

  NMR analyses in mixture of the piperamides

  NMR analyses of root piperamides

  Further study of root fraction by 1D and 2D NMR techniques revealed by the 1H NMR spectrum data and the 1H-1H correlations in the COSY spectrum (Figure 1) the coupling between protons at δ 7.08 (d, J 8.2 Hz) and 6.84 (d, J 8.2 Hz) characteristic of a p-disubstituted aromatic ring and a set of signals at δ 6.72 (d, J 7.8 Hz), 6.60 (d, J 7.8 Hz) respectively, in combination with the described MS data and 6.66 (bs) characteristic of a trisubstituted aromatic ring. confirmed the presence of p-methoxy and methylenedioxy These data together with the singlets at δ 3.79 and 5.92, aromatic substituted piperamide in this fraction. The characteristic of methoxy and methylenedioxy groups, amidic protons (d 5.53, bs) were also revealed. The COSY spectrum also confirmed the presence of an isobutyl group bearing to the amidic nitrogen through the sequential correlation among the signal at δ 5.53 with those at δ 3.16 (t, J 6.4 Hz), 1.80 (m) and 0.92 (d, J 6.5 Hz) (Figure 1).

  The long range 1H-13C correlation in the HMBC spectrum among the signals at δ 3.16 (t, J 6.4 Hz) and 5.72-5.80 (bt) with the signal at δC 166.4 (Figure 2a) revealed an amidic α,β-unsaturated carboxyl.

  
    

    [image: Figure 2. Key HMBC correlations]

  

  The J-RES spectrum (Figure 3) allowed discriminating the signal at δ 5.72-5.80 in at least three doublets at δ ca. 5.73, 5.74 and 5.78 with the same coupling constant (J 15.8 Hz) thus showing α-carboxyl double bonds with trans stereochemistry. These signals (H-2) were taken as key-signals in the assignment of the carbon chains that connect the amidic carboxyl to the corresponding aromatic system. The COSY spectrum showed strong correlations between the signal at δ ca. 5.76 (d, J 15.8 Hz) (H-2) with those at δ 7.19 (dd, J 15.6 and 10.9 Hz) (H-3) and between this last one with the signal at δ ca. 6.12 (m) (Figure 3). The J-RES spectrum (Figure 3) revealed that the signal at δ ca. 6.12 (m) contained, among others, at least two double triplets at δ ca. 6.06 (J 14.8 and 6.6 Hz) and d ca. 6.2 (J 14.2 and 6.8 Hz) which correspond to double bond protons coupled to other double bond protons and to aliphatic protons. This set of data characterized the presence of an α,β,γ,δ-unsaturated carboxyl system with all double bonds with E configuration.

  
    

    [image: Figure 3. COSY]

  

  Subsequently, the COSY spectrum showed that the protons at δ ca. 6.12 were coupled to three different aliphatic protons: at δ 3.42 (d, J 6.2 Hz), 2.42 (q, J 6.9 Hz) and 2.17 (m) (Figure 4). The proton at δ 3.42 (d, J 6.2 Hz) had chemical shift and coupling constant compatible to a neighboring benzylic proton to a double bond (Figure 4, highlighted in solid line). The protons at δ 2.42 (q, J 6.9 Hz) showed correlations to the protons at δ ca. 6.12 (m) and to those at δ 2.65 (t, J 7.2 Hz) (Figure 4, highlighted in dotted line). On the other hand the protons at δ 2.17 (m) correlated to the protons at δ ca. 6.12 (m) and d 1.45 (m) which in turn were coupled to those at δ 2.50 (t, J 7.4 Hz) (Figure 4, highlighted in dashed line). Thereby, these data allowed to deduce the presence of piperamides with three different carbon chain sizes (six, seven and eight carbons) (Figure 5a-c) . The connections among these carbon chains and their corresponding aromatic systems were obtained by analyzing some key long range 1H-13C correlations in the HMBC spectrum. The signals at δ 3.42 (d, J 6.2 Hz) and at δ 2.65 (q, J 6.9 Hz) (benzylic protons of the carbon chain type A and B respectively, Figure 5) were coupled to the quaternary carbon at δC 129.4 (Figure 2b). In addition, the correlation among the protons at δ 3.79 (s) (methoxy group) and d 7.08 (d, J 8.2 Hz) with the carbon at δC 158.0 allowed confirming the assignment of the aromatic carbon bearing the methoxy group in the p-disubstituted aromatic system. In addition, the aromatic proton at δ 7.08 (d, J 8.2 Hz) also showed a long range correlation with the carbon at δC 129.4. These data revealed in the roots of P. ottonoides two different piperamides with a p-methoxy substituent in the aromatic system. The data set allowed confirming the presence of piperovatine (1) and revealed a new piperamide: N-isobutyl-7-(4'-methoxyphenyl)-2E, 4E-heptadienamide which we named ottonoidenamide (2) (Table 2). These structures are in accordance to those presenting MS profiles of the compounds with RRt = 1.00 and 1.03 in the GC-MS analysis (Table 1). Further analyses of the HMBC spectrum revealed, among others, the long range correlations of the signal at δ 5.92 (s) (methylenedioxy protons) with the quaternary carbons at δC 147.6 and 145.1 (Figure 2c), the correlation between the benzylic proton at δ 2.65 (t, J 7.2 Hz) (carbon chain type B, Figure 5) with the quaternary carbon (C-1') at δC 134.5 and the benzylic proton at δ 2.50 (t, J 7.4 Hz) (carbon chain type C, Figure 5) with the quaternary carbon (C-1') at δC 136.2 (Figure 2c), showing at least two different piperamides with this aromatic system. These data indicated the presence of chingchengenamide A (3)25,29,30 and pipercallosine (4)8 which appear in the GC chromatogram with RRt = 1.09 and 1.21 (Table 1), respectively.
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  Additional analysis of the COSY spectrum showed the 1H-1H correlation between the signals at δ ca. 5.76 (d, J 15.8 Hz) (H-2) and 6.82 (m) which in turn sequentially correlated to those at δ 2.18 (m), 1.45 (m), 1.59 (m) and to the benzylic protons at δ 2.52 (t, J 7.4 Hz) (Figure 6). The 1H-13C correlation in the HMBC spectrum between the protons at δ 2.52 (t, J 7.4 Hz) and the quaternary carbon (C-1') at δC 136.2 was similar to those found for the compounds 3 and 4 (Figure 2c). The data set revealed the presence of pipercallosidine (5)20,31 which appears in the GC chromatogram with RRt = 1.04 (Table 1).
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  The TOCSY spectrum confirmed the proton sequence in the carbon chains. The additional positive HRESITOFMS analysis of the root fraction exhibited [M + Na]+ ions compatible with the characterized compounds. The ion at m/z 310.1645 (calculated 287.1879 for C18H25NO2) allowed confirming the structure of the new piperamide 2 (Figure 7 and Figures S3 and S24 in the Supplementary Information (SI) section).
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  NMR analyses of fruit piperamides

  The study of the 1H, COSY, HMBC and J-RES NMR spectra of the fruit fraction revealed some similar data to those previously described for the root piperamides, showing the presence of piperovatine (1), ottonoidenamide (2) and chingchengenamide A (3). In addition, the analysis of the COSY spectrum showed the correlation between the signal at δ 5.70 (d, J 15.0 Hz) (H-2) and that at δ 6.78 (m) which is compatible to an α,β-unsaturated carboxyl system similar to those found in the compound (5) (Figures 6 and 8). The signal at δ 6.78 (m) presented 1H-1H correlation to the signal at δ 2.36 (m) which in turn correlated to that at δ 2.61 (t, J 7.8 Hz) (benzylic protons). The 1H-13C correlation in the HMBC spectrum between the protons at δ 2.61 (t, J 7.8 Hz) and the quaternary carbon (C-1') at δC 135.0 was similar to those found for the compounds 3 and 4 (Figure 2c) thereby showing an aromatic system bearing a methylenedioxy group. This data set is compatible to that of dihydropiperlonguminine (6)32 which appears in the GC chromatogram with RRt = 0.95 (Table 1).
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  NMR analyses of leaf and stem piperamides

  Similar NMR spectrum analyses of the leaf and stem fractions led to the characterization of piperovatine (1), ottonoidenamide (2), chingchengenamide A (3) and pipercallosidine (5) in both fractions and the additional presence of dihydropiperlonguminine (6) in leaves of P. ottonoides.

  The 1H NMR spectrum profiles of the studied parts of Piper ottonoides and the suggested fragments of the main peaks observed in the GC-EIMS of the piperamides are shown in Figures 9 and 10 respectively.
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  Conclusions

  This study unambiguously established by a combination of MS fragmentation and extensive 1D and 2D NMR spectroscopic analyses, without prior isolation, the structure of the new piperamide ottonoidenamide (2), as well as the amides piperovatine (1) and chingchengenamide A (3) in fruits, leaves, stems and roots of P. ottonoides; the additional presence of pipercallosine (4) and pipercallosidine (5) in roots and, of dihydropiperlonguminine (6) in fruits and leaves. The presence of piperovatine (1) that has been reported to have anesthetic, tongue-numbing and piscicidal activities and of pipercallosine (4) that showed anesthetic activity,19,20,22,33 should be associated to the described properties of the species.

   

  Supplementary Information

  Supplementary Information (NMR spectra, GC-MS profiles, HRMS data from root fraction and 1H and 13C NMR data of compounds 1,3-6) is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Monolithic and core-shell columns were comparatively evaluated for separation of deisopropylatrazine (DIA), deethylatrazine (DEA), hydroxyatrazine (HAT), simazine (SIM) and atrazine (ATR) under similar conditions of elution, flow rate and sample volume. Although both columns provided separation of the analytes with resolution > 1.5, the core-shell column exhibited better efficiency, leading to narrower peaks. It has height equivalent to the theoretical plates (HETP) for DEA, DIA and HAT, eluted under isocratic elution, about 2.5 times smaller than those of the monolithic column. A soil sample was studied by ultrasound assisted extraction with 80:20 (v/v) acetonitrile:water, revealing the presence of HAT and ATR. This sample was enriched with 0.25, 0.50 and 1.0 mg kg-1 of the five triazine compounds and analyzed, leading to recovery percentages between 45 and 86%.
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  Introduction

  Herbicides have been used in agriculture since 1940, promoting an increase in agricultural productivity. On the other hand, they caused contamination of soil, water and food, leading to problems of toxicity for living beings gradually exposed to these compounds.1

  Atrazine (ATR) and simazine (SIM) are triazine herbicides which have been banned from European Community since 2004. However, they are widely used in large areas of Brazil and United States in cultures of soybean, corn, sugar cane, etc. Soil microorganisms breakdown ATR and SIM producing metabolites such as 2-hydroxyatrazine (HAT), deethylatrazine (DEA) and deisopropylatrazine (DIA).2-4 These compounds are less hydrophobic than the parent herbicides and their toxicities are not so well known.5

  Management of environmental quality and safety requires frequent monitoring of herbicide residues and herbicide metabolites in waters, soils and food, so that efficient analytical methods for extraction, separation, identification and quantification of these compounds have been continuously developed.1,2 Analyses of soils require an extraction step aiming the enrichment of analytes and the removal, as much as possible, of interfering species,6 followed by the separation, identification and quantification step. Most of the analytical methods for the analysis of residues of pesticides and their metabolites in soil extracts are based on gas chromatography and/or reversed phase liquid chromatography coupled to mass spectrometry. In recent years the application of tandem mass spectrometry in LC-MS/MS-based methods has increased thanks to the enhanced selectivity and sensitivity of these techniques, minimizing or even removing interferences in selected reaction monitoring (SRM) mode.1,2

  Methods based on ultrahigh-pressure liquid chromatography (UHPLC) coupled to MS/MS have been described for ultra-fast separations and sensitive determination of triazines.6-8 However, they are of high cost, being prohibitive for many laboratories. Additionally to the totally porous silica particles (1.8 µm diameter) modified with C18 used in reversed phase UHPLC, recent advances in the technology of chromatographic columns produced monolithic and core-shell stationary phases which enable the use of conventional HPLC pressures.9,10

  The morphology of monolithic and core-shell columns enhances the mass transfer in comparison with columns packed with totally porous particles. In monolithic column the mass transport is governed by convective rather than slow diffusive processes.11 In the core-shell particles the mass transfer is enhanced because the particle is constituted by a fused impenetrable silica nucleus (typically from 1.3 to 5.0 µm) recovered by a 0.23 to 0.5 µm thick layer of porous silica gel,12 that is, the diffusive paths are much shorter than those of totally porous particles. Both monolithic and core-shell columns provide faster separations and reduced consumption of mobile phase in comparison with columns packed with totally porous particles.9

  The present paper describes the development of HPLC methods for separation and quantification of ATR and SIM, as well as the metabolites DEA, DIA and HAT using 50 × 4.6 mm monolithic and 30 × 4.6 mm core-shell (2.7 µm particle diameter, 0.5 µm thick shell) columns in a matrix of ultrasound soil extract.

   

  Experimental

  Apparatus and reagents

  An LC 9A Shimadzu (Tokyo, Japan) high performance liquid chromatograph coupled to a Shimadzu SPD 6 AV UV detector (223 nm) was used. Sample injection was made with a rotary Rheodyne (Rohnert Park, CA, USA) valve using a 20 µL sample loop. Data acquisition and data processing was made by the LC Workstation Class-LC 10 software from Shimadzu (Tokyo, Japan). An ultrasonic bath Retsch GmbH & Co. (Haan, Dusseldorf, Germany), with frequency of 35 KHz was used for soil extraction.

  The analytical standards (Pestanal® grade) of DEA (6-chloro-N-(propan-2-yl)-1,3,5-triazine-2,4-diamine), DIA (6-chloro-N-ethyl-1,3,5-triazine-2,4-diamine), HAT (4-(ethylamino)-6-(isopropylamino)-1,3,5-triazin-2-ol), SIM (6-chloro-N, N'-diethyl-1,3,5-triazine-2,4-diamine) and ATR (6-chloro-N-ethyl-N'-(propan-2-yl)-1,3,5-triazine-2,4-diamine) were purchased from Sigma Aldrich (Sigma-Aldrich Brazil, São Paulo, Brazil). Stock solutions of these compounds were prepared at concentration of 500 mg L-1 in methanol. These standards, solids or solutions, were stored in a freezer at –18 ºC. Methanol (MeOH) and acetonitrile (ACN) of HPLC grade were supplied by J.T. Baker (Phillipsburg, NJ, USA). Ammonium acetate (NH4Ac) and acetic acid were purchased from Merck (Rio de Janeiro, RJ, Brazil). Deionized water (resistivity > 18.2 MΩ cm) was obtained from a Simplicity 185 system from Millipore (Billerica, MA, USA) coupled to an UV lamp.

  The following chromatographic columns were used: (i) 50 × 4.6 mm internal diameter (i.d.) OnyxTM C18 monolithic column coupled to 5 × 4.6 mm C18 monolithic guard column from Phenomenex® (Torrance, CA, USA); (ii) 30 × 4.6 mm i.d. Ascentis Express C18 column packed with 2.7 µm core-shell particles, coupled to a 5 × 4.6 mm i.d. guard column packed with the same material, both acquired from Supelco Analytical (Bellfonte, PA, USA).

  Soil sample

  The soil sample was classified as an oxisol, and was kindly provided by Prof Gilberto Abate from the Departamento de Química of the Universidade Federal do Paraná, Brazil. The soil was collected in an agricultural area of Pato Branco City located in the southwest of the Paraná State, Brazil, 430 km distant from the capital, Curitiba.13 Maize is the main crop cultivated in the area. The samples were collected in October 4th, 2013, two days after application of the atrazine formulation named Primoleo® (Syngenta Brasil, São Paulo, SP, Brazil). Sampling was made at depth of 0-10 cm from different points, and mixed to compose a single sample. The sample was dried in vacuum oven at 50 ºC until constant weight, gently ground to pass through a 250 µm sieve, and stored in a desiccator.

  Soil extraction

  Soil samples (2 g) were weighted (precision of ± 1 mg) inside test tubes and ultrasonically extracted with 3.0 mL of 80:20 (v/v) ACN:water for 30 min at 35 kHz. The resulting suspension was centrifuged at 5000 rpm for 10 min and the supernatant was transferred to a 10.0 mL volumetric flask. This procedure was repeated two more times and the extracts were combined and then evaporated inside a desiccator under vacuum. The residues were dissolved in water, filtered through 0.45 µm syringe filters and analyzed by HPLC.

  The accuracy of the method was evaluated by spike and recovery studies. Aliquots of the soil sample were spiked with 0.25, 0.50 and 1.0 mg kg-1 of DEA, DIA, HAT, SIM and ATR. After 24 h, the spiked samples were extracted as described in the previous paragraph.

  Chromatographic analyzes

  Reversed phase separation of the five triazines was made using two mobile phases: mobile phase A was pure 2.5 mmol L-1 NH4Ac/HAc buffer (pH 4.2) and mobile phase B was pure ACN. The flow rate used in both monolithic and core-shell columns was 1.5 mL min-1. In the core-shell column the elution program was as follows: 0 to 5 min, isocratic at 10% B, 5 to 7 min, linear gradient from 10 to 35% B, 7 to 9.5 min: isocratic at 35% B, 9.5 to 12 min, gradient from 35 to 10% B, and finally, 12 to 15 min, isocratic at 10% B. For the monolithic column the time program was similar and the only difference was that elution started and ended with 13% B. The values refer to volumetric fractions.

  The presence of HAT and ATR was confirmed by HPLC-MS/MS using a Shimadzu HPLC system consisted of two LC-20AD pumps, a SIL 20AC automatic injector, a CBM-20A controller, a CTO-20A column oven and an UV SPD-20 detector coupled to an ion trap Amazon Speed ETD-Bruker Daltonics mass spectrometer operating with electron spray ionization (ESI) in the positive mode. Other experimental conditions were: capillary voltage = 4.5 kV, nebulizer pressure = 40 psi, dry gas flow rate = 9 L min-1, dry temperature = 300 ºC. The gradient composition and conditions were the same as those described for HPLC-UV for both monolithic and core-shell columns. For detection the ion trap was scanned at m/z 75-600 in full scan mode.

   

  Results and Discussion

  Method development

  Different compositions of mobile phase and program gradient were studied for separation of the five compounds (Figures 1 and 2). In the core-shell column the separation of DIA and HAT was only possible when the initial concentration of ACN in the mobile phase was < 13% (v/v) (Figures 1a-c). Base line separation of the three metabolites DIA, HAT and DEA was achieved by isocratic elution using a mobile phase composed of 10% (v/v) ACN: 2.5 mmol L-1 NH4Ac/HAc (Figure 1d). As SIM and ATR are much less polar than the metabolites, the gradient of ACN from 10 to 35% was necessary (Figure 1).
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  In the monolithic column the separation was studied starting the elution with compositions of 10, 13 and 15% (v/v) ACN (in 2.5 mmol L-1 NH4Ac/HAc buffer, pH 4.2). Separation of the five compounds was achieved in all studied conditions (Figure 2). Efficient separation of DIA, DEA and HAT was achieved starting the elution with 15% ACN, but the peak of SIM was significantly widened (Figure 2a). Starting the elution with 10% ACN caused strong retention and peak widening for DEA and HAT (Figure 2c), so that a composition of 13% ACN was chosen as a compromise (Figure 2b).

  Despite the fact that the monolithic and core-shell columns operated under the reversed phase mode and used silica based materials modified with C18, the elution order of DEA and HAT was different in the two columns. Hydroxyatrazine (HAT) was more strongly retained than DEA in the monolithic column and the contrary was verified in the core-shell (Figures 1 and 2). The explanation for this finding is not clear but may be related to the presence of residual silanol groups and some degree of ion exchange retention of HAT in the monolithic column.14 The pKa of HAT is 5.4, so that at pH 4.2 the molecule is mostly protonated and positively charged, behaving as stronger base than the other triazine compounds which have pKa < 2.15 On the other hand, residual silanol groups have not been verified in Chromolith monolithic columns, so that the behavior of HAT could also be attributed to the different phase structure of the monoliths rather than silica activity under the studied conditions.16

  Chromatographic parameters and column efficiency

  Retention time (tR), resolution (Rs), retention factor (k), peak asymmetry (As), plates per meter and height equivalent to the theoretical plate (HETP) for both monolithic and core-shell columns are shown in Table 1. Comparison of the chromatographic parameters was made under similar elution conditions, described in Figures 1c and 2c, 
    that is, starting the elution with the 13% (v/v) ACN in 2.5 mmol L-1 NH4Ac/HAc buffer (pH 4.2) mobile phase.
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  Excepting HAT, it is clear that the core-shell column provided higher retention factors than the monolithic column, even with shorter retention times for all compounds. In reversed phase liquid chromatography, a retention factor > 2 imply that the interference of highly polar compounds is not likely to occur. DIA was the triazine with lowest retention factor (Table 1), so that this is the only compound which determination may suffer interference of humic substances and organic acids17,18 that may be co-extracted from soils. Interference of polar compounds in the determination of DIA is more likely to occur in the monolithic column because of the lower k value obtained for this compound in comparison with that obtained in the core-shell column. Values of k > 5 suggest that the separation method can be developed further in both columns,19 using, for instance, a steeper gradient of ACN to reduce the retention time of SIM and ATR, thus shortening the total time of analysis, especially in the case of the core-shell column which had k values > 20 for these compounds. Additionally to the slope of the gradient, the total time of analysis could be significantly reduced by increasing the flow rate of the mobile phase, especially in the monolithic column, exploiting further the high permeability of this column. For instance, at the flow rate of 1.5 mL min-1 used in the present comparison, the back pressures were 28 and 130 bar in the monolithic and core-shell columns, respectively.

  Resolution > 1.5 was obtained in both columns if elution started with ACN concentration < 13% (v/v). The asymmetry factors were between 1.1 and 2.1, indicating that no significant peak tailing occurred in both columns. Column efficiency was estimated from HETP for DIA, HAT and DEA, which were eluted under isocratic conditions in the first 5 min of the chromatographic run. The HETP values obtained in the core-shell column were significantly lower than those obtained in the monolithic column. The better efficiency of the core-shell column can be also qualitatively deduced from the narrower peaks observed in the chromatograms (Figures 1 and 2). Besides to better efficiency, narrow peaks imply in better selectivity and faster analyses, features which favors the core-shell column in comparison with the monolithic.

  The bimodal structure of macro and mesopores of silica based monolithic columns favors fast mass transport between the stationary and mobile phase by rapid convective processes instead of slow diffusion.20 Although this conformation provides the high permeability for the monolithic column, it limits the chromatographic efficiency of these columns, as a consequence of large size distribution, random size distribution and variable geometry of the interskeleton, additionally to the radial heterogeneity of the monolith.21,22 The better efficiency of the core-shell column may be attributed to two factors: (i) the short diffusion path provided by the superficially porous layer allowing fast mass transfer of solutes between the stationary and mobile phase, minimizing the axial dispersion and the peak broadening; and (ii) dense and uniform packing of 2.7 µm particles with exceptionally narrow size distribution, reducing the eddy diffusion.10,23

  Analytical features

  The linearity of the peak areas as a function of triazine concentrations were studied in the concentration range between 100 and 1000 µg L-1 (Table 2). The limits of detection (LOD) and quantification (LOQ) were computed as LOD = 3Sd/m and LOQ = 10Sd/m where m is the slope of the calibration curves (peak heights) and Sd is the standard deviation of the noise in the base line, measured around the retention time (tR). The LOD values varied between 1.1 µg L-1 for DIA (monolithic column) and 16 µg L-1 for HAT (core-shell column). These values are mostly higher than the maximum concentration levels allowed in drinking waters defined by the United States Environmental Protection Agency (US-EPA) of 3 µg L-1, or by the Brazilian Environment National Council resolution (CONAMA 354/2005) of 2 µg L-1, so that a pre-concentration step would be necessary for monitoring these concentration levels. On the other hand, the LOD and LOQ values obtained for both monolithic and core-shell columns enable the determination of the studied triazines in soil extracts, as well as the monitoring of triazine concentrations in adsorption and degradation studies.13,24,25
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  The linearity, sensitivity and detectability of both monolithic and core-shell columns were of similar magnitude, as well as the intraday and interday relative standard deviations of retention times and slope of the calibration curves. Sensitivity and detectability of HAT could be significantly improved by monitoring the absorbance at 238 nm, but this aspect was not investigated further because the goal of the work was the evaluation of the chromatographic columns and not to investigate the maximum sensitivity and the lowest LOD and LOQ.

  Application to a soil sample

  The chromatograms of the soil extract superposed to the chromatograms of the soil spiked with 1 mg kg-1 of a mix of the five triazines suggest that the sample had detectable amounts of both HAT and ATR (Figures 3 and 4). Several other peaks were observed corresponding to co-extractives. The large peak of unretained solutes can be assigned to polar humic substances or low molar mass carboxylic acids, which are of high abundance in soils.26 The retention factor of DIA was high enough to provide efficient separation from the pool of weakly retained polar substances. The high efficiency of the columns, especially, that of the core-shell column, enabled the characterization of well-defined peaks in a crude soil extract which was not subjected to any cleanup procedure. Triplicate of extractions resulted concentrations of ATR of 273 ± 12 and 331 ± 16 µg kg-1, obtained in the 
    core-shell and monolithic columns, respectively. The higher concentration of ATR provided by the monolithic column may be attributed to some co-extractive affecting the peak integration. As the efficiency of the core-shell column is better, it can improve the accuracy of peak integration, leading to better column selectivity. However, a larger number of extractions and quantification experiments should be made to prove this hypothesis. For HAT, the concentrations found were 437 ± 12 µg kg-1 (core-shell) and 428 ± 18 µg kg-1 (monolithic), without any evidence of statistically significant differences between the results at the 95% confidence level.
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  The presence of ATR and HAT was confirmed by HPLC-MS/MS using full scan at m/z = 75-600. Atrazine was confirmed by the precursor ion [M + H]+ with m/z = 216 and the fragment ion [M + H-C3H6]+ with m/z = 198, derived from the loss of isopropyl moiety. Hydroxyatrazine was confirmed by the peaks of the precursor ion [M + H]+ at m/z = 198 and the fragment ion [M + H-C3H6]+ at m/z = 156 (Figures S1 and S2).27 Both monolithic (Figure S1) and core-shell (Figure S2) columns enabled efficient separation of the analytes avoiding interferences of soil co-extractives on the ionization of the studied triazines.

  The accuracy of the studied methodology was evaluated by spike and recovery studies showed in Figures 5a and 5b. Recoveries from the 0.25 mg kg-1 spiked soil were consistently higher than those obtained from soils spiked with 0.50 and 1.0 mg kg-1 of the five triazines, independent of the chromatographic column. Recoveries obtained with the core-shell column were systematically higher than those obtained with the monolithic, probably as a consequence of the better efficiency of the former, leading to narrow peaks which facilitate the peak integration, minimizing interference of co-extractives. Recoveries from 45 to 86% (Figures 5a and 5b) were consistent with those obtained by Amadori et al.13 studying soil samples from the same region as the one studied in the present work, using a similar extraction method. Those authors spiked the soil with 2.5 mg kg-1 of ATR, DIA and DEA, obtaining recoveries of 40-65% for ATR, 45-70% for DIA and 60-80% for DEA using an ACE C18 100 × 4.6 mm i.d., 5 µm particle column. Stipicevic et al.,28 employing ultrasound extraction of soils enriched with 14 to 600 ng g-1 obtained recoveries between 40-56% for DIA, 80-94% for DEA, 82-98% for SIM and 58-88% for ATR using a 250 × 4 mm i.d., 5 µm particle, Hypersil ODS column. Lesuer et al.29 compared several extraction methods, finding that ultrasound extraction from soils enriched with 500 ng g-1 led to recoveries of 15-30% for DEA, 30-50% for ATR and 45-50% for SIM employing a Zorbax SB-C18 150 × 2.1 mm i.d., 3.5 µm particle size, and MS/MS detection. Thus the recoveries between 50 and 86% found in the present work are consistent with several other recovery rates described in the literature for complex soil samples.
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  Conclusions

  The monolithic and core-shell columns provided efficient separation of the studied triazines, but the core-shell column performed better, providing narrower peaks, higher resolution and smaller peak asymmetry. As a consequence, in the chromatographic analyses of the soil extracts, the core-shell column gave higher recovery percentages than those obtained with the monolithic column. The features of these modern columns can be exploited further to improve the sampling throughput. For instance, faster analysis can be achieved exploiting the high permeability of the monolithic column using flow rates much higher than those reported here, without serious backpressure problems, but at the cost of high consumption of mobile phase. Regarding the core-shell column, steeper gradient of ACN could be exploited to reduce the analysis time without significant loss in efficiency. Both columns were easily adapted for use in HPLC-MS/MS system.

   

  Supplementary Information

  Supplementary information on the mass spectra obtained in the HPLC-MS/MS experiments is available free of charge at http://jbcs.sbq.org.br as a PDF file.
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    This article discusses a simple approach for the microwave-assisted synthesis of good quality nanosized calcium titanate crystals doped with trivalent Tm and Yb lanthanide ions. The prepared nanoparticles had a microcube-like structure and a crystallite size of ca. 47 nm. The structure of the nanocrystals was analyzed by X-ray diffraction (XRD) and scanning electron microscopy (SEM), and their spectroscopic behavior was examined at a laser excitation wavelength of 350.7 nm. It was found that doping CaTiO3 nanocrystals with Yb and Tm leads to about 250-fold brighter photoluminescence (PL) emissions in the blue and near-infrared regions than that emitted by pure CaTiO3 nanocrystals. The PL emission was correlated with the structural disorder.
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  Introduction

  Calcium titanate (CaTiO3 or CT) is a versatile material which is one of the major phases in synroc (synthetic rock) and widely used in the immobilization of high level nuclear waste. At low temperatures, CT shows ferroelectric or quantum paraelectric behavior and it is used in various electronic ceramic materials, ceramic industry, electroluminescent devices, and sensors, and is an efficient host for luminescence of lanthanide ions.1-6 High permittivity and low dielectric losses also make crystal CT a suitable candidate for microwave applications. Its photocatalytic activity has also been investigated and it demonstrates high performance in the degradation of organic dyes, pigments and microorganisms.7-9

  The perovskite structured CT crystal was initially prepared by conventional solid-state reaction using a stoichiometric ratio of TiO2 and CaCO3 or CaO at high temperatures. Various methods of synthesis have been described for the synthesis of high quality CT nanocrystals.10-19 The crystal growth of CaTiO3 hollow crystals with different microstructures was investigated by Yang et al.20 Tyliszczak et al.21 synthesized CT nanopowders via a mechanochemical method assisted by microwave irradiation from calcium oxide and titanium dioxide. In this context, microwave-assisted heating is a greener approach to synthesize materials in a shorter time (from a few minutes to several hours) while consuming less energy (hundreds of watts). Recent reports that discuss the microwave-assisted hydrothermal microwave (HTMW) synthesis of nanocrystalline titanate oxides,6, 13, 22-25 indicate that the HTMW method is potentially a better way to synthesize crystalline CT powders at low temperatures and high heating rates.

  In this perovskite, the substitution of the A site (Ca2+ ion) by trivalent ions (lanthanide (Ln) ions) leads to the formation of Ca2+ vacancies that affect the physical and chemical properties of the material. Praseodymium-doped CT has long been known as a bright red emitting phosphor characterized by a single and very intense emission peak close to the coordinates of the "ideal red" color. The crystal structures in these cation-deficient perovskites are determined by the disposition of vacancies across the perovskite A-sites, and the tilting of the TiO6 octahedra.26

  In this work, we used CT, one of the perovskite oxides, to prepare nanosized undoped and Thulium (Tm) and/or Ytterbium (Yb)-doped CT. The HTMW approach was selected to obtain powders under favorable conditions, i.e., low temperatures and a short reaction time (480 seconds). Detailed optical properties were evaluated using UV-Vis spectroscopy, and photoluminescence (PL) emission spectra of doped and undoped CT were employed to examine the structural order-disorder of the synthesized materials and the possible correlation between their structure and photoluminescence.

   

  Experimental

  Single crystalline phase samples of CaTiO3 (CT), Ca0.99Tm0.005Yb0.005TiO3 (CT:Tm,Yb), Ca0.99Tm0.01TiO3 (CT:Tm), and Ca0.99Yb0.01TiO3 (CT:Yb) were synthesized by reacting stoichiometric proportions of TiO(SO4) (Aldrich), CaCl2.2H2O (Merck), Tm2O3 (Aldrich), Yb2O3 (Aldrich) and KOH (Merck) using aqueous precipitation microwave. All chemicals are of purity better than 99.9% and used as obtained from vender.

  Samples were prepared using following procedure. Firstly, TiO(SO4) was slowly added in 25 mL of deionized water at 398 K under stirring, forming TiO(OH)2. In the next step, stoichiometric amount of CaCl2.2H2O was added in the prepared solution under rigorous stirring, resulting transparent solution, in which desired quantities of Tm3+ and/or Yb3+ were added. The salt of lanthanide elements (Tm2O3 and Yb2O3) was prepared by dissolving require amount of lanthanide oxide in concentrated HNO3. 50 mL of a 6.0 mol L-1 KOH solution, which act as mineralize, was further added to the prepared solution under constant stirring. This procedure promotes the co-precipitation of the amorphous titanium oxide (TiO(OH)2), as well as calcium (Ca(OH)2) and Thulium and/or Ytterbium (Tm(OH)3 and/or Yb(OH)3) hydroxides to form the reaction mixture. This mixture was then transferred to a Teflon autoclave reaching 66% of its total volume allowing the maximum pressure efficiency. The autoclave was finally sealed and placed in the domestic HTMW system using 2.45 GHz microwave radiation with maximum power of 800 W. This mixture was heated at 413 K under nominal heating rate of 6.9 K s-1 (at 800 W) by direct interaction of water molecules with microwaves radiation and remained under constant pressure of 250 KPa for 480 seconds. After that, the autoclave was naturally cooled down to room temperature. The solid product obtained was water washed until neutral pH, and then, dried at 353 K for 43,200 s. This procedure is similar to that used by Moreira et al.13 The Table 1 describes all prepared samples.
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  The obtained powders were characterized by X-ray diffraction powder (XRD) in a Shimadzu XRD 6100 diffractometer, using a Cu Ka (k = 1.5406 Å) radiation in order to determine the structural evaluation. The data were collected from 10 to 80 degree in 2θ range with 0.5 degree divergence slit and 0.3 mm receiving slit, using fixed-time mode, with 0.02 degree step size. Microstructural and morphological characterization was performed by field emission scanning electron microscopy (FE-SEM, Zeiss Supra 35), using 2 to 4 kV in different magnification. Excitation spectra were recorded on a Spex Fluorolog F2121 Spectrofluorimeter. The photoluminescence (PL) spectra were measured with a Thermal Jarrel-Ash Monospec 27 monochromator and a Hamamatsu R446 photomultiplier. The 350.7 nm exciting wavelength of a krypton ion laser (Coherent Innova) was used, with the laser's nominal output power kept at 200 mW. All the measurements were taken at room temperature.

   

  Results and Discussion

  Figure 1 illustrates the XRD patterns of CT, CT:Tm,Yb, CT:Tm, and CT:Yb samples.
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  The results indicated that the positions of the diffraction peaks and the relative diffraction intensities of the samples were well matched with the standard powder diffraction data (JCPDS card No. 22-0153), with space group Pnma 62 and lattice constants of 5.44, 7.643, and 5.381 Å, indicating crystallization of the typical single orthorhombic perovskite CaTiO3 phase, line (a) in Figure 1a.

  Single crystalline CaTiO3 can be obtained at 413 K and 25 kPa in 480 seconds, which is a comparatively lower temperature and shorter time than the conventional methods for synthesizing single phase CaTiO3.4 This finding indicates that the HTMW method is efficient for obtaining single phase materials. In general, the microwave synthesis approach depends on certain experimental conditions of pressure, temperature and time, and facilitates the formation of phases in a relatively short time.

  The average crystallite size (δ) was calculated from the most intense peak in the XRD diffraction patterns (peak 121), using the Debye-Scherrer (equation 1):

  
    [image: Equation 1]

  

  where k is a constant of the shape factor, λ is the characteristic X-ray wavelength of copper (1.54 Å), B is the FWHM in radians, and θ is the Bragg angle of (121) peak.27 The average crystallite sizes thus obtained were ca. 47 nm for CT, ca. 35 nm for CT:Tm,Yb, ca. 45.5 nm for CT:Tm, and ca. 39.6 nm for CT:Yb, confirming the nanodimensions of the synthesized crystalline materials.

  The doped trivalent lanthanide ions were expected to occupy Ca2+ sites in the CaTiO3 structure. To confirm this assumption and understand the effect of lanthanide ion substitution, a comparison was made of the diffraction patterns of lanthanide doped samples (Figure 1). The calculated lattice parameters for these samples were 5.46, 7.642, and 5.339 Å (for CT); 5.459, 7.635, and 5.31 Å (for CT:Yb); 5.445; 7.628, and 5.30 Å (for CT:Tm); and 5.436, 7.624, and 5.297 Å (for CT:Tm,Yb). It is obvious that doping caused the diffraction peaks to shift towards higher angles, while only slightly modifying the lattice constant. The lattice parameters decreased only slightly in response to the substitution of Ca2+ ions (ionic radius ca. 114 pm) for ions with similar ionic radius: Tm3+ (ca. 117 pm) and Yb3+ ions (ca. 116 pm). The diffraction intensity of the peaks was also found to decrease in the presence of doped ions, indicating a reduction in the number of CaTiO3 crystals.

  To examine the possible effect of Ln3+ on the crystal morphology, field emission scanning electron microscopy (FE-SEM) images were recorded of the prepared samples (Figure 2).
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  These micrographs reveal the formation of a cube-like morphology with significant agglomeration. These microsize structures show sharp well-defined edges. Similar images are also reported in the literature.13,24 These cubes are great structures (ca. 2 mm), although they are formed by lots of nanocrystallites of the synthesized materials (ca. 40 nm). Histograms show the cube area and their frequency of occurrence to the obtained materials (Figure 3).
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  The Figure 4 proposes a mechanism to cubic morphology formation. The nanocubes growth an oriented aggregation according to the pseudocubic subunit. An Ostwald ripening process then leads to the disappearance of smaller nanocubes in the central area, forming microsize cubes.20
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  Lanthanide doping also affects the crystal morphology. Undoped CT shows a cubic morphology; however, although the reaction conditions are exactly the same, the micrograph of the dual doped CT:Tm,Yb sample shows cube-like structures and a region without well-defined morphology. Therefore, it can be stated that lanthanide ions likely contribute to create structural disorder in the system. The samples doped with Tm and Yb also show the typical cubic morphology, as well as a small portion with undefined morphology.

  The PL spectra of CT, CT:Tm,Yb, CT:Tm, and CT:Yb were recorded in the range of 350-850 nm, at 350.7 nm excitation (Figure 5).
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  The PL spectrum of CT contains two broad asymmetrical luminescence bands centered at 475 and 761 nm, which are distributed in the range of 375-600 nm and 675-850 nm, respectively. Among these bands, the one centered at 761 nm is 16 times more intense than the band centered at 475 nm. The origin of these bands is ascribed to the structural disorder of the CT structure.28 Moreira et al.13 found a correlation between PL emission and structural disorder in CT. These authors stated that CT powders synthesized by the HTMW method are crystalline with structural disorder, and that this disorder is responsible for the intermediate energy states within the band gap. These intermediate energy states are the ones mainly responsible for PL emission in CT.

  HTMW processing also reportedly promotes an intrinsic disorder in crystalline structures by producing different angles in TiO6 octahedral, which are expected to be related with luminescence. When a CT structure is doped with a trace amount of Yb ions, a very different band structure is observed, containing an asymmetrical band centered at 452 nm. In addition, three comparatively low intensity bands are also observed at 620, 729 and 821 nm. The Tm doped CT sample also showed three of the aforementioned four bands, i.e., at 451, 621 and 724 nm, but with a slight energy shift. In addition to these bands, two comparatively sharper peaks were also observed at ca. 467 and ca. 812 nm in the blue and near infrared regions. These emission peaks, which are ascribed to Tm3+, correspond to the 1G4→3H6 and 3H4→3H6 transitions, respectively.

  The intensity of the blue emission appears weaker than that of the near-infrared emission. A comparison of an integrated area of the blue (467 nm) and NIR (812 nm) peaks indicates that the NIR peak is ca. 200-fold brighter than the blue band. In the presence of both the Ln3+ ions (Tm and Yb), an entirely new feature becomes visible.

  The PL spectrum of CT:Tm,Yb contains two main bands, one corresponding to the blue region centered at ca. 447.5 nm and the other to the NIR band centered at ca. 763.3 nm. Since it is difficult to observe absorption peaks in the broad-host range, we monitored the excitation spectrum of the CT:Tm,Yb codoped sample at the 475 nm emission, which revealed at least three major asymmetric peaks at 371, 415 and 442 nm, and two comparatively weaker peaks at 363 and 424 nm (inset in Figure 5). It is expected that 350.7 nm laser photons absorb resonantly in the upper portion of the band centered at 371 nm. It has previously been reported that the occurrence of PL involves several steps, including the resonant excitation of O 2p electron states at a valence of up to Ti 3d states inside the forbidden band gap, which subsequently relaxes through a process of recombination near the conduction band and allows for 3d → 2p transition.12 It has also been stated that the blue band attributed to electron-hole recombination centers is promoted by high energy defects, while NIR band is related to low energy defects.

  There is ample experimental evidence, from diffraction studies,29-33 that titanate doped by trivalent lanthanide present vacancies do indeed accumulate onto alternate A-site planes, that is there is a layered ordering involving the alternation of cation-rich and cation-poor planes. The vacancies produce structural defects into CT structure. So, we believe our dual doped CT sample contains more structural defects than the undoped CT sample. The introduction of Tm3+ and Yb3+ in the CT matrix promotes distortions of the crystal lattice in response to the substitution of Tm3+ and Yb3+ ions in the A-site, which give rise to new intermediate levels within the band gap due to the presence of oxygen vacancies.28,34,35 Charge compensation occurs through the formation of intrinsic defects, such as calcium and/or oxygen 
    vacancies.36

  In order to compare among PL spectra of CT and doped CT samples, we used a colour-difference formula designed to give a quantitative value of the perceived colour difference among PL spectra of samples in specific experimental conditions.37,38 This procedure was used to adjust the PL spectra in a mixture of three primary colors, each with fixed chromaticity, but with adjustable brightness. The Figure 6 shows the CIE (Commission Internationale de l'Eclairage) diagram for all of the CT and doped CT samples. The CIE chromaticity coordinates [x-axis, y-axis] for the samples are [x = 0.3087, y = 0.3413] to CT, [x = 0.2122, y = 0.2024] to CT:Yb, [x = 0.2686, y = 0.2550] to CT:Tm, and [x = 0.1682, y = 0.1692] CT:Tm,Yb.
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  It is interesting to note that the increasing amount of defects in the presence of lanthanide doping of CT:Tm,Yb augmented the band intensity in the blue region by about 250-fold compared to that of the CT sample. So, the doped CT samples present different emission to undoped CT. The doping foreign elements into a semiconductor with wide band gap to create a new optical absorption edge is known to be one of the primary strategies for developing materials with optical-driven properties. However, the role of the rare earth in the perovskite structure is not really clear and is still being discussed. Further experimentation is needed to explore the cause of the defects in CT in the presence of Tm and Yb ions.

   

  Conclusions

  High quality cube-shaped CaTiO3 nanocrystals with a size of ca. 47 nm were synthesized using an easy microwave heating method coupled with a co-precipitation method. These nanocrystals were then doped with Tm, Yb and with the two ions and were analyzed in depth based on XRD, SEM, excitation and PL spectra. The microwave-assisted synthesis of Ln3+-doped CaTiO3 offers the advantage of rapid crystallization. It was observed that CaTiO3 nanocrystals doped with Yb and Tm emitted photoluminescence in the blue and near-infrared regions that was ca. 250 times brighter than that of pure CaTiO3 nanocrystals. The structural disorder and photoluminescence emission were found to be correlated.
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    This paper describes an efficient approach for the synthesis of a novel series of sixteen 2-(5-trifluoromethyl-1H-pyrazol-1-yl)-5-(5-trihalomethyl-1H-pyrazol-1-yl-1-carbonyl) pyridines, for the first time with non-identical substituents in both pyrazole rings, through the cyclocondensation reaction of 4-methoxy-4-alkyl(aryl/heteroaryl-1,1,1-trihaloalk-3-en-2-ones [CX3C(O)CH=CR1OCH3, in which R1 = CH3, C6H5, 4-CH3C6H4, 4-OCH3C6H4, 2-furyl and X = F, Cl] or acetylacetone with some 6-[3-alkyl(aryl)-5-trifluoromethyl-1H-pyrazol-1-yl]nicotinohydrazides. Optimized yields of 67-91% were obtained when the reactions were performed in ethanol (green solvent) at reflux for 16 h. Subsequent antioxidant and antimicrobial evaluation revealed promising 1,1-diphenyl-2-picrylhydrazyl (DPPH) inhibition percentage and exhibited fungiostatic and fungicidal activities against yeasts, dermatophytes and filamentous, especially for the pyridine systems, when the both pyrazole rings attached to a pyridine ring contain CX3 groups (X = H, F, Cl) of different kinds. It is also observed the trichloromethyl substituted compounds presented higher antioxidant activity in comparison to their fluorinated analogous.
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  Introduction

  Free radicals are related to a large number of diseases affecting humans; for example, cardiovascular problems, cancer, immune system decline, and brain dysfunctions like the neurodegenerative Alzheimer and Parkinson disease.1-4 The balance between the formation and removal of different types of radicals in the body must be regulated so that there is physiological cell maintenance. For this reason, the use of antioxidant agents in medicine has been a great field to explore, and more than this, these agents have been shown to have many industrial uses; for example, as food preservatives, cosmetic products, and gasoline additives.5

  Consequently, there is great interest in the discovery of new antioxidant agents for preventing the presumably harmful effect that free radicals have on the human body. Antioxidant agents are capable of stabilizing or deactivating free radicals before they attack the biological targets in the cell system.6

  Methods for the analysis of antioxidant activity have become relevant, because they help in the search for bioactive substances. Due to various types of radicals and different sites of action, several methods (with their peculiarities) are available and have been used to assess: the antioxidant potential of extracts, isolated or synthesized substances, peroxyl capture methods, metal reduction ability, hydroxyl radical capture, organic radical capture, etc.7-10 It is important to select and employ a stable and rapid method to assess antioxidant activity.

  On the other hand, antimicrobial and antibiotic substances have undergone major advance in the last five decades, with unlimited progress in drug therapy. As the advent of antibiotics and chemotherapeutics allowed the control and cure of infectious diseases, there was a marked change in the natural history of these diseases. However, the indiscriminate use of antibiotics in the 1970s resulted in the acceleration of the emergence of resistant bacterial strains.11,12 The search for new antimicrobial agents capable of inhibiting bacteria and fungi growth in a safer effective way that causes fewer side effects, has been the study object for many researchers. Infectious diseases caused by bacteria and fungi affect millions of people around the globe.13 Although invasive fungal infections can affect healthy people, most of these diseases occur in the context of a compromised host.

  Despite the latest technology for antifungal therapy, mortality rates for invasive infections with the three most common species of human fungal pathogens remain at: 20-40% for Candida albicans; 50-90% for Aspergillus fumigatus; and 20-70% for Cryptococcus neoformans. The variety of antifungal agents is limited, particularly when compared to the number of agents available for bacterial infections. In fact, it took around 30 years for the development of the newest class of antifungal drugs.14

  The great interest in novel drugs for the treatment of infectious diseases is still a challenge, due to a combination of factors, such as emerging infectious diseases and the increasing number of multidrug-resistant pathogens.15 Therefore, the pyrazole nucleus represents a very attractive scaffold for applications in the agrochemical and pharmaceutical industries, due to it being capable of exhibiting a wide range of bioactivities; for example, antimicrobial,16 anticancer,17 anticonvulsant,18 antitubercular,19 antipyretic20 and selective enzyme inhibitory activities.21

  Specifically, bis-pyrazoles have been reported to be effective components in capturing active oxygen and free radicals in vivo,22,23 and other derivatives have been synthesized and used as promising agents with antifungal,24 herbicidal,25 and central nervous system activities.26

  A brief review of the literature shows only a few reports on the synthesis of bis-pyrazole systems up until now. Soliman et al.27 published the synthesis of bis-3,5-dimethylpyrazoles bridged by carbonyl groups with considerable antidiabetic activity, from the substitution reactions between ethyl chloroformate and 3,5-dimethylpyrazole. Two decades later, Hayter et al.28 described the synthesis of bis-3-alkyl(aryl)-pyrazoles bridged by a benzene ring, from the cyclocondensation reaction of two equivalents of hydrazine and the appropriated bis-(β-diketones).

  Kanagarajan et al.29 reported improvements in the synthesis of carbocycle-bridged 5,5'-(1,4-phenylene)-bis-(3-aryl-1H-pyrazole) derivatives through the reaction of bis-chalcones and hydrazine, which was performed under ultrasonic irradiation. In the field of luminescent materials, Bao et al.30 reported a novel ligand containing bis-pyrazolone pyridine and with this they synthesized complexes with EuIII and TbIII. However, these approaches only explore simple hydrazine derivatives, most of them with carbocyclic bridges and leading to a limited scope and identical substituents in both pyrazole rings.

  Our research group reported a one-pot regioselective synthesis of a series of bis-(3-aryl-5-trifluoromethyl-5-hydroxy-4,5-dihydro-1H-pyrazol-1-yl) methanones from the reactions of 4-alkoxy-4-aryl(heteroaryl)-1,1,1-trifluoroalk-3-en-2-ones with carbohydrazides, at yields of 73-89%.31 In the same year, our research group started to explore the reactivity of 6-hydrazinonicotinic hydrazide in cyclocondensation reactions with trifluoromethyl vinyl ketones, at a 1:2 molar ratio, respectively. The first work resulted in the synthesis of a series of 2-(1H-pyrazol-1-yl)-5-(1H-pyrazol-1-yl-1-carbonyl)pyridines with yields of 62-97%.32 It is also known that the 6-hydrazinonicotinic hydrazide has two distinct nucleophilic centers in its structure: a hydrazine and a hydrazide function, which would give this building block differentiated reactivity with electrophiles. However, in a recent study performed by us with 6-hydrazinonicotinic hydrazide, it was observed that no chemoselectivity is achieved when cyclocondensation reactions are promoted with the trifluoromethyl vinyl ketones at a 1:1 molar ratio, resulting in a mixture of products and partial recovery of the hydrazide.33 Following our continuous studies of the reactivity of 6-hydrazinonicotinic hydrazide, in 2014, we reported a convenient access by a green procedure in ethanol as solvent to a series of (E)-6-[2-ferrocenylalkylidenehydrazino] nicotinic hydrazides from the quimioselective reactions of 6-hydrazinonicotinc hydrazide with some acylferrocenes. Subsequently, cyclocondensation reactions of ferrocenylalkylidene hydrazones with 4-alkoxy-1,1,1-trifluoroalk-3-en-2-ones to obtain (E)-pyrazolylpyridinohydrazones, were also reported.34 In the same year, a synthetic route for the selective "deprotection" reaction (amide hydrolysis reaction) for 2-(1H-pyrazol-1-yl)-5-(1H-pyrazol-1-yl-1-carbonyl)pyridines, which furnished the corresponding methyl trifluoromethylpyrazolyl nicotinates, preserving only the pyrazole ring bonded to C-2 pyridine, and which originated from the hydrazine moiety, was reported by us.35 In a subsequent reaction with hydrazine hydrate, the ester function at the C-5 pyridine was restored to the initial hydrazide moiety, which led to the possibility of new cyclocondensation reactions and the construction of various heterocycles from this new nucleophilic precursor.

  In view of this consistent literature review, and based on the results of our previous work,32-35 the aim of this work is to present the results of an efficient methodology in order to construct bis-trihalomethylated pyrazolylpyridine systems containing two non-identical substituted pyrazole rings, from the [3 + 2] cyclocondensation reactions of pyrazol-1-yl-nicotinohydrazides with 4-alkoxy-4-alkyl(aryl/heteroaryl-1,1,1-trifluoro(chloro)alk-3-en-2-ones or acetylacetone, and then elucidating their chemical structures by nuclear magnetic resonance (NMR) and X-ray diffraction, as well as evaluating their antimicrobial and antioxidant activity in vitro.

   

  Results and discussion

  Synthesis and structure

  Firstly, the 4-methoxy-4-(alkyl/aryl/heteroaryl)-1,1,1-trihaloalk-3-en-2-ones (4a, 5a),36 (4b, 5b, 5c, 5d),37 and (5e)38 were obtained from the acylation reaction of 2-methoxypropenyl ether or acetals derived from acetophenones or 2-acetylfuran with trifluoroacetic anhydride or trichloroacetyl chloride, in accordance with the methodology developed in our laboratory. Subsequently, we reacted ketones 4 and 5 with substituted pyrazolyl-nicotinohydrazides (1-3)35 in ethanol (green solvent), obtaining novel bis-pyrazolyl-pyridines (6-10) in a one-step reaction (Scheme 1, Table 1), which were then dehydrated and furnished, for example, the corresponding bis-pyrazolyl-pyridine systems 11e and 12c (Scheme 2, Table 1). The synthesis of all compounds was monitored by thin-layer chromatography (TLC).

  
    

    [image: Scheme 1. Synthetic route for the synthesis]

  

  
    

    [image: Scheme 2. Dehydration reactions]

  

  
    

    [image: Table 1. Scope and yields for the isolated]

  

  Taking into consideration the results of the previous reactions involving halogenated ketones 4 and 5, we performed the synthesis of 13 with the hydrazide 2 and acetylacetone. The initial methodology tested employed ethanol as the solvent, at reflux temperature for 16 h. However, a mixture of pyrazoline-pyridine derivative 13 and the pyrazole-pyridine product 14 was obtained, being clearly observed by TLC and 1H NMR analysis. Since it is well known that basic conditions favor the obtainment of pyrazolines, and that acidic catalysis can improve the formation of pyrazole products by dehydration reaction, we first tested a basic catalysis with triethylamine (Et3N) and ethanol reflux for 16 h. After the reaction time, the formation of pyrazoline (cycle C), confirmed as a single product 13, was characterized and proven by 1H NMR spectra. In the following step, compound 13 was easily dehydrated with SOCl2, leading to the corresponding pyridine 14 (Scheme 3) which contains all three aromatic rings (cycles A, B and C) and according to the procedure reported in the literature for similar compounds.39 In previous works, researchers have demonstrated efficient and mild methodologies for intramolecular dehydration reaction for non-halogenated 5-hydroxy-4,5-dihydro-pyrazoles, under acidic conditions.40,41 Thus, the cyclocondensation reaction was then performed by mild acidic conditions (ethanol, acetic acid mixture), under reflux for 16 h in ethanol. As a result, the pyridine 14 was isolated directly from 2, in a one-step, one-pot reaction, as a single product-identified by 1H NMR analysis-with a much more satisfactory yield of 71% (Scheme 3).
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  The structures of the new pyrazoline-pyridine derivatives 6-10 were deduced from 1H, 13C, and 19F NMR spectra, and by comparison with the NMR data of other pyrazole derivatives previously synthesized in our laboratory.32-35,41 The 1H NMR analysis in dimethylsulfoxide, DMSO-d6, revealed a chemical shift for the H-4 as a sharp singlet in the range of 7.04 ppm (R2 = CH3), 7.84 ppm (R2 = Ph), and 7.59 ppm (R2 = 2-furyl) at the pyrazole ring (cycle B). For the pyrazoline ring (cycle C), the methylene protons of H-4 showed a characteristic doublet on average at δ 3.83 ppm, and the other doublet at δ 3.53 ppm, respectively, with a germinal coupling constant on average at 19.0 Hz. The hydroxyl proton was shown at an average of δ 8.30 ppm. All compounds present the typical 13C NMR chemical shifts of pyrazole rings (cycle B) at an average of 149.3 ppm (C-3), and the C-4 exhibit signals at 111.0 ppm with a characteristic quartet of 3J 3 Hz. The C-5 exhibit signals at around 132.8 ppm with a characteristic quartet of 2J 40 Hz, because they are attached to the CF3 group. The CF3 shows a typical quartet at an average of 120.5 ppm with 1J 268 Hz. As for the pyrazoline rings (cycle C), values were at an average of 154.5 ppm (C-3) and 47.1 ppm (C-4). The compounds 7 and 9 (X = F) at C-5 exhibit signals around 92.0 ppm and a characteristic quartet of 2J 34 Hz, because they are attached to the CF3 group. The CF3 shows a typical quartet at an average of 123.1 ppm, with 1J 285 Hz. For compounds 6, 8, and 10, in which X = Cl, the C-5 exhibit signals around 102.5 ppm. The carbonyl carbon displayed a signal in the range of 166.6 ppm. The 19F NMR showed a typical singlet at an average of δ –56.6 ppm for the CF3 pyrazole (cycle B) and δ –76.2 ppm for the CF3 pyrazoline (cycle C). After dehydration, compound 11e presented the 19F singlet signal in δ –58.54 ppm of pyrazole (cycle C). The structures of 13-14, for which X = H, were then deduced from NMR spectra (1H, 13C, and 19F) and also by comparison with the NMR data of other formerly synthesized pyrazoles 6-10 (in which X = Cl, F). Compound 13 showed: the hydroxyl at δ 6.51 ppm; the doublet (H-4) with J 18.0 Hz at 3.02 and 2.91 ppm; and singlets each one of three hydrogen methyls (CH3) at 1.98 and 1.92 ppm. Vinylic hydrogens from the pyrazoline ring (cycle C) of compound 14 were seen at δ 6.33 ppm as a singlet (H-4) and at 2.60 and 2.20 ppm for the two methyls. Additionally, to confirm the structures, we performed X-ray diffraction measurements for a monocrystal of structures 6a (Figure 1), 7a (Figure 2) and 14 (Figure 3).
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  Biological activity

  In the present work we evaluate the in vitro antimicrobial activity of nine representative compounds (6a, 8d, 9c, 9d, 9f, 9g, 10h, 11e and 14) against a panel of microorganisms including bacteria and fungi (yeasts, filaments and dermatophytes). These selected compounds present structural scaffolds that allowed to verify the influence of the CX3, R1 and R2 substituents on this biological study. The assays were performed by broth microdilution techniques, in accordance with Clinical Laboratory Standard Institute (CLSI) guidelines, using Muller-Hinton broth (bacteria) and RPMI 1640 broth (fungi). The minimal inhibitory concentration (MIC) and minimal lethal concentration (MLC) were determined. Consequently, for these tests it was found that none of the tested compounds showed inhibition to Gram-positive and Gram-negative bacteria at concentrations ranging from 1000 to 1.95 µg mL-1. As for the fungi, the concentrations used ranged from 500 to 0.98 µg mL-1. We found that the fungiostatic and fungicidal activities depends not only of the CX3 group but also of the R1 and R2 substituents. For example: a comparison between compounds 8d (CX3 = CCl3) and 9d (CX3 = CF3), both containing R1 and R2 = Ph as substituents, showed none activity. However, a comparison between compounds 8d and 6a (CX3 = CCl3, R1 and R2 = Me), showed activity only for 6a. Moreover, we found none biological activity for compounds where CX3 = CF3 or CCl3 and R1 ≠ R2 (9c, 9f, 9g, 10h and 11e), but good results for CX3 = Me (14). Thus, we found that compounds 6a and 14 were active against the various fungi tested and their results are expressed in µM for a better comparison (Table 2). The best inhibition results were obtained with compound 14 (R1 = Me, R2 = Ph; CX3 = Me) for the yeasts C. dubliniensis, C. parapsilosis, and C. neoformans in 303 µM; and for the dermatophytes M. canis in 151 µM, and T. mentagrophytes and T. rubrum in 76 µM (31.25 µg mL-1), resulting in fungiostatic activity for 14. The following concentrations were lethal: 607 µM for C. parapsilosis and C. neoformans; 303 µM for C. dubliniensis and M. canis; 151 µM for T. rubrum; and 76 µM for T. mentagrophytes, but they also granted fungicidal activity for compound 14. However, compound 6a (R1 and R2 = CH3; CX3 = CCl3) resulted in fungicidal activity for four micro-organisms, for which compound 14 obtained no results. Compound 6a inhibited the growth at a concentration of 265 µM for C. krusei, C. glabrata, and S. schenckii; and at a concentration of 531 µM for R. oryzae. It also presented fungicidal activity at a concentration of 531 µM for C. krusei, C. glabrata, and S. schenckii; and at 1062 µM for R. oryzae (Table 2). The other tested substances did not show antimicrobial activity for the micro-organisms and concentrations employed.
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  Antioxidant activity

  In this work, two different chemical methods were used for the in vitro evaluation of antioxidant activity for compounds: the free radical capture method 1,1-diphenyl-2-picrylhydrazyl (DPPH) and the method used for measuring the total antioxidant capacity based on the reduction of MoVI to MoV by antioxidants, and subsequent formation of phosphate/MoV complex. Both methods are photometric, using wavelengths of 518 nm (DPPH) and 695 nm (phosphomolybdenum).

  Free radical scavenging activity by DPPH

  One of the most widely employed methods is DPPH because it is simple, efficient and inexpensive. It consists of assessing the performance of the compound as a radical (oxidant) or as a hydrogen donor (antioxidant). As the method works equally well with methanol or ethanol, the latter one was chosen because of its lower toxicity. The pyrazole pyridine targets 1, 2, 6b, 8c, 8d, 9c, 10h, 11e, 12c, 13 and 14 were compared with ascorbic acid as the reference compound (Table 3). These selected compounds allowed to verify the influence of the CX3, R1 and R2 substituents on the antioxidant property. The DPPH antioxidant assay measures the hydrogen-donating capacity of the molecules in the sample. When the stable free-radical DPPH is reduced by the sample, its color changes from violet/purple to pale yellow. This absorbance decline is measured and the scavenging or inhibitory capacity can be determined.
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  The results indicate the potential of compounds as antioxidants or pro-oxidants. In the calibration curve (ascorbic acid) the inhibition values obtained were: 10.60, 19.40, 51.20 and 93.50% for concentrations of 1, 5, 10 and 100 µL mL-1, respectively, and with a value of IC50 = 11.88 ± 0.82 µg mL-1. Compounds 1, 2, 8c, 9c, 10h, and 14 were active as DPPH free radicals, trapping at concentrations > 100 µg mL-1; however, when compared to ascorbic acid, compound 8c presented relevant data at various concentrations. Compounds 8d, 11e and 12c were not able to inhibit DPPH at the concentrations tested, but were shown to be molecules with pro-oxidant activity.

  Compounds 6b and 13 can act either as pro-oxidants or as antioxidants, depending on the concentration. It can be seen that, for precursor compound 2 (R2= Ph), antioxidant activity was 29.57% at a concentration of 1 mg mL-1. When evaluated, for compound 8c (R1= CH3; R2= Ph; CX3 = CCl3) free radical inhibition reached 85.74%; compound 8d (R1 and R2 = Ph; CX3 = CCl3) obtained prooxidant activity (–41.67%); in substance 9c (R1 = CH3; R2=Ph; CX3 =CF3) there was a decrease in the antioxidant activity (20.67%); and for compound 12c, a product of the dehydration reaction of 8c (R1= CH3; R2= Ph; CX3 = CCl3), the assay value was –42.05% (prooxidant). Derivative compounds of pentane-2,4-dione 13-14 (R1=CH3; R2= Ph; CX3 = CH3) presented activity results of 3.65% and 17.07%, respectively, at a concentration of 1 mg mL-1 (Table 3). According to Herbert,42 some ingredients may serve both as antioxidants and pro-oxidants, depending on conditions, including the concentration of these chemicals and if transition metals or oxygen are present.

  Antioxidant capacity by phosphomolybdenum method

  Our results demonstrated that all compounds presented a total antioxidant capacity (TAC, %) that is concentration dependent (Table 4). A standard butylhydroxytoluene (BHT) curve was used with positive control, and for estimating the TAC we used the absorbance of BHT (50 µg mL-1) as positive control (100%). This way, it was possible to affirm that compounds 1 and 2 (50 µg mL-1) presented a similar effect to BHT (50 µg mL-1). Additionally, compounds 8c and 9c showed similar antioxidant capacity to BHT (50 µg mL-1) at concentrations of 100 and 500 µg mL-1, respectively. On the contrary, compounds 8d and 9d presented antioxidant activity lower than that found for the BHT (50 µg mL-1). The phosphomolybdenum method was used to characterize the antioxidant properties in natural and chemical compounds.43,44 This method comprehends if the compounds have the ability to promote the reduction of the MoVI to MoV due to an electron donation. The initial test solution has a yellow color, becoming green as the molybdenum phosphate solution decreases. This method has the advantage of assessing the antioxidant activity of both lipophilic components as hydrophilic.8
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  Our results demonstrate that the chemical structures of compounds 1 and 2 changed only in the R2 position (CH3 and C6H5, respectively) and thus probably did not interfere in the ability to donate an electron to the MoVI, because these compounds showed a similar antioxidant effect, which was also higher when compared with the other compounds. Additionally, it was possible to observe that the compounds with X = Cl in the structure presented higher antioxidant activity than with X = F. Moreover, the presence of the CH3 in the R1 for compound 8c promoted higher antioxidant activity than found for compound 9c with C6H5 in the R1 position. Therefore, the antioxidant capacity of the compounds was found to decrease in the following order: 1 ca. 2 > 8c > 9c > 9d > 8d.

   

  Conclusions

  In summary, we have described a useful approach for building bis-pyrazoles with the insertion of different non-halogenated, trifluoromethyl, and trichloromethyl groups, in both pyrazole derivative rings, with good yields when the structures are determined by NMR (1H, 13C, 19F) and X-ray diffraction. When evaluated, compound 8c presented the highest antioxidant capacity, similar to BHT with 158.44% and 167.10% at a concentration of 100 and 500 µg mL-1, respectively, and DPPH free radical inhibition reached 85.74%. However, when compared to ascorbic acid, 8c presented relevant data at various concentrations. Given all these considerations, it may contribute as a new antioxidant for preventing or reducing the development of pathologies associated with oxidative stress.

  The preliminary in vitro antimicrobial screening results of novel 2-(5-trifluoromethyl-1H-pyrazol-1-yl)-5-(5-trihalomethyl-1H-pyrazol-1-yl-1-carbonyl)pyridines reported here revealed that the compounds are not good candidates for antibiotics, due to there being no inhibition of the bacteria tested. However, it is known that the azole heterocycle has good antifungal activity, and we envision compounds 6a and 14 as being potential agents against dermatophytes, because they showed promising results.

  Furthermore, additional studies regarding the action mechanism are necessary for a complete understanding of the antifungal activity of these compounds and the development of new agents based on structures containing pyrazole derivatives, in the hope of generating new bioactive molecules that could be useful as potent agents. We also performed X-ray diffraction measurements for a monocrystal of representative compounds.

   

  Experimental

  General

  Unless otherwise indicated, all common reagents and solvents were used as obtained from commercial suppliers, without further purification. The melting points were determined using coverslips on a Microquímica MQAPF-302 apparatus and are uncorrected. 1H and 13C spectra were acquired on a Bruker DPX 400 (1H at 400.13 MHz and 13C at 100.61 MHz) and a Bruker Avance III DPX 600 spectrometer (1H at 600 MHz and 13C at 150 MHz), with 5 mm sample tubes, 298 K, digital resolution of ± 0.01 ppm, in CDCl3 or DMSO-d6, and using TMS as an internal reference.

  The 19F spectra were acquired on the same Bruker Avance III DPX 600, at 564.68 MHz, with 5 mm sample tubes, 0.3 mol L-1 solutions at 298 K, digital resolution of ± 0.01 ppm, in CDCl3 or DMSO-d6, and using CFCl3 (δ 0.0 ppm) as the external reference. Mass spectra were registered in a HP 5973 MSD connected to a HP 6890 GC and interfaced by a Pentium PC. The CHN elemental analyses were performed on a Perkin-Elmer 2400 CHN elemental analyzer (University of São Paulo, SP, Brazil), and the high resolution mass spectrometry was performed using an Agilent-QTOF 6530 spectrometer (UFSM, RS, Brazil) and a Micro TOF Bruker Daltonic spectrometer (University of São Paulo, SP, Brazil). Diffraction measurements were done by graphite-monochromatized Mo Kα radiation, with λ 0.71073 Å, on a Bruker SMART CCD diffractometer.45,46 The structures of 6a,7a and 14 were solved with direct methods using the SHELXS-97 program, and refined on F2 by full-matrix least-squares using the SHELXL-97 package.39

  The absorption correction was performed by Gaussian methods.47 Anisotropic displacement parameters for non-hydrogen atoms were applied. The hydrogen atoms were placed at calculated positions with 0.96 Å (methyl CH3) and 0.93 Å (aromatic CH) using a riding model. The hydrogen isotropic thermal parameters were kept equal to Uiso (H) = χUeq (carrier C atom), with χ 1.5 for methyl groups and χ 1.2 for all others. The valence angles C–C–H and H-C–H of the methyl groups were set to 109.5º, and the H atoms were allowed to rotate around the C–C bond. The molecular graph was prepared using ORTEP-3 for Windows.47

  General procedure for the synthesis of 6-[3-alkyl(aryl/ heteroaryl)-5-trifluoromethyl-1H-pyrazol-1-yl]nicotinohydrazides (1-3)

  Methyl nicotinate hydrochlorides35,48 (1 mmol) were added to a stirred solution of ethanol (5 mL) and hydrazine hydrate 24% (0.5 mL). After stirring the reaction mixture at reflux temperature for 20 h, the solids 1-3 (Figure 4) were isolated by filtration, washed with cold ethanol/H2O, and dried under reduced pressure in a desiccator containing P2O5.
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  6-(5-Trifluoromethyl-3-methyl-1H-pyrazol-1-yl)nicotinohydrazide (1)35

  White solid; yield 73%; mp 156-157 ºC (70%, mp 154-156 ºC);351H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 9.98 (s, 1H, NH), 8.87 (s, 1H, H-2), 8.39 (dd, 1H, J 2.0, 8.0, H-4), 7.92 (d, 1H, J 9.0, H-5), 4.58 (s, 2H, NH2), (Pyr-B): δ 7.04 (s, 1H, H-4), 2.34 (s, 3H, CH3); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 163.3 (CO), 151.7 (C-6), 115.1 (C-5), 138.1 (C-4), 127.9 (C-3), 146.5 (C-2), (Pyr-B): δ 131.5 (q, J 40.0, C-5), 112.3 (q, J 3.0, C-4), 119.7 (q, J 268.0, CF3), 150.2 (C-3), 12.9 (CH3); 19F NMR (564.68 MHz, DMSO-d6) Pyrazole B: δ –56.61 (CF3); HRMS (FTMS + pESI) m/z, calcd. for C11H10F3N5O [M]+: 286.0915; found: 286.0987.

  6-(5-Trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)nicotinohydrazide (2)35

  White solid; yield 62%; mp 217-219 ºC (62%, mp 218-219 ºC);351H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 10.06 (s, 1H, NH), 8.93 (s, 1H, H-2), 8.47 (dd, 1H, J 2.0, 8.0, H-4), 8.11 (d, 1H, J 9.0, H-5), 4.60 (s, 2H, NH2), (Pyr-B): δ 8.02-8.04 (m, 2H, Ph), 7.82 (s, 1H, H-4), 7.44-7.54 (m, 3H, Ph); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 163.1 (CO), 151.8 (C-6), 115.5 (C-5), 138.2 (C-4), 128.3 (C-3), 146.5 (C-2), (Pyr-B): δ 132.5 (q, J 40.0, C-5), 109.8 (q, J 3.0, C-4), 151.7 (C-3), 130.5 (Ph), 129.1 (Ph), 128.8 (Ph), 125.7 (Ph), 119.6 (q, J 267.0, CF3); 19F NMR (564.68 MHz, DMSO-d6): Pyr-B: δ –56.58 (CF3); HRMS (FTMS + pESI) m/z, calcd. for C16H12F3N5O [M]+: 348.1072; found: 348.1064.

  6-(5-Trifluoromethyl-3-(fur-2-yl)-1H-pyrazol-1-yl)nicotinohydrazide (3)

  Pale brown solid; yield 57%; mp 204-206 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 8.02 (d, 1H, J 8.0, H-5), 8.46 (dd, 1H, J 2.0, 8.0, H-4), 8.92 (d, 1H, J 2.0, H-2), 10.04 (s, 1H, NH), 4.61 (s, 2H, NH2), (Pyr-B): δ 7.84 (s, 1H, 2-furyl), 7.56 (s, 1H, H-4), 7.08 (d, 1H, J 3.0, 2-furyl), 6.67 (dd, 1H, J 3.0, 2-furyl); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 163.1 (CO), 151.5 (C-6), 115.4 (C-5), 138.3 (C-4), 128.3 (C-3), 145.6 (C-2), (Pyr-B): δ 132.2 (q, J 41.0, C-5B), 109.4 (q, J 3.0, C-4B), 119.4 (q, J 269, CF3), 146.5 (C-3), 144.2 (2-furyl), 143.8 (2-furyl), 111.7 (2-furyl), 109.2 (2-furyl); 19F NMR (564.68 MHz, DMSO-d6): Pyr-B: δ –56.73 (CF3); HRMS (FTMS + pESI) m/z, calcd. for C16H13Cl3F3N5O2 [M]+: 338.0866; found: 338.0832.

  General procedure for the synthesis of 2-[3-alkyl(aryl/heteroaryl)-5-trifluoromethyl-1H-pyrazol-1-yl]-5-[3-alkyl(aryl/heteroaryl)-5-trihalomethyl-5-hydroxy-4,5-dihydro-1H-pyrazol-1-yl-1-carbonyl]-pyridines (6-10)

  To a solution of absolute ethanol (10 mL) and 4-alkyl(aryl/heteroaryl)-4-methoxy-1,1,1-trihaloalk-3-en-2-ones (4,5)36-38 (1 mmol) at room temperature and under magnetic stirring, pyrazolyl nicotinohydrazide (1-3)35 (1 mmol) was added. For precursor 1, the reaction needed a small quantity of acetic acid (0.2 mL). The reaction stayed for 16 h at reflux temperature (78 ºC) under magnetic agitation. After the reaction time, solids 6-10 (Figure 5) were isolated either by cold filtration (if precipitation occurred when cooled) or the solvent was partly reduced in a rotary evaporator and only then isolated by cold filtration in a Büchner funnel, washed in ethanol and water (4:1), cooled and recrystallized from ethanol/acetone (2:1), washed in ethanol, and then dried in a low pressurized desiccator containing P2O5.
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  2-(5-Trifluoromethyl-3-methyl-1H-pyrazol-1-yl)-5-(5-trichloromethyl-4,5-dihydro-5-hydroxy-3-methyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (6a)

  Yellow crystalline solid; yield 71%; mp 109-111 ºC; 1H NMR (400.13 MHz, CDCl3): (Py-A): δ 8.98 (d, 1H, J 2.0, H-6), 8.29 (dd, 1H, J 2.0, 8.0, H-4), 7.91 (d, 1H, J 8.0, H-3), (Pyr-B): δ 6.70 (s, 1H, H-4), 2.37 (s, 3H, CH3), (Pyr-C): δ 3.58 (d, 1H, J 19.0, H-4), 3.32 (d, 1H, J 19.0, H-4), 2.04 (s, 3H, CH3); 13C {1H} NMR (100.61 MHz, CDCl3): (Py-A): δ 152.7 (C-2), 114.1 (C-3), 140.2 (C-4), 128.0 (C-5), 150.0 (C-6), (Pyr-B): δ 150.3 (C-3), 112.2 (q, J 3.0, C-4), 133.2 (q, J 40.0, C-5), 119.8 (q, J 268.0, CF3), 13.4 (CH3), (Pyr-C): δ 169.8 (CO), 157.0 (C-3), 50.1 (C-4), 102.5 (C-5), 103.6 (CCl3), 15.6 (CH3); 19F NMR (564.68 MHz, CDCl3): (Pyr-B): δ –56.60 (CF3); anal. calcd. for C16H13Cl3F3N5O2 (470.66): C, 40.83, H, 2.78; N, 14.88; found: C, 40.93, H, 2.82, N, 15.09%.

  2-(5-Trifluoromethyl-3-methyl-1H-pyrazol-1-yl)-5-(5-trichloromethyl-4,5-dihydro-5-hydroxy-3-phenyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (6b)

  Pale orange solid; yield 80%; mp 127-128 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 8.82 (s, 1H, H-6), 8.40 (d, 1H, J 10.0, H-4), 8.00 (d, 1H, J 8.0, H-3), (Pyr-B): δ 7.07 (s, 1H, H-4), 2.37 (s, 3H, CH3), (Pyr-C): δ 8.30 (s, OH), 7.71 (d, 2H, J 7.0, Ph), 7.5-7.44 (m, 3H, Ph), 4.11 (d, 1H, J 19.0, H-4), 3.88 (d, 1H, J 19.0, H-4); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 148.2 (C-6), 130.7 (C-5), 140.0 (C-4), 114.5 (C-3), 151.4 (C-2), (Pyr-B): δ 131.6 (q, J 40.0, C-5), 112.4 (q, J 3.0, C-4), 150.3 (C-3), 119.6 (q, J 268.0, CF3), 12.8 (CH3), (Pyr-C): δ 166.1 (CO), 102.4 (C-5), 46.8 (C-4), 154.0 (C-3), 129.9 (Ph), 129.5 (Ph), 128.6 (Ph), 126.4 (Ph), 103.2 (CCl3); 19F NMR (564.68 MHz, DMSO-d6): (Pyr-B): δ –56.56 (CF3); anal. calcd. for C21H15Cl3F3N5O (532.73): C 47.35, H, 2.84, N, 13.15; found: C, 47.71, H, 3.11, N, 13.42%.

  2-(5-Trifluoromethyl-3-methyl-1H-pyrazol-1-yl)-5-(5-trifluoromethyl-4,5-dihydro-5-hydroxy-3-methyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (7a)

  Yellow crystalline solid; yield 91%; mp 135-137 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 8.75 (d, 1H, J 2.0, H-6), 8.29 (dd, 1H, J 2.0, 8.0, H-4), 7.92 (d, 1H, J 8.0, H-3), (Pyr-B): δ 7.05 (s, 1H, H-4), 2.36 (s, 3H, CH3), (Pyr-C): δ 7.97 (s, 1H, OH), 3.53 (d, 1H, H-4, J 19.0), 3.16 (d, 1H, J 19.0, H-4), 2.01 (s, 3H, CH3); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 148.2 (C-6), 129.9 (C-5), 140.1 (C-4), 114.5 (C-3), 151.3 (C-2), (Pyr-B): δ 131.5 (q, C-5, J 40.0), 112.5 (q, C-4, J 3.0); 150.3 (C-3), 119.7 (q, CF3, J 267.0), 12.9 (CH3), (Pyr-C): δ 163.6 (CO), 91.3 (q, C-5, J 34.0), 123.2 (q, CF3, J 286.0), 47.6 (C-4), 155.4 (C-3), 15.2 (CH3); 19F NMR (564.68 MHz, DMSO-d6): (Pyr-B): δ –56.63 (CF3), (Pyr-C): δ –76.28 (CF3); anal. calcd. for C16H13F6N5O2 (421.29): C, 45.61, H, 3.11, N, 16.62; found: C, 45.29, H, 3.11, N, 16.04%.

  2-(5-Trifluoromethyl-3-methyl-1H-pyrazol-1-yl)-5-(5-trifluoromethyl-4,5-dihydro-5-hydroxy-3-phenyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (7b)

  Yellow solid; yield 81%; mp 114-116 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 8.83 (d, 1H, J 2.0, H-6), 8.42 (dd, 1H, J 2.0, 8.0, H-4), 8.0 (d, 1H, J 8.0, H-3), (Pyr-B): δ 7.01 (s, 1H, H-4), 2.36 (s, 3H, CH3), (Pyr-C): δ 8.33 (s, OH), 7.73 (d, 2H, J 8.0, Ph), 7.49-7.45 (m, 3H, Ph), 4.01 (d, 1H, J 19.0, H-4), 3.68 (d, 1H, J 19.0, H-4); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 148.4 (C-6), 130.9 (C-5), 140.4 (C-4), 114.6 (C-3), 151.4 (C-2), (Pyr-B): δ 131.6 (q, J 40.0, C-5), 112.6 (q, J 2, C-4), 119.7 (q, J 268.0, CF3), 150.5 (C-3), 13.0 (CH3), (Pyr-C): δ 163.8 (CO), 92.1 (q, J 34, C-5), 44.2 (C-4), 153.0 (C-3), 129.8 (Ph), 129.7 (Ph), 128.8 (Ph), 126.6 (Ph), 123.2 (q, J 285.0, CF3); 19F NMR (564.68 MHz, DMSO-d6): (Pyr-B): δ –56.56 (CF3), (Pyr-C): δ –76.03 (CF3); anal. calcd. for C21H15F6N5O2 (483.36): C, 52.18, H, 3.13, N, 14.49; found: C, 51.64, H, 3.12, N, 14.25%.

  2-(5-Trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(5-trichloromethyl-4,5-dihydro-5-hydroxy-3-methyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (8c)

  Yellow solid; yield 83%; mp 140-142 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 8.79 (d, 1H, J 2.0, H-6), 8.11 (d, 1H, H-3, J 8 Hz), 8.34 (dd, J 2.0, 8.0, H-4), (Pyr-B): δ 8.02 (d, 2H, Ph), 7.80 (s, 1H, H-4), 7.5-7.46 (m, 3H, Ph), (Pyr-C): δ 7.52 (s, OH), 3.66 (d, 1H, J 19.0, H-4), 3.43 (d, 1H, J 19.0, H-4), 2.01 (s, 3H, CH3); 13C {1H} NMR (100.61 MHz, CDCl3): (Py-A): δ 150.1 (C-6); 131.3 (C-5); 140.3 (C-4); 114.4 (C-3); 152.9 (C-2), (Pyr-B): δ 134.2 (q, J 41.0, C-5), 109.6 (q, J 3.0, C-4), 119.9 (q, CF3, J 268.0), 152.5 (C-3), 129.2 (Ph), 128.9 (Ph); 128.4 (Ph); (Pyr-C): δ 169.8 (CO); 102.6 (C-5), 50.3 (C-4), 157.0 (C-3); 126.0 (Ph),103.7 (CCl3) 15.6 (CH3); 19F NMR (564.68 MHz, DMSO-d6): (Pyr-B): δ –57.89 (CF3); anal. calcd. for C21H15Cl3F3N5O (532.73): C, 47.35, H, 2.84, N, 13.15; found: C, 47.33, H, 2.86, N, 13.01%.

  2-(5-Trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(5trichloromethyl-4,5-dihydro-5-hydroxy-3-phenyl-1H-pyrazol1-yl-1-carbonyl)pyridine (8d)

  Yellow solid; yield 79%; mp 157-159 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 8.86 (s, 1H, H-6), 8.46 (d, 1H, J 8.0, H-4), 8.18 (d, 1H, J 8.0, H-3), (Pyr-B): δ 7.85 (s, 1H, H-4), 8.05 (d, 2H, J 7.0, Ph), (Pyr-C): δ 8.33 (s, OH), 7.73 (d, 2H, J 7.0, Ph), 7.55-7.46 (m, 6H, Ph), 4.12 (d, 1H, J 19.0, H-4), 3.89 (d, 1H, J 19.0, H-4); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 148.3 (C-6), 130.7 (C-5), 140.2 (C-4), 114.8 (C-3); 151.9 (C-2), (Pyr-B): δ 132.5 (q, J 40.0, C-5), 109.9 (C-4), 151.4 (C-3), 119.5 (q, J 268.0, CF3), 130.3 (Ph), 129.0 (Ph), 128.6 (Ph), 125.7 (Ph); (Pyr-C): δ 165.9 (CO), 102.4 (C-5), 46.8 (C-4), 154.0 (C-3), 130.4 (Ph), 129.5 (Ph), 128.6 (Ph), 126.4 (Ph), 103.2 (CCl3); 19F NMR (564.68 MHz, DMSO-d6): (Pyr-B): δ –56.56 (CF3); anal. calcd. for C26H17F3Cl3N5O2 (594.79): C, 52.50, H, 2.88, N, 11.77; found: C, 52.49, H, 2.98, N, 11.99%.

  2-(5-Trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(5-trifluoromethyl-4,5-dihydro-5-hydroxy-3-methyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (9c)

  Yellow solid; yield 87%; mp 153-155 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 8.80 (d, 1H, J 2.0, H-6), 8.36 (dd, 1H, J 2.0, 8.0, H-4), 8.12 (s, 1H, H-3), (Pyr-B): δ 8.04 (d, 2H, J 7.0, Ph), 7.84 (s, 1H, H-4), 7.54 7.46 (m, 3H, Ph), (Pyr-C): δ 8.10 (s, 1H, OH), 3.55 (d, 1H, J 19.0, H-4), 3.18 (d, 1H, J 19.0, H-4), 2.02 (s, 3H, CH3); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 148.2 (C-6); 130.5 (C-5), 140.2 (C-4), 114.9 (C-3); 151.9 (C-2); (Pyr-B): δ 132.5 (q, J 40.0, C-5), 110.0 (q, J 2.0, C-4), 151.3 (C-3), 130.3 (Ph), 129.2 (Ph), 128.8 (Ph), 125.7 (Ph), 119.6 (q, J 268.0, CF3), (Pyr-C): δ 163.5 (CO), 91.4 (q, J 34.0, C-5), 47.6 (C-4), 155.5 (C-3), 123.2 (q, J 285.0, CF3), 15.2 (CH3); 19F NMR (564.68 MHz, DMSO-d6): (Pyr-B): δ –56.60 (CF3), (Pyr-C): δ –76.23 (CF3); anal. calcd. for C21H15F6N5O2 (483.36): C, 52.18, H, 3.13, N, 14.49; found: C, 52.09, H, 3.33, N, 14.41%.

  2-(5-Trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(5-trifluoromethyl-4,5-dihydro-5-hydroxy-3-phenyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (9d)

  Pale beige solid; yield 75%; mp 192-194 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 8.88 (dd, 1H, J 2.0, 8.0, H-6), 8.48 (dd, 1H, J 2.0, 8.0, H-4), 8.17 (d, 1H, J 8.0, H-3), (Pyr-B): δ 8.05 (d, 2H, Ph, J 8.0), 7.85 (s, 1H, H-4), (Pyr-C): δ 8.35 (s, OH), 7.74 (d, 2H, Ph, J 2.0), 7.55-7.47 (m, 6H, Ph), 4.02 (d, 1H, J 19.0, H-4), 3.68 (d, 1H, J 19.0, H-4); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 149.1 (C-6), 131.4 (C-5), 141.1 (C-4), 115.5 (C-3); 152.5 (C-2), (Pyr-B): δ 133.1 (q, J 40.0, C-5), 110.7 (q, J 2.0, C-4), 152.0 (C-3), 120.2 (q, CF3, J 268.0), 130.3 (Ph), 129.8 (Ph), 129.3 (Ph), 127.2 (Ph), (Pyr-C): δ 164.3 (CO), 92.7 (q, C-5, J 34.0), 44.7 (C-4), 153.6 (C-3), 131.6 (Ph), 130.7 (Ph), 129.4 (Ph), 126.4 (Ph), 123.7 (q, CF3, J 285.0); 19F NMR (564.68 MHz, DMSO-d6): (Pyr-B): δ –51.80 (CF3), (Pyr-C): δ –71.24 (CF3); anal. calcd. for C26H17F6N5O2 (545.44): C, 57.25, H, 3.14, N, 12.84; found: C, 57.32, H, 3.11, N, 12.62%.

  2-(5-Trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(5-trifluoromethyl-4,5-dihydro-5-hydroxy-3-(4-methylphenyl)-1H-pyrazol-1-yl-1-carbonyl)pyridine (9e)

  Pale yellow solid; yield 67%; mp 206-207 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 8.87 (d, 1H, H-6, J 2.0), 8.48 (dd, 1H, H-4, J 2.0, 8.0), 8.16 (d, 1H, H-3, J 9.0), (Pyr-B): δ 8.06 (d, 2H, Ph, J 8.0), 7.86 (s, 1H, H-4), 7.55-7.47 (m, 3H, Ph), (Pyr-C): δ 8.35 (s, OH), 7.62 (d, 2H, Ph, J 8.0), 7.28 (d, 2H, Ph, J 8.0), 3.99 (d, 1H, H-4, J 19.0), 3.66 (d, 1H, H-4, J 19.0), 2.35 (s, 3H, CH3); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 148.3 (C-6), 130.5 (C-5),140.2 (C-4), 114.8 (C-3), 151.8 (C-2), (Pyr-B): δ 132.6 (q, C-5, J 40.0), 109.8 (q, C-4, J 2.0), 151.3 (C-3), 119.5 (q, CF3, J 268.0), 130.1 (Ph), 129.1 (Ph), 126.9 (Ph), 125.7 (Ph), (Pyr-C): δ 163.5 (CO), 91.9 (q, C-5, J 34.0), 44.0 (C-4), 152.8 (C-3), 140.7 (Ph), 128.9 (Ph), 128.6 (Ph), 126.4 (Ph), 123.0 (q, CF3, J 285.0), 20.7 (CH3); anal. calcd. for C27H19F6N5O2 (559.46): C, 57.96, H, 3.42, N, 12.52; found: C, 57.76, H, 3.58, N, 12.86%.

  2-(5-Trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(5-trifluoromethyl-4,5-dihydro-5-hydroxy-3-(4-methoxyphenyl)-1H-pyrazol-1-yl-1-carbonyl)pyridine (9f)

  Orange solid; yield 80%; mp 200-201 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 8.87 (d, 1H, H-6, J 2.0), 8.48 (dd, 1H, H-4, J 2.0, 8.0), 8.16 (d, 1H, H-3, J 8.0), (Pyr-B): δ 8.05 (d, 2H, Ph, J 7.0), 7.85 (s, 1H, H-4), 7.55-7.47 (m, 3H, Ph), (Pyr-C): δ 8.28 (s, 1H, OH), 7.68 (d, 2H, Ph, J 8.0), 7.03 (d, 2H, Ph, J 8.0), 3.97 (d, 1H, H-4, J 19.0), 3.81 (s, 3H, OCH3), 3.64 (d, 1H, H-4, J 19.0); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 148.6 (C-6), 130.6 (C-5), 140.6 (C-4), 114.9 (C-3), 152.0 (C-2), (Pyr-B): δ 132.6 (q, C-5, J 40.0), 110.2 (d, C-4, J 3.0), 151.4 (C-3), 119.7 (q, CF3, J 268.0), 130.3 (Ph), 129.3 (Ph), 128.9 (Ph), 122.3 (Ph), (Pyr-C): δ 163.6 (CO), 92.0 (q, C-5, J 34.0), 44.3 (C-4), 152.8 (C-3), 161.4 (Ph), 128.5 (Ph), 125.9 (Ph), 114.3 (Ph), 123.2 (q, CF3, J 285.0), 55.3(OCH3); 19F NMR (564.68 MHz, DMSO-d6): (Pyr-B): δ –56.55 (CF3), (Pyr-C): δ –75.99 (CF3); anal. calcd. for C27H19F6N5O3 (575.46): C, 56.35, H, 3.33, N, 12.17; found: C, 56.38, H, 3.29, N, 12.12%.

  2-(5-Trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(3-(fur-2-yl)-5-trifluoromethyl-4,5-dihydro-5-hydroxy-1H-pyrazol-1-yl-1-carbonyl)pyridine (9g)

  Pale brown solid; yield 69%; mp 146-148 ºC; 1H NMR (600 MHz, DMSO-d6): (Py-A): δ 8.86 (d, 1H, H-6, J 2.0), 8.42 (dd, 1H, H-4, J 2.0, 8.0), 8.16 (d, 1H, H-3, J 8.0), (Pyr-B): δ 8.05 (d, 2H, Ph, J 7.0), 7.87 (s, 1H, H-4), 7.53 (t, 2H, Ph, J 7.0), 7.48 (t, 1H, Ph, J 7.0), (Pyr-C): δ 8.49 (s, 1H, OH), 7.91 (s, 1H, 2-furyl), 7.13 (d, 1H, 2-furyl, J 3.0), 6.69 (dd, 1H, 2-furyl, J 2.0, 2.0), 3.44 (d, 1H, H-4, J 19.0), 3.33 (d, 1H, H-4, J 19.0); 13C {1H} NMR (150 MHz, DMSO-d6): (Py-A): δ 148.5 (C-6); 130.6 (C-5), 140.6 (C-4), 115.2 (C-3), 152.0 (C-2), (Pyr-B): δ 132.6 (q, C-5, J 40.0), 110.3 (s, C-4), 146.2 (C-3), 121.5 (q, CF3, J 268.0), 130.2 (Ph); 129.4 (Ph), 129.0 (Ph), 125.9 (Ph), (Pyr-C): δ 163.8 (CO), 91.7 (q, C-5, J 34.0), 43.9 (C-4), 151.5 (C-3), 123.1 (q, CF3, J 285.0), 144.8 (2-furyl), 144.3 (2-furyl), 115.6 (2-furyl); 19F NMR (564.68 MHz, DMSO-d6): (Pyr-B): δ –56.57 (CF3), (Pyr-C): δ –76.05 (CF3); anal. calcd. for C24H15F6N5O3 (535,39): C, 53.84, H, 2.82, N, 13.08; found: C, 54.19, H, 3.23, N, 12.78%.

  2-(3-(Fur-2-yl)-5-trifluoromethyl-1H-pyrazol-1-yl)-5-(5-trichloromethyl-4,5-dihydro-5-hydroxy-3-phenyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (10h)

  Pale brown solid; yield 88%; mp 144-145 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 8.87 (d, H-6, J 2.0), 8.47 (dd, H-4, J 2.0, 8.0), 8.11 (d, H-3, J 8.0), (Pyr-B): δ 7.62 (s, 1H, H-4), 7.88 (s, 1H, 2-furyl), 7.14 (d, 1H, 2-furyl, J 3.0), 6.70 (dd, 1H, 2-furyl, J 3.0, 2.0), (Pyr-C): δ 7.74 (d, 2H, Ph, J 8.0), 7.51-7.46 (m, 3H, Ph), 4.13 (d, 1H, H-4, J 19.0), 3.91 (d, 1H, H-4, J 19.0); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 145.6 (C-6), 130.7 (C-5), 140.2 (C-4), 144.9 (C-3), 151.2 (C-2), (Pyr-B): δ 132.4 (q, J 40.0, C-5), 109.4 (d, J 3.0, C-4), 148.3 (C-3), 144.2 (2-furyl); 143.7 (2-furyl), 116.3 (2-furyl), 119.3 (q, J 268.0, CF3), (Pyr-C): δ 165.9 (CO), 102.4 (C-5), 46.8 (C-4), 154.1 (C-3), 130.4 (Ph), 129.5 (Ph), 128.6 (Ph), 126.4 (Ph), 103.2 (CCl3); 19F NMR (564.68 MHz, DMSO-d6): (Pyr-B): δ –56.71 (CF3); anal. calcd. for C24H15F3Cl3N5O3 (583.76): C, 49.29, H, 2.59, N, 11.98; found: C, 49.46, H, 2.89, N, 11.56%.

  General procedure for the synthesis of 2-(3-alkyl(aryl/heteroaryl)-5-trifluoromethyl-1H-pyrazol-1-yl)-5-(3-alkyl(aryl/heteroaryl)-5-trihalomethyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (11e, 12c, 14)49

  A solution of 8c, 9e, 13 (2.8 mmol) and pyridine (3 mL, 37.1 mmol) in 50 mL of benzene was cooled to 0 ºC, and thionyl chloride (1.22 mL, 16.8 mmol) diluted in benzene (25 mL) was added dropwise over a period of 10 min. The solution was stirred for an additional 30 min, during which time the temperature was allowed to rise to 20 ºC. The mixture was then heated under reflux (bath temperature 80 ºC) for 1 h and filtered to remove the pyridine hydrochloride at room temperature. The solution was washed twice with water and dried over sodium sulfate. Evaporation of the solvent left a solid (Figure 6) which was recrystallized from ethanol.

  
    

    [image: Figure 6. General chemical structure]

  

  Compound 12c was purified by column chromatography in a mixture of solvents (hexane and ethyl acetate at 6:4 ratio).

  2-(5-Trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(5-trifluoromethyl-3-(4-methylphenyl)-1H-pyrazol-1-yl-1-carbonyl)pyridine (11e)

  Beige solid; yield 70%; mp 153-155ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 9.13 (s, 1H, H-6), 8.26 (d, 1H, H-4, J 8.0), 8.73 (d, 1H, H-3, J 9.0), (Pyr-B): δ 7.87 (s, 1H, H-4), 8.06 (d, 2H, Ph, J 7.0), 7.55-7.49 (m, 3H, Ph), (Pyr-C): δ 8.00 (s, 1H, H-4), 7.84 (s, 2H, Ph), 7.31 (d, 2H, Ph, J 7.0), 2.35 (s, 3H, CH3); 13C {1H} NMR (100.61 MHz, CDCl3): (Py-A): δ 151.6 (C-6), 131.0 (C-5), 140.3 (C-4), 114.3 (C-3), 153.6 (C-2), (Pyr-B): δ 134.3 (q, C-5, J 41.0), 110.1 (q, C-4, J 3.0), 152.7 (C-3), 119.8 (q, CF3, J 268.0), 129.7 (Ph), 129.3 (Ph), 127.2 (Ph), 126.0 (Ph), (Pyr-C): δ 163.0 (CO), 136.3 (q, C-5, J 42.0), 111.4 (q, C-4, J 3.0), 153.9 (C-3), 141.9 (Ph), 129.3 (Ph), 128.2 (Ph), 126.2 (Ph), 119.3 (q, CF3, J 285.0), 21.3 (CH3); 19F NMR (564.68 MHz, DMSO-d6): (Pyr-B): δ –56.58 (CF3), (Pyr-C): δ –58.54 (CF3); anal. calcd. for C27H17F6N5O (541.45): C, 59.89, H, 3.16, N, 12.93; found: C, 60.29, H, 3.91, N, 12.34%.

  2-(5-Trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(5-trichloromethyl-3-methyl-1H-pyrazol-1-yl-1-carbonyl) pyridine (12c)

  Yellow solid; yield 54%; mp 160-162 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 9.00 (s, 1H, H-6), 8.55 (d, 1H, H-4, J 8.0), 8.18 (d, 1H, H-3, J 8.0), (Pyr-B): δ 7.82 (s, 1H, H-4), 8.03 (d, 2H, Ph, J 7.0), 7.52-7.47 (m, 3H, Ph), (Pyr-C): δ 7.22 (s, 1H, H-4), 2.29 (s, 3H, CH3); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 149.1 (C-6), 126.1 (C-5), 140.4 (C-4), 115.6 (C-3), 152.9 (C-2), (Pyr-B): δ 132.8 (q, C-5, J 41.0 ), 110.3 (q, C-4, J 3.0), 119.8 (q, CF3, J 268.0), 152.2 (C-3), (Pyr-C): δ 165.4 (CO), 142.2 (C-5), 141.3 (C-4), 162.5 (C-3), 130.5 (Ph), 129.3 (Ph), 128.9 (Ph), 125.9 (Ph), 106.8 (CCl3) 10.9 (CH3); 19F NMR (564.68 MHz, CDCl3): (Pyr-B): δ –57.94 (CF3); HRMS (FTMS + pESI): m/z, calcd. for C21H13F3Cl3N5O [M]+: 514.0216; found: 514.0302.

  General procedure for the synthesis of 2-(5-trifluoromethyl-3-methyl-1H-pyrazol-1-yl)-5-(3,5-dimethyl-5-hydroxy-4,5-dihydro-1H-pyrazol-1-yl-1-carbonyl)pyridine (13)

  Acetylacetone (0.2 mL, 0.196 g, 2 mmol) and drops (0.3 mL) of triethylamine (Et3N) were added under magnetic stirring to a solution of treated absolute ethanol (10 mL) and hydrazide 2 (0.347 g, 1 mmol). The reaction stayed under reflux for 16 h. After the reaction time, the solvent was evaporated in a rotatory evaporator, the solid 13 (Figure 7) was isolated directly by filtration, washed with cold ethanol to remove the excess of acetylacetone, and the residual solvent was removed under reduced pressure.

  
    

    [image: Figure 7. Chemical structure of compound]

  

  2-(5-Trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(4,5-dihydro-5-hydroxy-3,5-dimethyl-1H-pyrazol-1-yl-1-carbonyl) pyridine (13)

  Beige solid; yield 72%; mp 131-133 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 8.80 (s, 1H, H-6), 8.34 (d, 1H, H-4, J 8.0), 8.06 (d, 3H, H-3, J 8.0), (Pyr-B): δ 8.02 (d, 2H, Ph, J 7.0), 7.78 (s, 1H, H-4), 7.53-7.46 (m, 3H, Ph), (Pyr-C): δ 6.51 (s, 1H, OH), 3.02 (d, 1H, H-4, J 18.0), 2.91 (d, 1H, H-4, J 18.0), 1.98 (s, 3H, CH3), 1.92 (s, 3H, CH3); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 148.1 (C-6), 130.6 (C-5), 140.0 (C-4), 114.9 (C-3), 151.7 (C-2), (Pyr-B): δ 132.5 (q, C-5, J 40.0), 109.7 (q, C-4, J 3.0), 150.9 (C-3), 119.6 (q, J 268.0, CF3), 131.3 (Ph), 129.1 (Ph), 128.8 (Ph), 125.7 (Ph), (Pyr-C): δ 162.9 (CO), 91.5 (C-5), 51.7 (C-4), 156.1 (C-3), 25.7 (CH3), 15.7 (CH3); anal. calcd. for C21H18F3N5O2 (429.39): C, 58.74, H, 4.23, N, 16.31; found: C, 58.41, H, 4.59, N, 16.04%.

  General procedure for the synthesis of 2-(5-trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(3,5-dimethyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (14)

  Acetylacetone (0.2 mL, 0.200 g, 2 mmol) and drops (0.3 mL) of acetic acid (AcOH) were added under magnetic stirring to a solution of treated absolute ethanol (10 mL) and hydrazide 2 (0.347 g, 1 mmol). The reaction stayed under reflux for 16 h. After the reaction time, the solvent was evaporated in a rotatory evaporator, and the isolated solid 14 (Figure 8) was washed with cold ethanol and dried in a vacuum apparatus.
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  2-(5-Trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(3,5-dimethyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (14)

  Pale yellow solid; yield 71%; mp 128-130 ºC; 1H NMR (400.13 MHz, DMSO-d6): (Py-A): δ 9.00 (s, 1H, H-6), 8.55 (d, 1H, H-4, J 8.0), 8.16 (d, 1H, H-3, J 8.0), (Pyr-B): δ 8.03 (d, 2H, Ph, J 7.0), 7.82 (s, 1H, H-4), 7.53-7.48 (m, 3H, Ph), (Pyr-C): δ 6.33 (s, 1H, H-4), 2.60 (s, 3H, CH3), 2.20 (s, 3H, CH3); 13C {1H} NMR (100.61 MHz, DMSO-d6): (Py-A): δ 149.0 (C-6), 114.6 (C-5), 130.4 (C-4), 141.7 (C-3), 151.8 (C-2), (Pyr-B): δ 132.6 (q, C-5, J 40.0), 110.2 (q, J 3.0, C-4), 152.0 (C-3), 129.1 (Ph), 128.7 (Ph), 128.5 (Ph), 125.7 (Ph), 119.5 (q, CF3, J 268.0), (Pyr-C): δ 164.9 (CO), 144.5 (C-5), 111.6 (C-4), 152.3 (C-3), 13.6 (CH3), 13.3 (CH3); 19F NMR (564.68 MHz, DMSO-d6): (Pyr-B): δ –57.88 (CF3); anal. calcd. for C21H16F3N5O (411.38): C, 61.31, H, 3.92, N, 17.02; found: C, 61.18, H, 4.12, N, 16.95%.

  Antimicrobial testing

  Among the synthesized compounds, those representatives within the series (6a, 8d, 9c, 9d, 9f, 9g, 10h, 11e and 14) were screened in vitro for their antimicrobial activities. They were individually evaluated using either Gram-positive bacteria: Staphylococcus aureus ATCC 29213 , Staphylococcus epidermidis ATCC 1228 , Staphylococcus saprophyticus, Enterococcus faecalis ATCC 51299 , Listeria monocytogenes, and Bacillus cereus ATCC 14579; or Gram-negative bacteria: Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 700603 , Pseudomonas aeruginosa ATCC 27853, Shigella sonnei, and Salmonella enterica (typhi). These compounds were also evaluated for yeasts: Candida albicans ATCC 14057, Candida dubliniensis, Candida glabrata ATCC 2301, Candida krusei ATCC 6258, Candida parapsilosis ATCC 22018, and Cryptococcus neoformans; and for filamentous fungi: Aspergillus fumigatus, Aspergillus flavus, Aspergillus niger, Aspergillus terreus, Fusarium solani ATCC 36031 , Rhizopus oryzae, Microsporum canis, Trichophyton mentagrophytes ATCC 9533 , Trichophyton rubrum, and Sporothrix schenckii. The MIC and MLC of each fraction of the tested microorganisms were determined by the broth microdilution methods in Muller-Hinton broth (bacteria) and in RPMI 1640 broth (fungi), following protocols M07-A9 (2012), M27-A3 (2008), and M38-A2 (2008) as approved by CLSI. For bacteria, the tested concentrations were 1000, 500, 250, 125, 62.5, 31.25, 15.63, 7.81, 3.91, and 1.95 µg mL-1. As for the fungi, the concentrations were 500, 250, 125, 62.5, 31.25, 15.63, 7.81, 3.91, 1.95, and 0.975 µg mL-1. The MIC end point was taken as the lowest concentration of the compound or fraction inhibiting the total growth of microorganisms, and it was detected by lack of visual turbidity. To obtain the MLC, 10 µL was subcultured from each well that showed complete inhibition, from the last positive well onto Muller-Hinton agar (bacteria) or Sabouraud Dextrose agar plates (fungi). Plates were incubated at 35 ºC for 24 h (bacteria) or at 30 ºC for 48 h (fungi). The MLC was defined as the lowest concentration of the compound or fraction that showed either no growth or less than three colonies to obtain approximately 99-99.5% killing activity.50

  Antioxidant activity

  Radical scavenging activity using DPPH method

  The DPPH assay was conducted at the NEUROTOX Research Laboratory, in accordance with the lab's adapted protocol7,51 in which 10 mg of each compound analyzed (1, 2, 6b, 8c, 8d, 9c, 10h, 11e, 12c, 13 and 14) as a free radical scavenger was individually solubilized in ethanol/acetone 1:1 (1 mL), in which stock solution A [ ]i = 10000 µg mL-1 was used to prepare stock solution B [ ]i = 1000 µg mL-1 (100 µL of stock solution A plus 900 µL of solubilizing mean). To each of the 96 wells in a microplate, 20 µL of ascorbic acid was added at concentrations of 1, 5, 10 and 100 µL mL-1, as well as 80 µL of ethanol/acetone (1:1), for a final volume of 100 µL for each well. Subsequently, 20 and 10 µL of stock solution A and 20, 10, and 2 µL of stock solution B was added separately to other wells for each analyzed compound, and then 80, 90 and 98 µL of ethanol/ acetone (1:1), thus totaling a volume of 100 µL in each well. Then, 100 µL of ethanol of DPPH solution 0.3 mmol L-1 was added to each well, for a final volume of 200 µL. The samples' final concentrations in the wells were: [ ]f=1000, 500, 100, 50 and 10 µL mL-1. Proper blanks were assayed simultaneously and samples were tested in duplicate in three plates. After 30 min of incubation at room temperature away from light, the 96 well culture plates were analyzed using a TP-THERMOPLATE® at 518 nm wavelength. The percentage of antioxidant activity (%, AA) is the amount of DDPH consumed by antioxidants. Radical scavenging activity was calculated as equation 1.52

  
    [image: Equation 1]

  

  Data was processed using the GraphPad Prism software and the results are presented as mean ± standard derivation (S.E.M.) of each concentration tested.

  Determination of the TAC by the phosphomolybdenum method

  The TAC of the compounds was evaluated by the phosphomolybdenum assay, as previously described by Prieto et al.,8 with a few modifications. Each compound was tested at 10, 50, 100, 500 and 1000 µg mL-1 in 10% DMSO. Seven different concentrations of butylhydroxytoluene (BHT), 10, 50, 100, 500 and 1000 µg mL-1 were used as positive controls. An aliquot of sample solution was combined with reagent solution (600 mmol L-1 sulfuric acid, 28 mmol L-1 sodium phosphate, and 4 mmol L-1 ammonium molybdate). The tubes were capped and incubated in a water bath at 95 ºC for 90 min. After the samples had cooled to room temperature, the absorbance was measured at 695 nm against a blank (reagent and 0.05 mL of water). The TAC was expressed in relation to the BHT 50 µg mL-1 absorbance (control 100%) and calculated by the equation 2.

  
    [image: Equation 2]

  

   

  Supplementary Information

  Crystallographic data reported in this paper for compounds 6a, 7a, and 14 have been deposited at the Cambridge Crystallographic Data Center (CCDC), No. 1040652, 1040653 and 1040654, respectively. Copies of the data can be obtained, free of charge, on application to CCDC 12 Union Road, Cambridge CB2 1EZ, UK (Fax +44-1223-336033 or e-mail deposit@ccdc.cam.ac.uk).

  Supplementary information (experimental details and analytical data for all new compounds, as well as the copies of 1H and 13C NMR spectra) is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Terpenes are the main constituents of hops essentiol oil and contribute to the singular sensory properties of beer. However, terpenes are sensitive to oxidation leading to quality loss during beer aging. Herein, the reactivity of terpenes towards 1-hydroxyethyl radical has been determined employing a competitive kinetic approach using the spin-trap α-(4-pyridyl-1-oxide)-N-tert-butylnitrone (4-POBN). The apparent rate constant (kapp) for the reaction of terpenes with 1-hydroxyethyl radical ranges from (3.9 ± 0.2) × 105 to (1.5 ± 0.2) × 107 L mol–1 s–1 for β-pinene and terpinolene, respectively. The reaction involves hydrogen atom transfer from the terpene to 1-hydroxyethyl radical rather than electron-transfer and the rate constant is shown to be dependent on the number of allylic and benzylic hydrogen atoms and on the value of the bond dissociation enthalpy for the weakest C–H bond. The results provide a better understanding on the mechanism behind terpene decomposition in beer brewing and aging process and may further contibute to improve the oxidative stability of the herb-flavored beverages.
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  Introduction

  Hops (Humulus lupulus L.) are essential for the brewing process in order to confer the singular sensory properties of beer.1,2 Terpenes are the principal constituents of hops essential oil, which make up to 3% (v/m) of the hop cone.3 It is well-known that the composition of hops essential oil depends on the hop genotype, being identified over 200 compounds in its essential oil, some of them have been used for distinguishing among different hop varieties.3-5 The major terpenes present in hop and beer basically comprise monoterpenes (C10) and sesquiterpenes (C15), which exhibit strong sensory qualities.5 The chemical structure of the major brewing terpenes is illustrated in Figure 1, which includes typical terpene hydrocarbons (1-9), terpene epoxide (10) and terpene alcohols (11-16).

  
    

    [image: Figure 1. Chemical structures]

  

  Although terpene hydrocarbons like β-myrcene (1), α-humulene (7), β-caryophyllene (8), and β-farnesene (9) have been shown to be the main components of hop oil,3,6 the predominant terpenes in finished beer are terpene alcohols due their hydrophilic properties,6 especially linalool (14) and geraniol (13), which have been found in appreciable concentrations (ranging from 1 to 906 µg L–1) depending on the beer type.4,7-9 Moreover, several studies have reported that geraniol (13), nerol (12) and linalool (14) are biotransformed by yeast during the fermentation giving rise to β-citronellol (11) and α-terpineol (15), respectively.5,6,10 These yeast biotransformation products are responsible for the typical hoppy aroma of beer.5,6,10 However, terpenes are sensitive to oxidation,11-13 which would result in the loss of beer sensory quality and could yield oxidation products that may display unpleasant organoleptic properties. In view of that, herein we report the reactivity of hop-derived terpenes (1-16) toward 1-hydroxyethyl radical (HER), the predominant radical formed by thermal oxidation during beer brewing process, storage and aging.14

   

  Experimental

  Chemicals and materials

  Acetonitrile and ethanol were of HPLC grade and purchased from Panreac (Barcelona, Spain). Ferric chloride tetrahydrate (FeCl2.4H2O) and hydrogen peroxide 30% ACS grade were purchased from Merck (Darmstadt, Germany). α-Humulene, (+)-α-pinene, α-(4-pyridyl-1-oxide)-N-tert-butylnitrone (4-POBN), α-terpineol, β-caryophyllene, β-citronellol, β-myrcene, (–)-β-pinene, p-cymene, 1,4-cineole, cis-3,7-dimethyl-2,6-octadien-1-ol (nerol), ferrocene, formic acid, geraniol, limonene, linalool, nerolidol, terpinolene, tetrabutylammonium perchlorate, and trans-β-farnesene were of analytical grade and obtained from Sigma-Aldrich (Steinheim, Germany). Water was purified (18 MΩ cm) by means of a Milli-Q purification system from Millipore (Bedford, Massachusetts, USA). Argon (5.0) was purchased from White Martins (Sertãozinho, São Paulo, Brazil). All solvents used were of HPLC grade and used without further purification.

  Formation of HER and competitive kinetics studies using 4-POBN as spin-trap

  The formation of HER and the competitive kinetics approach were assayed using 4-POBN as the spin-trap and following the procedure previously reported by de Almeida et al.15,16 The reactions were conducted in triplicate at 25.0 ± 0.2 ºC under argon-saturated atmosphere and started by the addition of 80 µL of H2O2 (58.0 × 10–3 mol L–1) in an ethanolic solution containing 1 mL of 4-POBN (3.2 × 10–3 mol L–1), 60 µL of FeCl2.4H2O aqueous solution at pH 4.5 (2.0 × 10–3 mol L–1), and varying concentrations of terpenes (1-16) in ethanol. After 1 min of incubation, the HER/4-POBN radical adduct was monitored by electron paramagnetic resonance (EPR) spectroscopy. The double integration for calculating the area of the radical adduct HER/4-POBN EPR signal was measured for each substrate concentration (n = 3) and compared with a control experiment (n = 3).

  Electron paramagnetic resonance (EPR) spectroscopy

  The analysis of the paramagnetic spin adduct was performed using a Bruker EMX Plus spectrophotometer (Rheinstetten, Germany), operating at X-band, with magnetic center field of 3472 G, microwave frequency of ca. 9.76 GHz, magnetic field sweep of 50 G, microwave power of 1 mW, and modulation amplitude of 1 G, using a cylindrical ER4103TM cavity and quartz capillary sample cell (ID 0.75 mm, Wilmad Glass, Buena, NJ, US).

  Cyclic voltammetry of β-citronellol, limonene, p-cymene and α-humulene

  Cyclic voltametry of limonene (2), p-cymene (4), α-humulene (7) and β-citronellol (11), were carried out employing a PAR 264A potentiostat and using a boron-doped diamond electrode (8000 ppm) and a platinum wire as a working and auxiliary electrode, respectively. The ferrocene/ferrocenium couple (Fe+/Fe) was used as an internal reference, and the measured potential was reported against the normal hydrogen electrode (NHE) assuming the potential of the Fe+/Fe couple equals to E0 = +630 mV versus NHE in acetonitrile.17 The compounds (5.0 × 10–3 mol L–1 of β-citronellol, 4.1 × 10–3 mol L–1 of limonene, 2.5 × 10–3 mol L–1 of p-cymene, and 1.0 × 10–3 mol L–1 of α-humulene) were dissolved in a supporting electrolyte solution of tetrabutylammonium perclorate (0.1 mol L–1, in acetonitrile) and the solutions were purged with high-purity argon for 15 min before the measurements. The electrochemical cell was thermostated at 25.0 ± 0.2 ºC and the scan rate was 100 mV s–1.

  Computational methods

  Calculations were performed by the Gaussian 09 (G09) program package,18 edition D.01, employing the DFT method with Becke's three parameter hybrid functional19 and Lee-Yang-Parr's gradient corrected correlation functional20 (B3LYP) (UB3LYP was used for the radicals species). The 6-31G basis set21 was used to the ground-state geometries optimization. Single point energies (SPEs) were carried out by using the 6-311++G(2d, 2p) for the calculation of the bond dissociation enthalpies (BDE). The thermodynamic correction terms (at 298.15 K) were obtained through the calculation of vibrational modes (B3LYP/6-311++G (2d,2p)). The BDEs were calculated according to the formula BDE = Hr + HH – H, where Hr is the enthalpy of the radical generated by hydrogen atom abstraction, HH is the enthalpy of the hydrogen atom and H is the enthalpy of the initial molecule. The enthalpy of hydrogen atom used in the BDE calculation was –0.499897 hartree at this level of theory.22

   

  Results and Discussion

  Apparent second-order rate constants

  The apparent second-order rate constants for the reaction among selected terpenes and HER were determined by means of a competitve kinetic approach,23,24 according to the procedure previously reported in the literature.15,16 In this context, the decrease in the HER/4-POBN radical adduct signal intensity resulting from the inhibition of the spin adduct formation due the increasing concentrations of the substrates was probed by EPR spectroscopy, as illustrated in Figure 2 for the presence of β-citronellol (11). From the EPR spectra of the HER/4-POBN radical adduct, a triplet of doublets was observed with a nitrogen hyperfine coupling constant of 15.6 G and a hydrogen super hyperfine coupling constant of 2.6 G, which are in agreement with the expected values for the referred spin trapped radical reported in the literature.14

  
    

    [image: Figure 2. Typical EPR spectra]

  

  Thus, by plotting (F / 1 – F) × k2 × [4-POBN] against the concentrations of the terpenes added to the reaction mixture, as shown in Figure 3 for the β-citronellol (11), a linear dependence is observed and the apparent second-order rate constants (kapp) may be calculated from the slope of the linear regression fit as established by equation 1.

  
    [image: Equation 1]

  

  
    

    [image: Figure 3. Plot]

  

  where F denotes the percentage of inhibition for the formation of the spin adduct radical, k2 (3.1 × 107 L mol–1 s–1)25 is the second-order rate constant for the reaction between the spin-trap 4-POBN and HER, and [4-POBN] and [substrate] denote the concentrations of the spin-trap and the selected substrates, respectively.

  The apparent second-order rate constants for the scavenging of HER by selected beer terpenes (1-16) are collected in Table 1. As may be observed, even though terpenes exhibit different reactivity toward HER, these substrates proved to be promptly reactive with the major carbon-centered radical formed in beer. According to the orders of magnitude of the obtained apparent second-order rate constants, terpenes may be clustered in four different groups, in which the group 1 is represented by 1,4-cineole (10) that did not show any reactivity toward HER, whereas the substrates clustered in groups 2, 3 and 4 exhibit rate constants around 105, 106 and 107 L mol–1 s–1, respectively.

  
    

    [image: Table 1. Apparent second-order rate constants]

  

  The difference in reactivity observed for the reaction of terpenes with HER probably is due to the presence of different reactive sites at the substrate structures. Several studies appoint that reactions involving terpenes and radical species are generally initiated by hydrogen atom transfer (HAT) from allylic or bisallylic C–H group of terpenes to the radical species rather than proceed thorough an electron transfer (ET) mechanism, which may explain the lack of reactivity of 1,4-cineole (10) towards HER.11,12

  In order to rule out the ET mechanism for the reaction of terpenes with HER, the oxidation potentials of limonene (2), p-cymene (4), α-humulene (7) and β-citronellol (11), were determined by cyclic voltammetry, as displayed in Figure 4. Cyclic voltammetry experiments provide the anodic potentials of +2.7, +2.2, +2.6 and +2.7 V for (2), (4), (7) and (11), respectively, relative to NHE, as result of an irreversible one-electron processes. By comparing the oxidation potential for these compounds with the reduction potential of HER (0.98 V relative to NHE),26 we may infer that ET reaction of HER and hop-derived terpenes is thermodynamically uphill, which corroborates with the fact that the investigated reaction is governed by HAT rather than ET.

  
    

    [image: Figure 4. Cyclic voltammograms]

  

  Aiming to compare and provide a linear free energy relationship for the apparent rate constants obtained for the reaction between HER and terpenes, BDEs for the relevant allylic, bisallylic and benzylic C–H and O–H bonds were calculated using the density functional theory (DFT) method. From the data obtained by ab initio DFT calculations displayed in Figure 5, it may be noticed that allylic, bisallylic and benzylic C–H bonds present lower BDE values than the O–H bond, as calculated for geraniol (13), with exception for the allylic bridge C–H bonds as existent in the chemical structures of α- (5) and β-pinene (6), which shown BDE values higher than 400 kJ mol–1. Thus, is reasonable to infer that the oxidative reaction is initiated by hydrogen abstraction from the allylic, bisallylic and/or benzylic methylenic hydrogen by HER.

  
    

    [image: Figure 5. Lowest bond dissociation enthalpies]

  

  The most reactive terpenes were terpinolene (3) and α-humulene (7), with apparent rate constants of ca. 107 L mol–1 s–1. This high reactivity may be accounted mainly by the presence of bisallylic hydrogen atoms on the referred chemical structures. Indeed, the verified BDE values for bisallylic C–H bond (294 kJ mol–1) of terpinolene (3) was at least 33 kJ mol–1 lower than the respective values obtained for the allylic C–H bonds of the referred substrate (BDEs range from 327 to 354 kJ mol–1), which indicates the facility to abstract the bisallylic hydrogen atoms by the radical rather than the allylic and benzylic hydrogen atoms. On the other hand, the higher BDE values obtained for primary carbon of allylic non-bridge C–H bonds (BDEs range from 344 to 359 kJ mol–1) compared to the values for secondary (BDEs range from 317 to 351 kJ mol–1) and tertiary (BDE of 323 kJ mol–1) carbon of allylic non-bridge C–H bonds indicates that the abstraction may occur on the allylic non-bridge hydrogen atom attached to the tertiary and secondary carbons rather than the respect hydrogen atom linked to the primary carbons. Added to this fact, it is well known that tertiary and secondary radicals are more resonance-stabilized than the respective primary radicals.

  Therefore, the thermal oxidation of unsaturated hop-derived terpenes in beer was found to occur preferentially by the abstraction of bisallylic hydrogen atom from the substrates to HER, followed by the abstraction of allylic non-bridge hydrogen atom connected to the tertiary and secundary carbons, leading the respective bisallylic and allylic radical derived from terpenes, as illustrated for limonene (2) and terpinolene (3) in Figure 6. In this context, the main radical species generated during limonene (2) oxidation by HER is the allylic radical formed from the abstraction of the hydrogen atom linked to tertiary and secondary carbons; on the other hand, for the terpinolene (3), the principal primary oxidation products is the bisallylic radical. For the benzylic compounds, here represented by p-cymene (4), the C–H BDE value involving the tertiary carbon was expressively lower (∆BDE = 27 kJ mol–1) than the obtained for the referred primary carbon, suggesting the significant hydrogen atom donor property of benzylic hydrogen atom attached to the tertiary carbon.

  
    

    [image: Figure 6. Illustration of the main radicals]

  

  Moreover, from the apparent second-order rate constants obtained for the reaction involving terpenes and HER, it may infer that the reactivity of terpenes towards HER has a linear dependence on the number of hydrogen atoms susceptible to abstraction, as displayed in Figure 7. Also, it may be seen in Figure 7 that the terpinolene (3) behaves as an outlier in the tendency, since it presents a bisallylic hydrogen atom rather than an allylic or benzylic hydrogen atom.

  
    

    [image: Figure 7. Plot of the apparent second-order rate constants]

  

  The relationship between log (kapp) versus the lowest C–H BDE value for the allylic, bisallylic and benzylic H-atom in the selected substrates shows a satisfactory linear correlation, as may be seen in Figure 8. This free energy relationship indicates that as higher as the C–H BDE value is, lower is the apparent second-order rate constant, suggesting that the activation energy for the hydrogen atom transfer increases with the C–H BDE values, as expected.27,28 Moreover, this linear relationship indicates that the studied molecules have the same reaction mechanism (HAT) toward HER. From this analysis, the best linear regression fit of the data is described in equation 2, by which the apparent rate constants of the reaction between terpenes and HER can be estimated.

  
    

    [image: Figure 8. Plot of logarithm of the experimental]

  

  
    [image: Equation 2]

  

  The reactivity of some terpenes present in herb-flavored beers like 1,8-cineole, menthol, limonene, carveol and carvone was investigated toward triplet-excited-state of riboflavin, a well-known photosensitizer present in beer, and no reaction with the triplet-excited flavin was observed.29 This suggests that the main degradation mechanism of terpenes in brewing process and beer aging is associated with the thermal oxidation, which involves the formation of HER. Concerning the thermal oxidative process in beer, the reactivity of beer hop-derived bitter acids, prenylflavonoids, phenolic compounds, thiol-containing compounds towards HER was previously reported, in which beer bitter acids, thiols and prenylated flavonoids showed similar apparent rate constants, with magnitude orders of 108 and 109 L mol–1 s–1.15,16,30,31 On the other hand, the second-order rate constants verified for the reaction between phenolic compounds and HER are around 104 L mol–1 s–1.32 The average content of prenylflavonoids and thiols in beer is around 4-33 and 20-folder34 higher than the content of hop-derived terpenes, respectively, whereas bitter acids and phenols are present in concentrations around 127-29 and 1000-folder29 higher than terpenes, respectively. Thus, considering the rate constants obtained for the reaction involving HER and these substrates and their content compounds in beer, we may infer that phenolic compounds and hop-derived terpenes may scavenge only a minor amount of HER and are not expected to display a relevant role in the antioxidant properties of beer.

   

  Conclusions

  Hop-derived terpenes were shown to be reactive toward HER, being the reaction preferentially governed by the abstraction of allylic non-bridge, bisallylic and benzylic hydrogen atoms from terpenes to HER. The reactivity of terpenes with HER showed to be dependent on the number of allylic non-bridge and benzylic hydrogen atoms sustible to abstraction on the substrates and on the C–H BDE values respect to allylic, bisallylic and benzylic hydrogen atoms, in which as higher as the number of oxydizable methylenic hydrogen atoms present on the substrate structures and as lower as the BDE values is, higher is the apparent second-order rate constants of the investigated reaction. Although the thermal oxidation is in a lower extension to terpenes compared with that verified for beer bitter acids, prenylflavonoids and thiols, the results of the present study may contribute to better understanding of the mechanism behind the decomposition of terpenes in beer brewing process and aging, which may contribute to the oxidative stability of the herb-flavored beverage.
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    Avenanthramides play a role as phytoalexins in oat. Recently, various bioactivities have been found in avenanthramides as an antioxidant activity, anti-inflammatory, anti-atherogenic and anti-proliferative effect. In this study, the optimal conditions for the extraction of avenanthramides 2c, 2p and 2f from oat grain, cultivar Avenuda, were determined using response surface methodology (RSM). The effects of three independent variables (methanol concentration, extraction temperature and time) on the yield of aventhramides were investigated. A second-order polynomial model adequately fitted the experimental data with the R2 values of 0.959, 0.970 and 0.984 for the response of avenanthramides 2c, 2p and 2f, respectively. The optimization method which combined RSM with desirability function was chosen to find the best extraction conditions. The optimal conditions for the highest yield of avenanthramides were a methanol concentration of 70%, extraction temperature 55 ºC and time 165 min. Under these conditions, the yields of avenanthramides 2c, 2p and 2f were 9.70 ± 0.38 mg kg-1, 10.05 ± 0.44 mg kg-1 and 19.18 ± 0.80 mg kg-1 oat grain, respectively.
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  Introduction

  The study of nutritional and biological activities of phytochemicals in grains has increased during the past decade. Avena sativa L., commonly known as oat, has been grown for more than 4000 years as a food and used in traditional medicine. Oat is now cultivated worldwide and is mainly produced in Russia, Canada, United States and the wetter climates of Northwest Europe. Oat is a very nutritious food, which has been recognized as a nutraceutical and a vitalizer. Nevertheless, it is consumed in much lower quantities worldwide in comparison to wheat and rice. The oat is a rich source of proteins, important minerals, lipids, and vitamins B and E.1 Moreover, it includes many bioactive phytochemicals such as b-glucan (a mixed-linkage polysaccharide, which forms an important component of oat dietary fiber), the indol alkaloid gramine, with weak sedative effects, phenolic compounds and tocols with antioxidant activity. More importantly, more than 25 unique compounds, avenanthramides, exist exclusively in oat. They act as antipathogens (phytoalexins) produced by the plant in response to exposure to pathogenic micro-organisms.2-4

  Avenanthramides are a group of alkaloids that consist of an anthranilic acid derivative linked to a hydroxycinnamic acid derivative by a pseudo peptide bond. They have been classified according to nature of the alkaloid: anthranilic acid (type 1), 5-hydroxyanthranilic acid (type 2) and 5-hydroxy-4-methoxyanthranilic acid (type 3), and that of the linked cinnamic acids: para-coumaric acid (type p), caffeic acid (type c), ferulic acid (type f), sinapic acid (type s). Therefore, avenanthramides could be classified also as polyphenols.5,6 The most abundant avenanthramides in oat are 2c, 2p and 2f, respectively. The avenanthramides exhibit significant biochemical properties, such as antioxidant activity in vitro7-10 and in vivo,11-13 antiproliferative,14-16 anti-atherogenic,17 anti-inflammatory and antipruritic effects.18-20 These low-molecular-weight compounds have been found in various concentrations in oat groats, hulls and leaves.21,22 The total content of avenanthramides in oat grain has been found to be about 2 to 700 mg kg-1, depending on the cultivar and agronomic treatment.23,24 Extraction of avenanthramides from oat was carried out using various solvent compositions such as pure or diluted ethanol and methanol. Extraction procedures were achieved over different times at room temperature or under controlled heating (50 ºC, microwave-assisted extraction).24-28 The quantitative variation of oat avenanthramides in different extraction procedures, such as extraction solvent, extraction temperature and time has not been extensively studied. Therefore, it is vital to develop and optimize extraction methods to provide real composition and optimum levels of avenanthramides in oat grain. The traditional method of optimization is laborious and time consuming. In this method, since one factor at time is taken into consideration, the interactive effect of individual factors is unknown and hence, the chances of obtaining the true optimum conditions are dubious.29 As a consequence, the response surface methodology (RSM), originally described by Box and Wilson,30 is an effective tool for optimizing this process. RSM enables evaluation of the effects of several different process variables and their interactions on response variables. RSM is based on the fit of empirical models to the experimental data obtained in relation to experimental design. Toward this objective, linear or square polynomial functions are employed to describe the system studied and, consequently, to explore experimental conditions for its optimization.31,32 RSM has been successfully used to model and optimize extraction of polyphenols, phenolic compounds and antioxidants from plants, such as wheat and wheat bran, apple, wood apple, dark fresh fig, Mangifera pajang, gardenia and lemon balm.29,33-39

  The object of this study was to evaluate the effect of extraction parameters: solvent composition, extraction temperature and time on the recovery of the dominant avenanthramides 2c, 2p and 2f. In addition, to optimize the extraction conditions for obtaining maximum yield of avenanthramides using RSM, we employed a five-level, three-variable central composite design.

   

  Experimental

  Avena sativa grains samples

  Naked oat, cultivar Avenuda, was cultivated in the experimental area of the Research and Breeding Station at VígľaŠ-PstruŠa (48º32'N, 19º10'E) of the National Agricultural and Food Centre, Research Institute of Plant Production PieŠťany, Slovak Republic. Grains were harvested in August 2012.

  Reagents

  Methanol, ethanol 96%, isopropanol and formic acid were obtained from Mikrochem (Slovak Republic) and were of analytical grade. High-performance liquid chromatography (HPLC) grade acetonitrile was purchased from J. T. Baker (Netherlands). Mobile phase mixture preparations were made using ultrapure water prepared with the Simplicity from Millipore Merck purification system (USA). Avenanthramides A (2p), B (2f), C (2c) were purchased from ReseaChem (Switzerland). In accordance to certificate of analysis from ReseaChem avenanthramides were HPLC grade (99.9%).

  Extraction procedure

  Naked oat, cultivar Avenuda, was milled and passed through a 0.5 mm sieve just before the extraction procedure. Subsequently, ca. 300 mg of oat bran were accurately weighed in a 15 mL tube and 3 mL of corresponding solvent was added. The samples were extracted at selected temperatures and time periods (see Experimental section) on an orbital thermoshaker, in the dark. The samples were then centrifuged at 6500 g for 5 min. The supernatants were kept at –20 ºC until HPLC analysis was carried out. The supernatants were immediately centrifuged repeatedly before analysis and then directly injected without dilution into the HPLC system. Extraction solutions (supernatants) were injected three times.

  Chromatographic analysis

  The determination and quantification of avenanthramides 2c, 2p and 2f were measured using the method proposed by Chu et al.40 with slight modification. HPLC separation, identification and quantification were performed on Waters HPLC system (Waters, USA) equipped with HPLC 1525 binary pump, 2998 photodiode array (PDA) detector, Heather column 1500, software Empower 2 and Waters Symmetry C18 column (75 × 4.6 mm i.d., 3.5 µm). A gradient elution system consisting of solvent A (water with 5% acetonitrile and 0.1% formic acid) and B (acetonitrile with 0.1% formic acid) was used for the analysis. A linear gradient of 13 to 30% solvent B over 20 min at a flow rate of 1.0 mL min-1 was employed. The column temperature was set at 30 ºC and the injection volume was 20 µL. The diode-array detector was performed at 340 nm. The detected peaks were identified by comparing their retention times and ultraviolet (UV) spectra with the standards avenanthramides A (2p), B (2f) and C (2c). The concentrations of avenanthramides were calculated by referring to the calibration curves. The equations of the avenanthramides calibration curves were for 2c: y = 95408x – 7500, R2 = 0.999; for 2p: y = 88248x – 3635, R2 = 0.999; for 2f: y = 92191x – 2256, R2 = 0.999 (y = peak area, x = concentration of standard in mg mL-1, R2 = coefficient of determination for 5 data points in calibration curves).

  Experimental design

  It is necessary to choose an experimental design, to fit an adequate mathematical function, and to evaluate the quality of the fitted model and its accuracy to make previsions in relation to the experimental data obtained. The central composite design is still the symmetrical second order experimental design most utilized for the development of analytical procedures. The central composite design was presented by Box and Wilson.30 This design consists of the following parts: a full factorial or fractional factorial design; an additional design, often a star design in which experimental points are at a distance from its center, and a central point.32 Three factor, five level central composit design in three block was used for experimental design. Independent variables were temperature (30-60 ºC; X1), composition of methanol (70-90% (v/v) methanol in water; X2), and time (80-280 min; X3). The following equation 1 was applied to transform a real value (Xi) into a coded value (xi) according to a determinate experimental design:

  
    [image: Equation 1]

  

  where ΔXi is the distance between the real value in the central point and the real value in the superior or inferior level of a variable, and [image: Caracter 1] is the real value in the central point. The independent variables, their coded and real values are shown in Table 1.

  
    

    [image: Table 1. Independent variables and their coded]

  

  The central composite design (CCD) consists of 17 experimental runs with three replications at the centre point. Table 2 lists the actual experimental parameters corresponding to the designed levels.

  
    

    [image: Table 2. Central composite design]

  

  Each experiment was performed in duplicate. Each HPLC analysis was performed in triplicate. The amount of avenanthramides 2c, 2p and 2f were expressed in mg per kg oat grain. The values in Table 2 are reported an averages, the relative deviations were less than 3%.

  Mathematical model

  In order to determine a critical point (maximum, minimum), it is necessary for the polynomial function to contain quadratic terms. A second-order polynomial equation was used to express the yield of avenanthramid 2c (Y1), avenanthramide 2p (Y2) and avenanthramide 2f (Y3) as a function of the independent variables as follows:

  
    [image: Equation 2]

  

  where Xi and Xj are independent variables responsible for response Yz , k is number of variables and bo , bi , bii , bij represents regression coefficients of variables for intercept, linear, quadratic and interaction terms, respectively.

  Statistical analysis

  The regression coefficients, the optimization of the conditions and statistical processing were determined by Statgraphics Centurion XVI (Statpoint Technologies, USA).

   

  Results and Discussion

  Selection of optimization ranges

  Extraction is the initial and most important method in the recovery and purification of bioactive compounds from plant material. An extraction solvent system is generally selected according to the intention of extraction, polarity of the interested compounds, polarity of the undesirable compounds, as well as the cost and safety. Aqueous alcohols with different water contents have been used to extract phenolic compounds from cereal grains and wheat bran.33,41 Pure methanol,42,43 80% methanol,28 80% ethanol in water23,25-27,40 and 50% ethanol24 were used for the extraction of avenathramides from oat. In this paper, the efficiency of methanol, ethanol and isopropanol on the extraction of avenanthramides from oat was compared. The yield of avenanthramides 2c, 2p and 2f in oat extracted with various solvents are shown in Figure 1.

  
    

    [image: Figure 1. The content of avenanthramides]

  

  Significant differences in aventhramides contents were observed among the various solvent extracts. Methanol extract contained the highest level of avenanthramides, followed by ethanol extract and isopropanol extract. Hence, methanol was used as extraction solvent in the following study. Figure 2 shows the effect of methanol-water mixtures on the content of avenanthramides in oat.

  
    

    [image: Figure 2. Effect of methanol concentration]

  

  When methanol concentration increased from 40% to 80% (v/v), the content of avenanthramides 2c, 2p and 2f in oat extract increased. The use of the pure methanol as the extraction solvent lead to a considerable decrease of avenanthramides in oat extract. A similar result was reported in a recent study.28 Based on the observed results, the methanol concentration range selected was 70-90% (v/v) aqueous solution of methanol.

  Effects of extraction time on the contents of avenanthramides in oat grain are presented in Figure 3. Therefore, it can be considered that the optimal extration time will be between 80-280 min.

  
    

    [image: Figure 3. Effect of extraction time in the recovery]

  

  Temperature plays an important role in the extraction of bioactive compounds from plant materials. According to Figure 4, the most suitable temperature for extraction of avenathramides from oat grain was 60 ºC. An obvious increase of the avenanthramides content was observed throughout the temperature range of 30-60 ºC.

  
    

    [image: Figure 4. Effect of extraction temperature]

  

  Fitting the response surface model

  The more reliable way to evaluate the quality of the model fitted is by the application of analysis of variance (ANOVA). The central idea of ANOVA is to compare the variation due to the treatment (change in the combination of variable levels) with the variation due to random errors inherent to the measurements of the generated responses. From this comparison, it is possible to evaluate the significance of the regression used to foresee responses considering the sources of experimental variance.32

  Data were analyzed by multiple regressions through the least-square method. The mathematical analyses of the data were conducted using Statgraphics Centurion XVI. The test of statistical significance was based on the total error criteria with a confidence level of 95.0%. Tables 3-5 summarize the regression coefficients of the models and results of variance analysis (ANOVA).
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  The significant contribution of each coefficient was determined by p-value of F-test (p < 0.05). In general, it can be considered that higher Fisher's F-test values and lower p-values indicate the relative significance of each term. The quality of the fit of the polynomial models equations were expressed by the coefficients of determination (R2) . The coefficients of determination were 0.959, 0.970 and 0.984 for the response of avenanthramides 2c, 2p and 2f, respectively. The adjusted coefficients of determination (adjusted R2), which is more suitable for comparing models with different numbers of independent variables, were 0.869, 0.904 and 0.949 for the response of avenanthramides 2c, 2p and 2f, respectively. These results indicate that models have adequately represented the real relationship among the parameters chosen.

  Analysis of the response surface models

  From Table 5, equation 3 shows the relationship between yield of avenathramide 2c (Y1) and significant extraction parameters.

  
    [image: Equation 3]

  

  An advantageous way of demonstrating the effect of different variables on the response function was to generate surface response plots, which was carried out by varying two variables while the third is kept constant. Figure 5 is a 3D response surface plot showing the effect of methanol concentration and time (Figure 5a) and the effect of temperature and methanol concentration (Figure 5b) on extraction of avenanthramide 2c.

  
    

    [image: Figure 5. Response surface]

  

  An increase in avenanthramide 2c content was noted with increased concentration of methanol and maximum yield was obtained with methanol 75-85%, and subsequently it decreased at higher methanol concentration of 85-100% (Figure 5a). In consequence, the methanol concentration had positive linear effect (p < 0.001) and negative quadratic effect (p < 0.01) on the amount of avenanthramide 2c. The avenanthramide 2c content increased with the increase in temperature up to 50-75 ºC (Figure 5b) and then slowly decreased. The avenanthramide 2c content slowly increased with time up to 150-300 min and then slowly decreased (Figure 5a). Thus, positive linear effects of temperature (p < 0.01) and time (p < 0.05) were observed. The second-order quadratic effects of time, temperature and all the interactions were not significant.

  In the case avenathramide 2p, equation 4 shows the relationship between yield of avenathramide 2p (Y2) and significant extraction parameters (Table 4).

  
    [image: Equation 4]

  

  The effects of methanol concentration and time and the effect of temperature and methanol concentration on extraction of avenanthramide 2p are shown in Figure 6.

  
    

    [image: Figure 6. Response surface plot]

  

  The maximum yield of avenanthramide 2p was obtained with methanol concentration of 60-90%, but it decreased at methanol concentration over 90% (Figure 6a). Hence, the methanol concentration had positive linear effect (p < 0.001) and negative quadratic effect (p < 0.05) on the yield of avenanthramide 2p. The maximum yield was also obtained at temperature 40-80 ºC (Figure 6b). There was a positive linear effect (p < 0.001) observed. For a long extraction time, the negative quadratic effect was also significant (p < 0.01). The second-order quadratic effects of temperature and all the interactions were not significant.

  For extraction of avenathramide 2f equation 5 and Figure 7 show the relationship between yield of avenathramide 2f (Y2) and significant extraction parameters (Table 5).

  
    [image: Equation 5]
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  The maximum yield of avenanthramide 2f was found at a methanol concentration of 70-85%, but it decreased at a concentration over 85% (Figure 7a). There were both positive linear effect (p < 0.001) and negative quadratic effect (p < 0.01) detected. Similarly, maximum yield was obtained at 55-75 ºC (Figure 6b). For a long extraction time (p < 0.01) and higher temperature (p < 0.05), the negative quadratic effects were also significant. All interactions were not significant.

  Our results show that extraction of avenanthramides 2c, 2p and 2f was strongly influenced by varying percentage of methanol, then by higher temperature. According to some authors, the extraction time has less effect than the extraction solvent and temperature.29,44 The extraction of phenolic compounds, including avenanthramides, depends predominantly on the polarity of the solvents employed and the compounds to be extracted, hence a combination of alcohol with water is more effective than the pure alcohol.35

  At higher temperature, the solubility of phenolic compounds in cereal grain could be enhanced and, the viscosity of cereal extracts decreased, accelerating the whole extraction process.33 Moreover, the dielectric constant of water decreases at higher temperature, resulting in a better extraction of phenolic compounds.35

  Optimization of extraction parameters

  The numerical optimization of extraction parameters was carried out using Statgraphics Centurion XVI software. Our target was to obtain from the oat grain the highest yield of avenanthramides 2c, 2p and 2f, respectively. The maximal yield of avenanthramide 2c predicted by RSM was 9.904 mg kg-1 oat grain under the following extraction condition: extraction temperature of 58.6 ºC, methanol concentration of 73.2% and time 208 min. The following optimal extraction parameters of avenanthramide 2p were predicted: the extraction temperature of 70.1 ºC, methanol concentration of 66.1% and time 268 min. The maximal yield of avenanthramide 2p was 10.728 mg kg-1 oat grain. Optimal conditions for avenanthramide 2f determined by RSM were at extraction temperature of 61.1 ºC, methanol concentration of 70.5% and time of 240 min with a maximal yield of avenanthramide 2f of 19.875 mg kg-1 oat grain.

  It is relatively simple to find the optimal conditions for a single response using surface response designs. However, we were interested in optimizing several responses simultaneously. The extraction condition would be considered optimum if the yields of the avenanthramides all reached maximum values. The Derringer function or desirability function is the most important and most currently used multicriteria methodology in the optimization of analytical procedures. This methodology is initially based on constructing a desirability function for each individual response. In summary, the measured properties related to each response are transformed into a dimensionless individual desirability scale. The scale of the individual desirability function ranges between d = 0, for a completely undesirable response, and d = 1, for a fully desired response, above which further improvements would have no importance. With the individual desirabilities, it is then possible to obtain the overall desirability. The application of desirability functions in analytical chemistry brings advantages as efficiency, economy, and objectivity in the optimization of multiple response procedures.32 Multiple response optimization using desirability functions were used to optimize the extraction of crocin and geniposide from gardenia,34 to optimize the extraction of phenolic and antioxidant capacity from apple35 and dark fresh fig.39

  In our case, the optimal conditions were determined by maximizing desirability using Statgraphics Centurion XVI prediction profiler. The most desirable results were obtained at 60 ºC, time 280 min and a methanol concentration of 70% (Table 2, number 6). Figure 8 shows the surface plot of optimizing three responses at 60 ºC.

  
    

    [image: Figure 8. Surface plot of optimization]

  

  Another method is to use visual inspection. If the amount of significant factors allows the graphical visualization of adjusted models, the surfaces can be overlapped to enable finding the experimental region that can satisfy all the responses studied.32 This resulted in an optimum zone, in which every point would represent a combination of extraction parameters that would give the optimum yield for three dependent variables. For practical (cost-saving) consideration, the point representing the lowest possible combination of the time and methanol concentration within the optimum zone would be preferred to other combinations.34,45 For this reason, the point at 165 min (Figure 9a) was chosen as the fixed value to generate the contour plot for temperature and methanol concentration (Figure 9b). This generated another optimum zone.

  
    

    [image: Figure 9. Superimposed contour]

  

  According to that, the point at 55 ºC, 70% methanol and 165 min was indicated as the optimum condition for avenanthramides extraction. At this condition, yields of avenanthramides 2c, 2p and 2f were predicted by RSM models to be 9.70 mg kg-1, 9.90 mg kg-1 and 19.20 mg kg-1 oat grain, respectively. The suitability of the model equations for predicting the optimum response values were verified using comparing the predicted and the experimental values for the responses (Table 6).

  
    

    [image: Table 6. The comparison of predicted values]

  

  Predicted values for extraction of avenanthramides were comparable with experimentally measured values at the level of the statistical significance (p < 0.05). Achieved results confirm the possibility to predict the course of the extraction of avenanthramides from oat grain by the model under particular experimental conditions.

   

  Conclusions

  The response surface methodology was successfully employed to describe and predict the extraction process of avenanthramides from oat grain. The second-order polynomial model gave a satisfactory description of the experimental data. Moreover, the optimal extraction conditions were well predicted by graphical optimization which combined RSM with desirability function. The optimal conditions for the highest yield of avenanthramides were a methanol concentration of 70%, extraction temperature 55 ºC and time 165 min. The experimental values agreed fully with the predicted ones.
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    In this work, a bulky Fe0/carbon matrix obtained by a low cost and simple reduction/carbonization of Fe3+ salt with sucrose was treated with CO2 to selectively oxidize the amorphous carbon to release the graphite like carbon coated magnetic Fe0 particles. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), Raman, X-ray diffraction (XRD), BET, thermogravimetric analysis (TG) (in CO2) and particle size analyses showed that the treatment with CO2 of the Fe/carbon bulky composite led to the selective oxidation of the more amorphous carbon with the formation of 125-132 nm Fe@C nanoparticles with surface areas of 217 m2 g–1.
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  Introduction

  Magnetic nanoparticles have been extensively investigated in the last years for different applications such as catalyst support,1-3 emulsion formation,4 catalysts in biodiesel production,5,6 photocatalysts7,8 and waste water treatment.9

  Magnetic particles can be composed of a magnetic nuclei coated with a protective layer of different materials to improve their stability and to introduce new surface properties and functionalities.10 One of the most promising coatings is carbon due to its chemical stability, biocompatibility, possibility of surface modification and pore creation. Carbon coated magnetic nanoparticles can be produced by different methods such as arc discharge plasma,11-13 pyrolysis of metallic complexes,14 explosive reactions,15 and continuous methods such as flame spray synthesis16 and thermal plasma jet.17 All the processes described above are relatively complex, expensive and demand special precursors. Different carbon coated magnetic nanoparticles have been also produced by chemical vapor deposition (CVD).3,11,18 However, in general, these CVD procedures demand complex preparation of special nanostructured precursors.19

  In this work, a versatile process to produce carbon coated magnetic nanoparticles based on the use of sucrose, iron salt and CO2 is described. In this process, an aqueous solution of Fe3+ with sucrose is dried (equation 1) and thermally decomposed to form a solid amorphous carbon matrix containing Fe nuclei coated with a more organized graphitic carbon layer (equation 2). Sucrose can disperse Fe3+ very well and, by a simple thermal treatment, decomposes to form a carbon matrix which will reduce iron to form magnetic composite based on Fe0, as described in previous work.20 The Fe nanoparticles are coated with a more organized graphitic carbon layer whereas the rest of the matrix is composed mainly of amorphous carbon.21 The isolation of these carbon coated Fe nanoparticles from the matrix was carried out by a simple selective oxidation of the amorphous carbon with CO2 (equation 3). Figure 1 shows schematically this process. Carbon dioxide is a well-known selective oxidant of more defective carbon and it has been used to open carbon nanotubes22 and to physically activate different types of coals.23-25

  
    [image: Equations 1 until 3]

  

  
    

    [image: Figure 1. Schematic preparation]

  

   

  Experimental

  Materials preparation

  The magnetic material was obtained from a mixture of sucrose containing 8 wt.% of dispersed Fe3+ named as 8Fe. Initially, a Fe(NO3)3.9H2O solution containing 8 wt.% in iron was prepared at pH ca. 1. In a second step, the solution was heated and commercial sucrose was added slowly. The solution was evaporated to form a dark paste. This mixture was treated at 400, 600 and 800 ºC under N2 flow in a horizontal furnace (BLUE M. Lindberg) for 1 h. After this thermal treatment, the solid was extensively washed with water to eliminate organic contaminants and soluble Fe species. The preparation of these base bulky materials has been previously described.20 The material containing 8 wt.% of iron and treated at 800 ºC, named 8Fe800, was selectively oxidized in CO2 atmosphere.

  The selective oxidation with CO2 was performed in a horizontal furnace (BLUE M.Lindberg) under a CO2 flow of 50 mL min–1 and 250 mg of material heated at 10 ºC min–1 up to 700 ºC. The temperature was maintained at 700 ºC to produce different burn-offs (carbon oxidation) of ca. 20, 40 and 50 wt.%.

  Materials characterization

  Transmission electron microscopy (TEM) analysis was done using a Tecnai G2-20 FEI equipment. TG analyses were carried out in a Shimadzu TGA-60, with a constant heating rate of 10 ºC min–1 under a dynamic CO2 flow (50 mL min–1). Scanning electron microscopy (SEM) analysis was done using Quanta 200 ESEM FEG equipment. Raman spectra were obtained in a Senterra Bruker equipment, with excitation wavelength of 633 nm, a laser spot size of 20 µm with confocal imaging microscope, power of 2 mW and 30 scans with 2 seconds each at 10 different spots. The profile of light retention was recorded in a Shimadzu UV 2550 equipment, interfaced with a computer. The particle size tests were performed in a Zetasizer equipment using acetone as a dispersant in a glass container in 4 replicates for estimate the average size. The surface area was determined by nitrogen adsorption using the BET method with a 22 cycles of N2 adsorption/desorption in an Autosorb 1 Quantachrome instrument. Magnetization measurements were carried out in a portable magnetometer with a fixed magnetic field of 0.3 T. Hysteresis loops were obtained at room temperature in a vibrating sample magnetometer (VSM) LakeShore 7404V.

   

  Results and Discussion

  The preparation of the Fe/C bulky composite from a Fe3+ salt and sucrose by a simple process has been described in a previous work.20 Detailed analyses of one of the obtained composites (8Fe800: 8wt.% Fe treated at 800 ºC) by TEM (Figure 2) showed the presence of a matrix composed of a more amorphous carbon with Fe particles (based on ca. 25% Fe0 and ca. 54% Fe3C).20 The formation of a layer of more organized graphitic carbon coating is likely induced by the Fe surface or due to the heating on the particle surface during the reduction of the oxide. In order to produce free and isolated carbon coated Fe magnetic particles it is necessary to eliminate the amorphous carbon matrix.
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  As the amorphous carbon is much more reactive compared to more organized graphitic carbon,26 it was investigated its selective oxidation using CO2 (equation 4):

  
    [image: Equation 4]

  

  In order to determine the temperature for selective oxidation, TG analysis in CO2 has been carried out (Figure 3).

  
    

    [image: Figure 3. TG and DTG curves]

  

  The TG curve for the sample 8Fe800 showed a continuous oxidation starting at 650 ºC with three different processes as observed by derivative thermogravimetric analysis (DTG), i.e., two processes in the range 650-750 ºC likely due to the oxidation of amorphous carbon and 750-900 ºC due to the oxidation of more organized carbon. Based on these results, the composite 8Fe800 was treated with CO2 at 700 ºC for different times in order to remove the amorphous carbon and release the magnetic particles. The CO2 reaction at 700 ºC for 90, 150 and 200 min produced B.O. (burn-off, amount of carbon oxidized) of ca. 20, 40 and 50 wt.%.

  SEM images (Figure 4) showed that the bulky particles are gradually oxidized converting bulky flat surface particles into agglomerates of well defined small particles after oxidation.

  
    

    [image: Figure 4. SEM images obtained of the sample]

  

  Raman spectra of the samples 8Fe800 after selective oxidation with CO2 are shown in Figure 5. Raman spectrum of the sample 8Fe800 before oxidation is shown in the Supplementary Information (SI) section for comparison.

  
    

    [image: Figure 5. Raman spectra of the sample]

  

  It can be observed that the IG/ID of 0.66 after 20% B.O. increased after B.O. 40 and 50%, likely related to the consumption of the more amorphous defective carbon.

  In order to separate different size fractions, the obtained particles of the sample 8Fe800 after 50% burn-off was dispersed in water. Figure 6 shows the suspension behavior by simple light scattering measurements at three different wavelengths (450, 600 and 750 cm–1). It can be observed that immediately after dispersion, the light scattering is defined 100% due to the particles in suspension.

  
    

    [image: Figure 6. Profile of light retention]

  

  After 30 min, the larger particles settled down, which can be clearly visualized. Separation, drying and weighting of the particles collected from the bottom of the UV-Vis cell suggested that approximately 20-30 wt.% of the particles settled in this initial period. The rest of the particles remained suspended in water with relative stability. Particle size estimation in a Zetasizer equipment suggested that after 15 min, the material obtained with burn-offs of 20, 40 and 50% showed average particle sizes of 132, 128 and 125 nm, respectively (Table 1). If a magnet was placed near to the test tube with the suspension, all the particles were attracted and removed from the aqueous media showing that all the particles are magnetic.

  
    

    [image: Table 1. Carbon content, particles]

  

  BET N2 adsorption measurements showed that the composite precursor 8Fe800 (before CO2 treatment) showed surface area of 138 m2 g–1. On the other hand, the treatment of the 8Fe800 with CO2 produced an increase of the surface area to 217 m2 g–1 after selective oxidation of 50 wt.% with CO2.

  The suspended particles of the material 8Fe800 after 50% burn-off were analyzed by TEM (Figure 7). It can be observed the presence of isolated nanoparticles with sizes smaller than 50 nm. These nanoparticles are encapsulated by a carbon layer, which suggests that selective oxidation leads to removal of a more reactive carbon (amorphous carbon), remaining a more organized carbon as graphite, which encapsulates the nanoparticles forming a protective layer.
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  Conclusions

  A Fe/C bulky composite produced from Fe3+ and sucrose by a simple process can be treated with CO2 at 700 ºC for the selective oxidation of the more amorphous carbon to produce carbon coated magnetic Fe nanoparticles. The obtained material shows increased surface area (217 m2 g–1) and is composed of particles with average size of ca. 130 nm formed by a Fe metal core coated with a more organized graphitic like carbon. This synthetic route is relatively simple and produces air/water stable versatile materials opening new and exciting application in catalysis and adsorption science. Preliminary results showed that Pd supported in these 8Fe800 materials produced excellent hydrogenation catalysts which can be easily recovered and reused for at least five times.

   

  Supplementary Information

  Supplementary information (Figures S1 and S2) is available free of charge at http://jbcs.org.br as PDF file.
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    A spectrophotometric method for the determination of AlIII in hemodialysis water employing alizarin red S complexing agent in the presence of polyvinylpyrrolidone 40 surfactant is described. The complex, formed in pH 4.5 buffered media, is detected at 510 nm. Optimal concentrations of all reagents were investigated as well as the appropriate detection wavelength. A linear analytical curve in the range of 5.0-320 µg L-1 was obtained, providing a limit of detection (3s, n = 7) of 2 µg L-1 and quantification limit of 5 µg L-1. Results were compared with those generated using inductively coupled plasma mass spectrometry (ICP-MS) as an independent technique and method validation was also demonstrated by analysis of AccuStandard certified reference material QCS-02-R1-5, appropriately diluted to 10 µg L-1. Equivalent results (t-test at a 95% confidence level) with a relative standard deviation of 4% were obtained. Real samples, spiked at a level of 10 µg L-1 to conforme to Brazilian legislated limits, showed recoveries between 90-110%. The procedure is simple and fit-for-purpose with sufficient detection power to screen for Al at trace levels in hemodialysis water without pre-concentration of the samples.

    Keywords: aluminium, alizarin red S, polyvinylpyrrolidone (PVP40), hemodyalisis water, spectrophotometry

  

   

   

  Introduction

  Patients undergoing hemodialysis treatment are exposed to water volumes ranging from 18,000 to 36,000 liters per year. If not properly pre-treated, the presence of various chemical, bacteriological and toxic species may contaminate patients, leading to adverse effects and even death.1 A classic example of this situation is presented by aluminum, typically present at a concentration ca. 7 µg L-1 in blood.2 Having no known biochemical function, toxicity is manifested especially in people with chronic renal failure. Once administered directly into the bloodstream, it can accumulate in the bones and brain, causing diseases such as renal osteodystrophy and dialysis encephalopathy.1-4 For this reason, water quality standards required for the preparation of dialysis solutions are different from those applied to water intended for human consumption. In the case of Al, Brazilian legislation specifies the tolerable limit to be 10 µg L-1 in water for hemodialysis (according to RDC No. 11/2014), and 200 µg L-1 in drinking water (Portaria 2914/2011).5,6 Considering the low concentration set by regulatory organizations, it is necessary to apply analytical methodologies capable of detecting this analyte while at the same time demonstrating rigorous control over possible sources of external contamination. Inductively coupled plasma mass spectrometry (ICP-MS), graphite furnace atomic absorption spectrometry (GF AAS), stripping voltammetry and polarography have been used for the determination of trace concentrations of aluminium in water, dialysis fluids and the serum of patients undergoing hemodialysis because of their accuracy and sufficient detection power to preclude the need for sample pre-concentration.7-13 Moreover, the less sensitive techniques, such as flame atomic absorption spectrometry (FAAS), inductively coupled plasma optical emission spectrometry (ICP OES) and visible spectrophotometry, require pre-concentration for determination of aluminium at such trace and ultra-trace levels.13-16 Without pre-concentration, most recently, Elečková et al.17 utilized a sequential injection technique based on complexation with "cinnamoyl" derivative 3-[4-(dimethylamino)cinnamoyl]-4-hydroxy-6-methyl-3,4-2H-pyran-2-one to determine Al3+ directly in water with a detection limit of 4.0 µg L-1.17 Typically, direct spectrophotometric determination of aluminum is possible but requires addition of surface-active agents that serve to increase sensitivity and selectivity. Shokrollahi et al.18 and more recently Khanhuathon et al.19 used the cationic surfactant N, N-dodecyltrimethylammonium bromide (DTAB) with eriochrome cyanine R ligand for the successful determination of Al3+ in wastewater and tapwater to yield a limit of detection of 0.14 µg L-1 and in bottled drinking water and beverages with a limit of detection (LOD) of 2.0 µg L-1, respectively.18,19 Studies of the influence of polyvinylpyrrolidone (PVP) on the formation of a sensitive aluminium-alizarin red S chromophore were first reported by Parker et al.20 and Hernández-Méndez et al.21 Cetyltrimethylammonium bromide (CTAB) and alkylbenzyldimethyl choride (ABDAC) were also investigated, but with inferior results.21 However, CTAB was successfully utilized by Rodrigues et al.22 in a flow injection spectrophotometric system for the determination of Al in hemodialysis solutions. Hernández-Méndez et al.21 reported a detection limit of 810 µg L-1 Al3+. Based on their initial studies,21 this work was undertaken to develop and validate a fit-for-purpose spectrophotometric method for the direct determination of aluminum in hemodialysis water that would be suitable for routine application as a consequence of detection power, simplicity and low cost. To the best of our knowledge, this methodology has not been earlier applied for the analysis of hemodialysis water.

   

  Experimental

  Instrumentation

  All spectrophotometric measurements were made using a Thermo Spectronic model Aquamate (New York, USA) spectrophotometer fitted with a standard 10 mm path length quartz cell. A Varian (Melborurne, Australia) model 820-MS inductively coupled plasma mass spectrometer (ICP-MS) was used for comparison of results. Experimental conditions are summarized in Table 1; Ar of 99.99995% purity (White Martins, São Paulo, Brazil) was used for plasma operation. A Thermo Orion 710A potentiometer was used for pH measurements of sample solutions. A model USC 1800A (40 kHz) ultrasonic bath (Unique, São Paulo, Brazil) was used to aid in the dissolution of PVPs.

  
    

    [image: Table 1. ICP-MS operating parameters]

  

  Reagents and materials

  All chemicals were of analytical grade, unless otherwise specified. High purity water (resistivity of 18.2 MW cm) was deionized in a Milli-Q system (Bedford, MA, USA). The following reagents were prepared or used: solutions of 0.01 mol L-1 H2SO4 and NaOH (Merck regents, Darmstadt, Germany, No. 1.00731.1000 and 1.06498.1000, respectively); a buffer solution (pH 4.5) comprising a mixture of CH3COONa (Sigma-Aldrich Co., St Louis, USA) and CH3COOH (Panreac, Barcelona, Spain); a standard solution containing 1000 µg mL-1 Al3+ (AccuStandard, New Haven, USA); a 0.15% m/v (4.383 mmol L-1) solution of alizarin red S (Sharlau, Barcelona, Spain, No. RO0070); sodium dodecylbenzenesulfonate (Sigma-Aldrich Co., No. 289957), polyvinylpyrrolidone (PVP40 and PVP360, Sigma-Aldrich Co.); L-ascorbic acid (Sigma-Aldrich Co., A92902) and L-histidine, HCl (Sigma-Aldrich Co., H8125). A quality control reference material containing 100 µg mL-1 Al3+ (QCS-02-R1-5) was obtained from AccuStandard. A suite of real hemodialysis water samples, obtained from a medical center in Curitiba, Paraná State, were subjected to analysis using the optimized methodology.

  Procedure

  From a solution of 10% m/v of PVP40 (previously dissolved with the aid of sonication in high purity water), 2.5 mL were transferred to a 25 mL volumetric flask, followed by the addition of 10 mL CH3COONa/CH3COOH buffer, 2 mL alizarin red S 0.15% m/v solution (350 mmol L-1 at final concentration in 25 mL) and 10 mL of the sample. The volume was made up with high purity water and the flask was capped. After a 15 min color development time at room temperature, the determination of aluminium was performed against calibration solutions covering the range 5-320 µg L-1. These were prepared from the 1000 µg mL-1 stock solutions of Al3+ by dilution with water and subjected to a treatment identical to that described for the sample.

   

  Results and Discussion

  Selection of absorption wavelength and surfactant

  Based on the initial conditions reported by Hernandez-Mendez et al.,21 dodecylbenzenesulfonate, PVP40 and PVP360 surfactants were added at final concentrations of 0.8% m/v to investigate their effects on the development of absorption in the range 400-700 nm by the Al-alizarin red S complex (350 mmol L-1). As a CH3COONa/CH3COOH 
    buffer at pH ca. 4.5 was found optimal in their procedure, no further study of the influence of pH was undertaken in this work as the system was observed to be stable and sensitive under such conditions.21 As evident from Figure 1, the Al-alizarin red S complex displays maximum sensitivity at 485 nm but, as reported earlier,21 a bathochromic shift occurs in the presence of PVP40 and 360 to yield maximum absorbance at 510 nm as well as enhanced sensitivity. As results were similar for both PVP surfactants, PVP40 was selected for further experiments as it was easier to solubilize than PVP360. The Al-alizarin red S-dodecylbenzenesulfonate system did not show any significant change, having characteristics similar to the simple Al-alizarin red S complex.

  
    

    [image: Figure 1. Absorption spectra]

  

  Effect of PVP40 concentration on response

  Figure 2 shows the effect of PVP40 concentration in the range 0.05 to 10% m/v on absorbance by the Al-alizarin red S-PVP40 complex at 510 nm. Although differences were not significant beyond 1% m/v, and despite the optimal being 5%, a concentration of 1% m/v was defined as the most appropriate for practical purposes based on the difficulty of solubilization of the PVP and considering the impact of increased reagent consumption.
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  Effect of concentration of alizarin red S

  Figure 3 shows the impact of concentration of alizarin red S over the range 25-400 mmoL L-1 on absorbance by the Al-alizarin red S-PVP40 system (100 µg L-1 Al3+). A concentration of ca. 350 mmol L-1 was adopted as optimal.
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  Effect of time on the development of the Al-alizarin red S-PVP 40 system

  Figure 4 shows the impact of time, at laboratory temperature (ca. 25 ºC), on the development of the Al-chromophore both with and without the addition of PVP40 surfactant. Although a steady-state response is achieved after about 3 min in the absence of the surfactant, a minimum of 8 min is required when PVP40 is present, suggesting an added time for assembly of the surface active species incorporating the metal-ligand system, permitting a concurrent enhancement in sensitivity. A color development time of 15 min was adopted to ensure sufficient time stability.
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  Effect of potential interferences

  The effect of typical concomitant ions present in hemodialysis water, such as Ca2+, Cu2+, Fe3+, Mg2+, Mn2+, K+, and Zn+, was investigated under optimum analytical conditions. Test samples containing 100 µg L-1 of Al3+ were spiked at concentrations up to 1000 µg L-1 with individual interfering elements. No interference from Ca2+, Mg2+, Mn2+, K+ or Zn+ was evident, but Cu2+ and Fe3+ present at levels of 200 µg L-1 and 80 µg L-1, respectively, generated positive bias errors greater than 5% relative to the absorbance of the unadulterated clean Al3+ solutions. Although the presence of these elements at such levels in hemodyalisis water is rare, their effects can be successfully eliminated by the addition of 0.05 mol L-1 ascorbic acid for Fe3+ and 0.01 mol L-1 L-histidine for Cu2+.18 Such observations are illustrated in Figure 5, which visually shows the effect of the presence of these interferences and the impact of added ascorbic acid and L-histidine on the elimination of their influence.
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  Figures of merit

  Analytical curves prepared from Al3+ standard solutions spanning the concentration range 5.0-320 µg L-1 were generated using the selected conditions. The linear correlation coefficient was 0.9994 with an estimated limit of detection (LOD, 3s, n = 7) of 2 µg L-1 and limit of quantification (LOQ) 5 µg L-1. This LOQ is fit-for-purpose for the analysis of Al in hemodialysis water or flagging of outliers as maximum content is specified as 10 µg L-1.5 This methodology provides an alternative approach to that developed by both Rodrigues et al.22 and Shokrollahi et al.,18 and more recently by Elečková et al.17 and Khanhuathon et al.,19 having sufficient detection power to achieve the direct determination of aluminum using simple standard spectrophotometric equipment. Measurements of ten replicate solutions of the QCS-02-R1-5 quality control certified reference material standard (AccuStandard) appropriately diluted to 10 µg L-1 were performed using the proposed methodology and results compared to those obtained using ICP-MS. In accordance with a t-test at a level of 95% confidence, equivalent results were obtained. The relative standard deviation was 4% (n = 10).23 This procedure was also applied to the determination of Al in six real samples obtained from a hemodialysis center in Curitiba, Paraná State. Results are summarized in Table 2. In all cases, concentrations were below the estimated LOQ and hence in conformance with Brazilian legislated limits. Spikes, added to these samples at the mandated maximum allowable concentration (10 µg L-1), exhibited recoveries of 90-110% with all results in accordance with those obtained using an independent ICP-MS technique.
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  Conclusions

  In the presence of PVP40 surfactant, the Al-alizarin red S chromophore exhibited an improvement in sensitivity for determination of Al in hemodialysis water. The proposed method is very simple and of low cost, yielding good precision and accuracy and is thus a simple alternative for quality control determinations of Al in hemodialysis water, having low reagent and sample consumption and ease of implementation in hemodialysis centers. The methodology is readily amenable to use of automated flow injection techniques to yield high throughput determinations. This simple procedure has been adopted by TECPAR's routine application laboratory as an alternative to ICP-MS methodology.
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Figure $50. Mass spectra of 5-neo-cedranol.
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Figure S47. Mass spectra of B-cedren-9-one..
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Figure S48. Mass spectra of a-cadinol.
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Figure S51. Mass spectra of a-bisabolol.
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Figure S52. Mass spectra of guaiol acetate.
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Figure S25. Mass spectra of phenylethyl alcohol.
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Figure $26. Mass spectra of 2-buthyloctan-1-ol.
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Figure S31. Mass spectra of f-clemene.





OPS/images/a05img36.png
s
o

%

bbb
% 0 10 0 oL

i

1%

Figure $32. Mass spectra of aristolene.
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Figure $29. Mass spectra of undecan-2-one.
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Figure $30. Mass spectra of a-copacne.
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Figure S33. Mass spectra of calarene.
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Figure S34. Mass spectra of eremophylenc.
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Figure S35. Mass spectra of 8-amorphene.
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Figure $39. Mass spectra of a-selinene.
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Figure $36. Mass spectra of germacrene D.
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Figure S37. Mass spectra of aristolochene.
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Figure S42. Mass spectra of zonarene.
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Figure S43. Mass spectra of trans-cadina-1(2)-4-diene.
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Figure S40. Mass spectra of v-cadinene.
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Figure S41. Mass spectra of 8-cadinene.
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Figure S8. "C NMR spectrum (100 MHz, CDCL) of compound 4d.
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Figure S34.°C ('H) NMR spectrum (100,61 MHz, DMSO-d,) of 2-(5trifluoromethyl-3-phenyl-1H-pyrazol-1-31)-5-G-tiluoromethyl-4.S-ihydro-5-
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Figure $35. "F NMR spectrum (564.68 MHz, DMSO-A,) of 2(5-tifluoromethyl3-phenyl- 1 - pyrazol-1-y1)-5(5-trfluoromethyl 4 5-dihydro-5-hydroxy-
3_(4-methoxypheny!)-1H-pyrazol-1-yl-1-carbonylpyridine (96).
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Figure 6. Emission spectrum of cis-[Ru(Me-phen)debH)(NCS)] in
acetonitrile at T = 203 K (A_ = 500 nm: v = 30 am min-").
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Figure S7. 'H NMR spectrum (400 MHz, CDCL) of compound 4d.
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Figure S32. °C ('H) NMR spectrum (100,61 MHz, DMSO-d,) of 2-G-trifloromethyl-3-phenyl- H-pyrazol-1-y1)-5-G-tsiluoromethyl-4.S-ihydro-5-
hydroxy-3-(4-methylpheny - 1H-pyrazol-1-y1-1-carbony Dpyridine (9

Figure S33. 'H NMR spectrum (400.13 MHz, DMSO-dj)of 2-(5-trifluoromethyl-3-phenyl-1H-pyrazol.-1-yl)-5-(5-tifluoromethyl 4 5_dihydro-5-hydroxy-
3_(4-methoxyphenyl)-1H-pyrazol-1-yl-1-carbonylpyridine (96).
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Figure 8. Photocurrent action spectra of cis-[Ru(Me,-phen)(dcbH.)
(NCS),] (®), cis-[Ru(Me,-phen) (debH,)(NCS).] (2) and cis-
[Ru(dcbH).(NCS).F* (A).
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Figure S11. "H NMR spectrum (400 MHz, CDCL) of compound 4.






OPS/images/a23img37.png
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Figure $39. 'H NMR spectrum (400.13 Mz, DMSO-,) of 2-3-(fur-2-yl)-S-triflvoromethyl- 1H-pyrazol-1-y1)-5-(S-trichloromethyl-4,5dihydro-S-
hydroxy-3-phenyl-1H-pyrazol-1-yl-1 -carbonylpyridine (10h).
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Figure 7. Absorption spectra of TiO, films being sensitized by cis-[Ru(Me,-phen)(debH,)(NCS)] (a): orcis-[Ru(Me-phen)(dcbH,JNCS).] (b). (lnsets:
absorption changes as a function of time).
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Figure $9. 'H NMR spectrum (400 MHz, CDCL) of compound de.
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Figare $36. H NMR specirum (400.13 Mz, DMSO-4)of 2(S-ifucromethyl-3-pheayl- 1H-pyrazol-L-y)--(3-fur-2-y1)-S-ifluoromethyl-4 5-divydro-
S-hydroxy-1H-pycazolLyl-carbonylpyrdine ().

Figure $37. "C (') NMR spectrum (100.61 MHz, DMSO-2,) of 2(S-riflvoromethyl3-phenyl- 1 H-pyrazol-1-y1)-5-(3-fur-2-yD-S-trfluoromethyl 4 5-
dihydro-5-hydroxy- 1 H-pyrazol- 1-yl-1carbonyDpyridine (9g).
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Figure S5. Chromatogram of GC analysis of VOCs from Lasiodiplodia citricola (strain 258).
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Figure S3. 'H NMR spectrum (400 MHz, CDCL) of compound 4b.
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Figure S26.°C ('H) NMR spectrum (100,61 MHz, DMSO-d,) of 2-(5-trifluoromethyl-3-pheny!-1H-pyrazol-1-31)-5-G-tsiluoromethyl-4.S-dihydro-5-
hydroxy--methyl-1H-pyrazol1-y1|carbony Dpyridine (9c).
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Figure $27. "F NMR spectrum (564,68 MHz, DMSO-&,) of 2(5-tifluoromethyl3-phenyl- 1 H-pyrazol-1-yD)-5(5-trifluoromethy1 4 5-dihydro-5-hydroxy-
3_methyl- 1 H-pyrazol-1-yl-1 carbonyDpyridine (9¢).
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Figure S6. Chromatogram from GC analysis of the culture medium (BD).
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Figure $24. " NMR spectrum (564,68 MHz, DMSO-d,) of 2-(5-tifluoromethyl-3phenyl- 1H-pyrazol-1-y1)-5-(5-trchloromethyl-4 5diydro-S-hydroxy.-
3-phenyl- H-pyrazol- Lyl 1-carbony pyridine (84).

Figure $25."H NMR spectrum (400.13 MHz, DMSO-d.) of -(5-rifluoromethyl-3-phenyl-| H-pyrazol-1-y1-5-(5-tifluoromethy145-dihydro-5-hydroxy-
3_methyl-1 H-pyrazol-1-yl-1-carbonylpyridine (9¢).
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Figure 5. Electronic spectrum of cis-[Ru(Me, phen)(dcbH,JNCS), in

acetoniteile.
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Figure S6. "C NMR spectrum (100 MHz, CDCL) of compound dc.
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Figare S30. "% NMR spectrum (564.68 MHz, DMSO-t)of 2-(5-trflsoromethyl-pheyl- 1 -pyrazol|y1)-5(5-tiflvoromethyl-4 -dibydro-S-hydrony-
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Figure S31."H NMR spectrum (400.13 MHz, DMSO-d)of 2-(5-trifluoromethyl-3-phenyl- 1 H-pyrazol-1-yl)-5-(5-trifluoromethyl4 5-dihydro-5-hydroxy-
3.(4-methylphenyl)- 1 H-pyrazol-1-yl- 1carbonylpyridine (9¢).
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Figure S4. Chromatogram from GC analysis of the culture medium (BD).
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Figure 4. Cyclic voltammograms o cis-[Ru(Me,-phen)dcbH.)NCS)] ),
cis[Ru(Me phen)dcbH, XNCS () andcis-[Rufphen)debH, XNCS 1 ()
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Figure S4. "C NMR spectrum (100 MHz, CDCI,)of compound 4b.
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Figure S5. 'H NMR spectrum (400 MHz, CDCL) of compound 4.
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Figure $28. 'H NMR spectrum (400.13 MHz, DMSO-)of 2-(5tifluoromethyl-3-phenyl-1 H-pyrazol-1-y1-5-(5-trifluoromethy1-45-diydro-S-hydrony-
3-pheny-pyrazol Lyl Lcarbonylpyridine (94).
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Figure $29.°C ('H) NMR spectrum (100,61 MHz, DMISO-d,) of 2(5-tifloromethyl-3-phenyl-1H-pyrazol-1-y1)-5-(-tilvoromethyl-4 -dihydro-5-
hydroxy-3-phenyl-1 H-pyrazol-1-yl-1-carbonylpyridine (9d).
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Figure $9. Chromatogram from GC analysis of VOCs from Lasiodiplodia parva (strain 511).
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Figure $10. Chromatogram from GC analysis of the culture medium (BD).
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Figure S7. Chromatogram from GC analysis of VOCs from Lasiodiplodia gonubiensis (strain 474).
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Figure S8. Chromatogram from GC analysis of the culture medium (BD).
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Figure $13. Chromatogram from GC analysis of VOCs from Neofusicoccum parvum (strain 600).
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Figure 1. Chemical structures of cis-[Ru(phen)(dchH,)NCS).]. cis-[Ru(Me.-phen)dcbH,)XNCS).] and cis-[Ru(Me,-phen)(dcbH.)(NCS).].
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Figure 520, " NMR spectrum (564.68 MHz, DMSO-d) of 2-(5-trifluoromethyl-3phenyl- 1H-pyrazol-1-yl)-5-(5-trichloromethyl-4 5diydro-5-hydroxy-
3-methyl-1 H-pyrazol- -yl Icarbonypyridine (8c).

~e =0

Figure $21.'H NVIR spectrum (400,13 MHz, DMSO-d,)of 2(5-tifluoromethyl-3-phenyl- 1 H-pyrazol- 1-yD-5-(5-trchloromethyl45-dihydro-5-hydroxy-
I-1-carbonyl)pyridine (8d).
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Figure 9. Schematics o the growth of nanopartices and the thermaltreatment effect on (2) pure Fe, O (b) Fe0, adsorbed on zeclite 13x afer preciptation;
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Scheme 2. Synthesis of 3-(1H-1.2.3-triazol- 1-yl)-2-(phenylselanyl) pyridine 6a.
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Figare S18.'H NVIR spectrum (400.13 MHz, DVISO-4,)of -(5-tifluoromethyl-phenyl--pyrazolL-1)-5-(5trichloromethyl-,-diydro-5-hydrony-
3-methyl-H-pyrasol-1-yl-1-carbony pyridine (8c).

Figure S19. "C ('H) NMR spectrom (100,61 MHz, CDCL) of 2-(5-iflsoromethyl-3-phenyl-1H-pyrazol-1-y}-5(S-trichloromethyl-4-diydro-5-
hydroxy-3-methyl- 1 H-pyrazol- 1-yl- 1-carbonyDpyridine (8¢).
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Figure S11. Chromatogram from GC analysis of VOCs from Neofiusicoccum cordaticola (strain 434),
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Figure 3. 'H_'H COSY of cis-[Ru(Me,-phen)debH.(NCS ] in DMF.d,
(T = 298 K: 500 MHz).
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Figure S1. 'H NMR spectrum (400 MHz, CDCL,) of compound da.
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Figure S12. Chromatogram from GC analysis of the culture medium (BD).
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Figare 2. FTIR spectrum o cis-[Ru(Me-phen)(dcbHXNCS . in KB
¢+ indicates the peak ascribed to the —~NCS ligand at 768 cm-")





OPS/images/a17img05.png
N Cu(OAC) 2H,0 (5 mol%) NP
@ g Sodium ascorbate (10 mol%) (I
P 4 Ph= ——————

‘SePh THF /H,0 (1:1) N~ “SePh
42 52 50 °C, MW, 10 min 6a (94%)
or or
Uttrasound, 10 min 8a (92%)
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Figure $22. "C ('H) NMR specirum (100.61 Mz, DMSO~&)of 2-(5-ifloromethy-3-phenyl | H-pyrazoly1)-5-(5-trichloromethyl-4.5-dihydro-5-
hydroxy.3-phenyl-H-pyrazol-1.yL- -carbony Dpyridne (84)
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Figure $23. 2D HSQC spectrum (100.61 MHz, DVISO-4,)of 2.(5-tifluoromethy!.3-phenyl-1H-pyrazol-1-y1)-5(5-trichloromethy-4,-dihydro-5-hydroxy-
3_phenyl-1 H-pyrazol-1-yl-1-carbonyl)pyridine (8d).





OPS/images/a10img06.png
Aable 3. Cytotoxic actvity i vilro of essential ols from non-irradiated
and irradiated flowers of . tipulaceun and etoposide (control) for AML
cell lines and control

Sample 16 (el
(radition dose) WL THP WidevAd
EO, (004Gy) 100 100 > 100
EO, (104Gy) SI00 mSIzals >100
EO, 254Gy) S0 3219 >100
EO, (504Gy) %4 DB 10
EOL(I00KGY 89672378 40025165 >100
Eoposide 902120 1380x181 1105103

Values presented as average = standard deviation. IC,;: half-maimal
inhibitory concentration: HL-60: human acute promyelocytic leukemia
ATCC# CCL-240 cell line; THP-1: acute monocytic levkemia
ATCC#TIB-202 cellline; Wi-26VAY: lung fibroblast ATCC# CCL-95.1
coll line.





OPS/images/a17img22.png
[

L33
i

ot
m.{F

o)

Figure $23. 'H NMR spectrum (400 MHz, CDCL) of a6
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Figure 3. Composition of major constituents of the essential oil from non-irradiated and irradiated flowers of 5. stipulaceum collected in September.
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Figure $22. C NMR spectrum (100 MHz, CDCL) of compound 6e.
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Figure 1. Three-dimensional surface for HPLC-DAD data (0-5 min and
190-400 fm) for ethanol extract of A. muricaa collected in winter with
celf-shaded <un condition.





OPS/images/a17img24.png
™
somar)
Figure 526. “C NMR spectrum (100 MHz, CDCL,) of compound 6g.

20

oot
Figure $27. 'H NMR spectrum (400 MHz, CDCL) of compound 6h.
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Figure S24. “C NMR spectrum (100 MHz, CDCL) of compound 6f.
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Figure S25. 'H NMR spectrum (400 MHz, CDCL) of compound 6g.
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Figure $16. Chromatogram from GC analysis of the culture medium (BD).
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[able 1. Chemical composition of essential oils from flowers of 5. stipulaceum collected in May (MS) and September (SS)
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“Total dentified components /% 882 903

“The compounds are listed in order of their elution on HP-S columa; "calculated Kovdts retention index; “Kovdts retention index reported in lterature’ for
the HP-S columa: “not detected.
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Figure $19. 'H NMR spectrum (400 MHz, CDCL) of compound 6d.
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Figure $17. Chromatogram from GC analysis of VOCs from Botryosphaeria mamane (strain 20).
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Figure $17. 'H NMR spectrum (400 MHz, CDCL) of compound éc.
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Figure S14. Chromatogram from GC analysis of the culture medium (BD).
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Table 2. Composition of volatile oils from irradiated flowers of S. stipulaceum collected in September

‘Compositon %
Compound +Radiation dose  KGy

00 0 25 50 100 200
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B-Elemene 08 10 10 10 L 04
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acHumulene 2 26 26 25 27 13
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D-Germacrene 79 65 64 46 49 09
Gurjuncne 100 80 66 48 52 09
7-epiceCadinene 13 07 06 06 05 03
5-Cadinene 33 34 35 36 34 48
acSelinene 57 60 61 51 55 35
Caryophyllene oxide 1o 132 143 2 a4 %0
Alloaromadendrenc oxide-(2) 37 43 38 40 56 92
Palmitc acid 99 40 53 61 47 139

Not detected.
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Figure S21. 'H NMR spectrum (400 MHz, CDCL) of compound 6e.
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Figure $15. Chromatogram from GC analysis of VOCs from Neofusicoccum ribis (strain 683).
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Figure 2. GC-FID chromatograms of essential oils from non-irradiated and irradiated flowers of . stipulaceum collected in September (*: new peaks detected).
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Figure $20. “C NMR spectrum (100 MHz, CDCL) of compound 6d.
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Figure $20. Chromatogram from GC analysis of the culture medium (BD).
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Figure S21. Mass spectra of isobutanol.
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Figure S18. Chromatogram from GC analysis of the culture medium (BD).
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Figure $19. Chromatogram from GC analysis of VOCs from Pseudofisicoccum stromaticum (strain 477).
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Figure 9. Current — voliage curves determined for cis-[Ru(Me-phen)

(debH.)NCS).] (), cis-[Ru(Me--phen)(dcbH.XNCS .| (

) and cis-

[Ru(debH),(NCS),F* () under AM 1.5 rradiation (P= 100 mW cm)

and for cis-[Ru(dcbH)(NCS).P- in the dark (—).
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Figure S13. 'H NMR spectrum (400 MHz, DMSO-.) of compound 6a.
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Figure $42. "F NMR spectrum (564,68 MHz, DMSO~4,) of 2-G-(fur-2-y1)-S-rifluoromethyl-1H-pyrazol-1-y1-5-(5-richloromethyl-4 5-dihydro-5-
hydroxy-3-phenyl-1H-pyrazol-1-yl- 1 carbonylpyridine (10h).

Figure $43. *H NMR spectrum (400.13 MHz, DMSO-d,)of 2(S-trifluoromethyl-3-phenyl-1 H-pyrazol-1-y1)-5-(5-tiflvoromethyl-3-(4-methylpheny)-
1H-pyrazol-1-yl-1-carbonyl)pyridine (11e).
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Figure $12. “C NMR spectrum (100 MHz, CDCL) of compound 4f.
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Figure $40. °C ('H) NMR spectrum (100,61 MHz, DMSO) of 2-G-(ur-2-y1)-S-rifluoromethyl1H-pyrazol-1-y1)-5-(5-trichloromethyl-4 Sdihydro-
S-hydroxy-3-phenyl-1H-pyrazol- -yl Lcarbony pyridine (10B).
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Figure S41. 2D HSQC spectrum (100.61 MHz, DMSO) of 2-(3-(fur-2-y1)-3-trifluoromethy!- 1 H-pyrazol-1-y}-5-(5-trichloromethyl 4 5 dihydro-5-
hydroxy-3-phenyl-1H-pyrazol-1-yl-1-carbonyDpyridine (10h).
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Figure $22. Mass spectra of isopentyl alcohol.
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Figure 1. GC-FID chromatograms of essential oils from flowers of Solanum stipulaceum for samples collected in (2) May (MS) and (b) September (SS).
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Figure $23. Mass spectra of 2-metilbuntan-1-ol.
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Figure 10. Energy diagram for the dyes (1) cis-[Ru(Me,-phen)(dcbH,)
(NCS).J; (2 cis-[Ru(Me.-phen)(debH,XNCS).] and (3) cis-[Ruphen)
(dcbH,)(NCS)4].
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Figure S14. “C NMR spectrum (100 MHz, DMSO-4,) of compound 6a.

Figure S15. 'H NMR spectrum (400 MHz, CDCL) of compound 6b.
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Figure S32. “C NMR spectrum (100 MHz, CDCL) of compound 6j.
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Figure $33. 'H NMR spectrum (400 MHz, CDCL) of compound 6k.
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Figure 1.The XRD pattern of magnetic MCM41.
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Figure 1. HRESIMS of 1.
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fable 3. Inhibitory eflects of compounds 1-15 on NU production in
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"NMMA as positive control.
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Figure 6. Discrimination between Amnona muricata (A) and Rollinia
mucosa (R) samples collected during winter (W) and summer (S)inself-
shaded (s5) and sun-exposed (se) conditions through D-UPLS analysis.
Legend: (1) AWss; (2) ASss; (3) AWse; (4) ASse: (5) RWss: (6) RSss;
(7) RWse and (8) RSse.
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Figure 1. Structures of compounds 1-15 isolated from R. safivis.
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Scheme 16. Some synthetic applications of lithium carbenoids.
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Figure S3. “C NMR spectrum (100 MHz, CDCL) of compound 6k.
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Figure 2. The 'H-'H COSY correlations (bond) and key HMBC
correlations (H—C) of 1.
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Scheme 20. C—H insertion reactions with magnesium carbenoids.
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Figure 3. Discrimination of Annona muricata (A) sampls collected
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Figure S31. 'H NMR spectrum (400 MHz, CDCL) of compound 6j.
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Figure 4. Loadings composition ofthe principal components,in terms of the ten MCR-ALS resolved components. Ethanol extract and their mixtures in
(a): acetone extract and their mixtures in (b) and chloroform extract and their mixtures in (c).
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Figure 9. Adsorption isotherms of Pb*, Cu™ and Za™.
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Figure 5. EDS image of magnetic NH-MCM-41
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Figure 8. Effects of shaking time on removal of PE, Cu# and Ze*ions
by Fe.0,@ MCM-41-NH,.
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Figure 2. PCA scores plot of 34 variables from samples of
HS.SPME.GC-MS of ten fungi from the Botryosphaeriaceae family.
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Figure 1. Parcto chart for the effects of temperature and time on the
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Figure 3. FTIR spectrums of magnetic (a) MCM-41: (b) NH.-MCM-41.
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Figure S3. Chromatogram from GC analysis of VOCs from Lasiodiplodia pseudotheobromae (strain 277).
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Figure 2. The N, adsorption-desorptionisothermsof Fe;0,@ MCM-41-NH,
and the BIH plot of the prepared adsorbent (inset).
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Figure S3. "C NMR spectrum of 1 (125 MHz, CDCL.).
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Figure 3. Dendrogram of HCA of the HS-SPME-GC-MS of ten fungi
from the Botryosphaeriaceae family.
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Figure S1. Chromatogram from GC analysis of VOCs from Lasiodiplodia theobromae (strain 71).
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Figure S10. 'H NMR spectrum (300 MHz, CDC,) of compound 4.

Figure S11. °C NMR spectrum (75 MHz. CDCL,) of compound 4.
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{able 3. Regression coefhcients of the predictive second-order polynomial models and results of vanance analysis (ANOVA) for effect of extraction
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Figure 4. Effect of extraction temperature in the recovery of
avenanthramides in oat grain. The vertical bars represent the standard
deviation (n = 3). Extraction condition: methanol concentration 80°%,
G190 min.
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Figure 4. " NMR spectrum in CDCI, of griscofulvin i (a), giseofulvin
and E,S, recovered from solubilisation at 37 °C in (b) and griseofulvin
and E, S, recovered from solubilisation a 37 °C i (¢). Expansion of the
drug peaks was made in the region 5.3-6.3 ppm.
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Figure S15. "H NMR spectrum (300 MHz, CDCL) of compound 5.
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Table 5. Solubilisation capacity of griseofulvin (S, and §,,) at 25 °C, micellar association number (N,) and ethylene oxide weight percentage (%E) of
diblock copolymers with similar ethylene oxide (ES) block lengths and different styrene oxide () block lengths
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Figure $13. HETCOR spectrum of compound 4.
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Figure 3. Effect of extraction time in the recovery of avenanthramides
in oat grain. The vertical bars represent the standard deviation (7 = 3).
Extraction condition: methanol concentration 80%, temperature 40 °C.
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Figure S5."H NMR spectrum (300 MHz, CDCL) of compound 3.
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Figure 3. Chromatograms of a soi extract (continuous line) superposed
10 the chromatogram of an extract oblained from the | mg kg spiked
soil (dashed line) obained in the monolithic column. Chromatographic
conditions were described in caption of Figure 2b.
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Figure 2. Effect of methanol concentration in the recovery of
avenanthramides in oal grain. The vertical bars represent the standard
deviation (n = 3). Extraction condition: temperature 25 °C, time 60 min.
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Table 2. Values of cmc and standard Gibbs free energy of micellization for EysS,, EesSy; and their mixtures with P123 at 25 °C and 37°C
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PI23/E,S,; 50/50 350 % 10* 368 310x10* 386
PIZVE,S, 3070 350x 104 363 200 104 Y
E.S, 470x 104 361 450x 104 316

o itorature values 2





OPS/images/a15img09.png
% 180 70 160 150 10 10 120 M0 100 %0 &0 70 60 50 40
(o)

Figure 52. "C NMR spectrum (75 MHz, CDCI,) of compound 2.
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Aable 2. Calibration curve parameters and limits of detection and quantification obtained for monolithic and core-shell columns

Column
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DEA' 1882001 04202 09998 33 n 1962004 07202 0999 23 80
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“Mean and standard deviation of triplicate; "or these cases the slope was determined for concentrations between 100 and 1000 pg L Fimit of detection
(LOD): “limit of quantification (LOQ); “deisopropylatrazine (DIA): hydroxyatrazine (HAT): deethylatrazine (DEA): "simazine (SIM): ‘atrazine (ATR).
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Figure 1. The content of avenanthramides in oal grain extracted with

various solvent. The vertical bars represent the standard deviation (o

Extraction condition: temperature 25 °C, time 60 min.
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Table 3. Solubilisation capacities S, and S, (mg g*) of griseofulvin in 1 wi.% solutions of P123, E,S,. E,;S, and their mixtures at 25 °C and 37 °C.
S,= 14 ¢ 1.9 mgdL:" a1 25 °C and 37 °C, respectively. Data obtained by UV-Vis spectroscopy

S,/ (mge?) . S,/ (mg ") .

System. e 5,/ (mg g s, R Simee) sis,
P2 3302007 49 36 5102021 75 37
PI2E,S, 5050 4002013 79 38 7502016 149 49
PI2VELS, 300 3802006 87 37 5602023 129 39
EoSi 7402020 04 63 8702008 %4 56
PIDVES,, S0150 2802015 47 30 8102017 136 53
PIDVE,S,, 3070 2402012 43 27 2802019 50 25

E.S,, 5202007 102 47 7402024 145 86
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Figure S8, HETCOR spectrum of compound 3.

Figure $9. (2) Normal 'H NMR spectra of adduct 2 as reference; (b) NOEDIFF experiment of adduect 2, irradiation of HS; (¢) normal 'H NMR spectra of
adduct 3 as reference: and (d) NOEDIFF experiment of adduct 3, irradiation of HS and HS'.
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Figure 3. Critical micelle concentration (cme) values at 25 °C for

diblock copolymers with similar ethylene oxide (E) block length and

different styrene oxide (S, block lengths. Literature values (0> and

this work ()
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Figure 4. Chromatograms of a soi extract (continuous line) superposed
10 the chromatogram of an extract oblained from the | mg kg spiked
soil (dashed line) oblained in the core-shell columa. Chromatographic
conditions: were described in caption of Figure 1d.
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Aable 1. Selected properties of the nonionic block copolymers explored in this study

Copolymer M,/ (g mol ) El% HLB: Reference.

EaSy 2040 Gl 3 B

EuSy 400 49 10 OMIC School of Chemistry (Manchester)
EuPfs (P123) 5134 2 64 2

*Hydrophilic-lipophilic balance (HLB) = E/5.
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Figure 3. Survival curves of D. hyalinata subjected to the application of
the chemicals 8a + 8b, 9 + 9b, and 9b at the LD,,, concentration.
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Figure 1. Chromatograms showing the influence of composition of mobile
phase on the separation of the five riazines in the core-shell column.
Chromatographic conditions: (2) 0to 5 min, isocratic at 15% ACN, 5 to
7 min, linear radient of 15 to 35% ACN, 7 9.5 min: isocraic at 35%
ACN, 9510 12 min, gradient of 35 10 10% ACN, and finaly, 1210 15 min,
isocratic at 15% ACN: (b) 010 5 min, socratc at 15% ACN, 5 t0 7 min,
linear gradient of 15 10 30% ACN, 7 o 9.5 min: isocratic at 30% ACN,
9.5 10 12 min, gradient from 30 0 15% ACN, and finally, 12 10 15 min,
isocratic at 1% ACN; (¢) similar as (a) but starting and finishing the
elution with 13% ACN; (d) similar as (¢) but starting and fnishing the
5 mL i, samle volume =20 L,
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Hfable 1. Independent vanables and their coded and real values employed in a central composite design for optimization
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Figure 1. Chemical srucure of grseofulvin. The letrs asign the

different proton peaks observed by 'H nuclear magnelic resonance
('H NMR).
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Table 1. Toxicity of the chemicals 8a + 8b, 9a + 9b and 9b against second instar D). hyalinata caterpillars 48 h after application

Lactones LD,/ (umol g insect) LD/ (umol g insect) y r & v
8a+8b 20,58 (19.37-21.86) 32,03 (29.57-3539) 075+438x 239 4 067
9+ 9b 2149 (19.95:23.08) 3390 31.10-3767) 06644250 188 3 060
% 2140 (19.97-2286) 3673 (33.55-41.21) 02443585 on s 098

“The numbers in parentheses are the confidence intervals. LD, and LDis:lethl dose to kill 0 and 907% of the insects, espectively: - curve equation;
42 chi-square test: df: degree of freedom: p: probability.





OPS/images/a20img37.png
Table S1. °H (500 MHz) and "C (by HSQC and HMBC) NMR data of compounds 1. 3-6 in CDCI,

posion "H[8in ppm. mult J in Ho)l C18in ppml

[0 0] ) 5] © )
1 - - - - - 1664 1664 1664 1664 1663
2 S78d(158) STBA(IS) STBA(SH) SISA(3Y) ST0AASO 1222 1222 122 120 121
3 71944156 T19dd(156  T19dd(156  68Im 6T8m M0 410 1410 144 1428

and109)  and109)  and 109)

s 612m 6l2m 6l2m 218m 23m 1289 189 189 327 38
5 612m 6l2m 6l2m 149m 26im 1418 1418 1418 236 338
6 342462 242969 27Tm 159m - B4 M9 24 3 -
7 - 265172 Lasm 252004 - - M9 w7 o2 -
8 - - 159m - - - - a2 - -
9 - - 250007.4) - - - - ma - -
r - - - - - 104 1345 1362 1362 1350
r 70862 666bs 666bs. 666bs 659bs 1204 1088 1088 1088 1078
3 684d(82) - - - - 139 146 1476 1476 1474
v - - - - - 180 451 141 141 1457
5 684d(82) 672408  6724(18  672d(TH) 66579 139 1082 1082 1082 1073
6 T08462)  6604(T) 6604 664D 654d(TD) 194 1212 1212 1212 1202
" 316064 316164 316164 316164  30SLEH 41 41 41 411 460
> 180m 180m 180m 180m IB3m 286 286 286 W6 27
3 092465 092465 092465 092465 08567 00 01 01 01 191
& 092465 092465 092465 092465 085467 01 01 01 01 191
oCH, 3795 - - - - B - - -
OCHO - 5925 5925 5925 5855 - 1008 1008 1008 998
NH 553bs 553bs 553bs 553bs 550bs. — — — — —
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Figure S1. 'H NMR spectrum (300 MHz, CDCL) of compound 2.
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Afable 1. Chromatographic parameters related to separation of tnazines in both core-shell and monolithic columas:

Trazine & Tmin [ K Al Plates”/m" HETP /ym
Core-shell
DAt 0972001 i3 3 12 8
HAT 112003 16 23 21 0884 141
DEA' 222002 92 59 12 12168 819
siv 702001 2 0 I - -
ATRY 882001 91 % 12 - -
Monolithic
DAt 152001 12 s 35388 %2
DEA' 312001 82 33 14 5009 199
HAT 422002 31 48 12 25390 04
siv 802001 ns3 103 16 - -
ATRY 942001 Al n2 is - -

jon time mwas computed as 26 Y, =
“Retention time (t): resolutior puted. A‘lwiu*%u)"‘”"“’m K

(0.19% (v1v) acetone); peak asymmetry (As): ‘number of plates per meter was computed as N =

and 30 mm (core-shell); height equivalent  the theoretical plate (HETP); *deisopropylatrazine (DIA); hydroxyatrazine (HAT); eethylatrazine (DEA);
simazine (SIM): *atrazine (ATR).

) s it it
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Figure 2. Fluorescence intensity (DPH) versus concentration (log scale)
for aqueous solutions of (0) ExSyy and (@) PI23/EeS;; 30770 mixture
at 379C
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Afable Z. Mortalities of the pest natural enemy 5. saevissima and the
pollinator T. angustula 48 h aftr application ofthe formulations 8a + 8b,
9a-+0b, 30 9b a1 40.37,43.03, and 48.74 mmol g of insect, respectively

Average morality = standard error / %

Lactones

. saevissima T angustula
8a+8b 91372424 82612574
9+ 9 31252 1281 6830703
9 46992679 6522659

‘Significantly different from the mortality caused by these chemicals to
D. hvalinata by t-test at p < 0.05.
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Figure 2. Chromatograms showing the influence of composition f mobile
phase on the separation of the fiv trazine compounds i the monolithic
columa. Chromatographic conditions: () O to 5 mi, isocratic at 15%
ACN, 5107 min, linear gradient of 1510 35% ACN, 710 9.5 min: isocratc
at 35% ACN, 935 t0 12 min, gradient of 35 to 15% ACN, and finally,
1210 1S min, isocratic at 15% ACN; (b) similar as (x) but stating and
fnishing the elution with 13% ACN; (¢) similar as (x) but statng and
fnishing the clution with 10 ACN. Flow rate = 1.5 mL min”, samle
volume = 20 L. detection at 223 am.
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Zable Z. Central composite design of five-level in real and coded (numbers in round brackets) form of three independent variables and the responses,
dependent variables, amount of avenanthramides 2c, 2p and 2, respectively
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Table 4. Results of solubilisation capacity (S,) of griseofulvin in the copolymer solutions of EyS,; in the concentrations 0.1, 0.5 and I wt.% at 25 °C and
37 °C measured by UV-Vis spectrometry. S, 1.4 ¢ 1.9 mg dL*at 25 °C and 37°C, respectively
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Concentration / wt.% S/ (mg ) S,/ (mg )
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igure 2. Effect of pH. Extraction condition: parabens
concentration = 50 pg L' water sample volume = 10.0 mL: volume of
1-octanol =0.1 mL: volume of acetone = 1 0mL: NaCl conceniration= 106
(m/v): extraction time = 2 minutes; centrifugation time = 5 minutes:
speed = 2000 rpm.
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Figure $33. NOESY spectrum of compound 8a.
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Scheme 2. Dehydration reactions for bis-pyrazolyl-pyridines 8c. .
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Aable 6. The companson of predicted values of the dependent vanables and expenmentally measured values at optimal conditions

Dependent varable Predicted value / (m k' oa gain) Experimental valuct/ (mg kg oat grin)
Avenanthramide 2c (Y,) 962 9592038
Avenantbramide 2p (Y.) 1004 1005044
Avenanthramide 2 (Y.) 1019 19,18 2050

Mean = standard deviation (r
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Figure S31. COSY spectrum of compound Sa.
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Scheme 1. Synthetic route for the synthesis of bis-pyrazolyl-pyridines 6-1¢
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Figure 9. Superimposed contour plot for yield of avenanthramides 2c,
2p and 2f from oat grain s a function of methanol concentration and
extraction time at 60 °C in (s) and a function of methanol concentration
and temperature at 163 min in (b).
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{able 1. Quantitative features of the proposed method for analysis of parabens in water sample.

Compound LR (L) = LODY (sl LOQY(iel)  RSD/% EF=SD ERZSDU%
Methylparaben 150 09992 o8 24 53 #9252 303239
Ethylparaben 150 09993 08 19 81 MBS 5662129
Propylparaben 150 09990 05 13 61 884290 680276
Butylparsben 150 09990 08 20 63 507489 411271

'LR = lincar range: "R

quare of corelation coeficient; L.OD = imit of detection (SN = 3): L0Q = limit of quantificaion (S/N = 10); RSD = reltive
): 'EF = enrichment factor: *SD = standard deviation: "ER = extraction recovery.
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Figure $37. HSQC spectrum of compound 8b.
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Scheme 3. Synthesis of bis-pyrazolyl-pyridine 13 and its dehydration reaction to 14,
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Figure 3. Effect of ionic strength. Extraction condition: parabens
concentration = 50 g L; water sample volume = 10.0 mL: volume
of I-octanol = 0.1 mL: olume of acetone = 1.0 mL: pH = not
adjusted; extraction time = 2 minutes; cenlrifugation time = 5 minues;
speed = 2000 rpm.
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Figure S34. 'H NMR spectrum (300 MHz, CDCI,) of compound 8b.

Figure 835. "C NMR spectrum (75 MHz. CDCL,) of compound 8b.
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Figure 6. Colorimetric data for CT, CT:Yb, CT:Tm and CT:Tm,Yb
codoped.
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Figure 8. Surface plot of optimization of three responses at temperature
of €0°C
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Figure 7. Response surface plot of the avenanthramide 2f amount as a
function of concentration of methanol and extraction time a temperature

of 61 C i (a) and 2 function of temperature and methanol concentration
at 240 min in (b).
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Figure $27. HETCOR spectrum of compound 7.
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Figure 5. PL spectra of CT, CT:Yb, CT-Tm and CT:Tm.Yb codoped
samples cxcited with laser radiation at 350.7 m. The dotted biack line
represents a x50 magaified portion (350-780 nm) of the spectrum of the
CT:Tm doped sample, to claify the peaks. The excitation spectrum of
CT-Tm.Yb monitored at 475 nm (Exci @475 nm) s also shown in the inset.
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Figure 9. Evaluation of PSO/SS in (2), PSS 17 in (b), PSO/SSG i (c) and PSO/S17G in (¢ oxicity measured by lacate dehydrogenase (LDH) actviy in
human neutrophil. Data from two to eight samples. +Versus control group (DMSO 0.4%, /). Resuls represent means  th standard erfo of the mean
(SEM). (p < 0.05: ANOVA and Tukey as the post hoc test).
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Figure S24. 'H NMR spectrum (300 MHz, CDC,) of compound 7.
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Figure $25. °C NMR spectrum (75 MHz. CDCL,) of compound 7.
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Figure 1. Effect of sample volume. Extraction condition: parabens
concentration = 50 pg L'; volume of I-octanol = 0.1 mL_; volume
of acctone = 1.0 mL: pH = not adjusted; NaCl concentation = 10%
(miv):; exteaction time = 2 minutes; centifugation time = 5 minuts:
speed = 2000 rpm.
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Figure §29. "H NMR spectrum (300 MHz, CDCL) of compound 8a.
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Figura 6. Scattering intensity versus hydrodynamic diameter i 25 °C
for the mixtures PI23/E,S, S0/50at 1 wL.% in (@) and PI23/E,S,, 0150
at 1 wt.% in (b).
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Figure $19. NOEDIFF of compound 5.
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Figure 5. Response surface plotof the avenanthramide 2¢ amount as
function of methaol concenration and extraction time al temperature
of 59°C in (a) and a funciion of temperature and methanol concentraton
at 208 min in (b).
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Figure 5. Scatering intensity versus hydrodynamic diameer at 25 °C for
the copolymer E,.S - at 0.1 wt.% in (a) and 1.0 wt.% in (b).





OPS/images/a15img16.png
=
65" Cac7can

7148
2tag

Al

Figure S16. “C NMR spectrum (75 MHz, CDCL,) of compound 5.
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Figure $17. COSY spectrum of compound 5.
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Figure 1. (A) XRD patterns of 3) CT, (b) C:Tm, Vb, (¢) CT-Trm, and (@)
CT.Ybs (B) comparison of the (121) plane position in a CaTiO, manocrystl

with and without lanthanide doping.
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Figure 8. Evaluation of (a) Puronic® P123, (b) E, S, and (¢) and E,S,
toxcity measured by lactate dehydrogenase (LDH) activiy in human
neutrophils. Data from two 1o cight samples. *Versus control group
(DMSO 0.4%, v1). Resuts represa means = the standard rro o te
mean (SEM) (p <0.05; ANOVA and Tukey a the post oc tes). For mare
details see item cytotoxicity study of Experimental section.
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Figure 3. Histograms of area distribution to: (a)

) CT:Tem.Yb: () CT:Tm; and (d)
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Figure 6. Response surface plot of the avenanthramide 2p amount as a
function of concentration of methanol and extraction time a temperature

of 70°C in (2)and 2 function of temperature and methanol concentration
at 268 min in (b).
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lengths. 25°C: (o) literature dates™ and (®) present work.
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Figure S21. "C NMR spectrum (75 MHz, CDCL,) of compound 6.
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) speed. Extraction condition: parabens concentration = 50 pg L water sample volume = 10.0 mL: volume
‘not adjusted: NaCl concentration = 10% (m/v): extraction time :

Figure S6. Effectof centrifugation (2 time:
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fable 1. General characteristic of anumicrobial peptides derived Irom Hypsiboas species

Organism Pepide Sequence. No? Mass®
H.cinerascens cinerascetin-01 ‘GVLDAIKAIAKAAGKAAIQAAGEHINH, B 643
H.semilineatus Hsl FLPLILPSIVTALSSFLKQG 20 214460
H. albopunciatus hylin-la IFGAILPLALGALKNLIK 18 186437
CucHa GWLDVAKKIGKAAFNVAKNFLI 2 28973
H. biobeba hylin-bl FIGAILPAIAGLVHGLIN 19 194536
H. punctata hylaseptin-P1 GILDAIKAIAKAAG 1 B8
phenylscptin FFFDTLKNLAGKVIGALT-NH, 18 195420

H. raniceps Rsp-1t AWLDKLKSLGKVVGKVALGVAQNYLNPQQ 2 -
H. pulchellus PLHp-1971 TKPTLLGLPLGAGPAAGPGKR-NH, 2 197135

“Determined only by cDNA analysis: "No.: number of residues; “monoisotopic protonated peptide [M + H]*; “structure confirmed by cDNA sequencing.
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Figure 6. General chemical structure of compounds 11e. 12¢ and 14.
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Figure 7. TEM images of the sample 8Fe800 after 50% burn-off.
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Figure S5. Effect of extraction time. Extraction condition: parabens
concentration = 50 pg L water sample volume = 10.0 mL; volume of
I-octanol = 0.1 mL; volume of acetone = 1.0 mL: pH = not adjusted:
NaCl concentration = 10% (miv); centrifugation time = 5 minutes;
speed = 2000 rpm.
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01 AATARAGCA. TATTATCTG AAAAAAARA AARARARAC
TIGTTTCGT ATAATAGAC TITTTTTTT TITTTTITG

3 ATACGCGTG
‘TATGCGCAC

Figure 2. Nucleotide and translated amino acid sequences of cloned skin
secretion-derived cDNA encoding the iosynthetic precursor of C-01. The
signal pepide is shown double-underlined, mature peptide in single-line
underline and stop codon is indicated with aserisk. Glycine amino acid

residue indicates a possible amination.

CAGACATAT
GTGTGTATA
TCGACATCG
aceroTaGe
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Figure 5. General chemical structure of compounds 6-10.





OPS/images/a26img09.png
Hable 1. Carbon content, particles size, saturation magnelization and surface area of the samples
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*Determined from TG results (see SI section) and burn offs values: "determined from zetasizer equipment; ‘obtained from VSM measurements.
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fable 52. Monitoring of parabens in river water.

Sie MP/ EP/ X BP/ Total parsbens/ o
sl (L) (%) (M%) sl enee

River water on Belgium 00851 00538 0.0784 - -

Ria de Aveiro (Portugal) 0.0088.0010 0000400029 0001500156 0.0002.00111 -

Glat River (Switzerland) 0005 0.0001 00006 00003 -

Taff River (South Wales, 0.009:0.027 00010005 0.001-0003 <0.0003 - 10

United Kingdom)

Ely River (South Wales, 00110068 00010004 00040007  0.0030006 - 10

United Kingdom)

Pearl River Delta (Guangzhou, ND=1.062 - - ND2.142 - n

China)

Allegheny and Monongahela 0002200173 ND 000920012 ND~0.0002 - 2

Rivers (Greater Pitsburg Area,

usA)

Colorado River (Califomia, USA) 12.5-79.6 dry season) - - - - 3

Colorado River (Califomia, USA) 16.4-21.7 (wet season) - - - - 3

Kaveri River (India) - - - - 0124 1

Tamiaparani River (India) - - - - 013 1

Vellar River (India) - - - - 00332 14

River water in Galicia ND=0.037 ND <5 ND<63 ND<62 - 15

(Northwest Spain)

Mogi Guagu River 80 58 3.1 151 - this work

“Methylparaben: "ethylparaben; propylparaben: “butylparaben: °NI

‘ot detected.
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Aable 2. Antimicrobial activities of C-U1

MICT
Pathogen C-0] DSoI¢ Water
C_albicans o0 76t nd
. neoformans 600 800 nds
E. coli 600 100 nds
S. aureus 000 80 nds
X.axonopodis pv gycines <400 nde nds

*MIC (uM): minimal peptide concentrations required for tota inhibition

of cll growth n iquid medium; C-01: syntheti peptde; DSO!: postive
control: “water: negative control: n.d.: not detected.
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Figure 8. Chemical structure of compound 14.
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Figure 52 shows 1G curves obtaned in air atmosphere
for the material 8Fe800 afier CO, oxidation.
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Figure S2. TG curves (n ai) for the sample 8Fe800 after selective
oxidation with CO, of 20, 40 and 50 wt.%.
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Aable S1. Sampling locations 1n the Mogi Guagu River, 530 Faulo state,
Brazil

City (Site) U™ Luiwde  Longitude
Zone' /K UTM/N utM/E
Guatapari (1) 2 80661344 761928167
Rincto 2) 5 19417401 760955037
Porto Ferreia (3) 5 13906 758344
Porto Ferreira (4) 5 2417949 TSBI04494
Cachocira de Emas (5) 23 25496041 757334643
Cachocira de Emas (6) 23 252387 T5T4M221
Pirassununga (7) 5 266221 T564SS142
Marticho Prado (8 23 W01 TSASEIE
Mogi Guagu (9) 5 W7N661 752548048
Mogi Guagu (10) 5 20882228 72418215
Mogi Guagu (1) 5 20003193 752447045
Mogi Guagu (12) 5 30045225 752448250
Mogi Guagu (13) 5 0105524 TS67670
liapira (14) ] 0700205 72433752

SUTM Zone — Universal Transveree Mercator Zone.
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Figure 7. Chemical structure of compound 13.
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Figure 51 shows the Raman spectrum of the precursor
8Fe800, before CO oxidation.
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Figure S1. Raman spectra of the sample 8Fe800 before selective oxidation
with CO..
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Figure 1. Chromatographic profile o the total skin secretion obtained from H. cinerascens. The fractions containing cinerascetins-01 1005 (C-01 10 C.05)
were collected at 42.41, 34.90, 37.94, 36.64 and 34.50 min, respectively. The absorbance was monitored at 216 and 280 nm ((b) and (a) lines, respectively).
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Figure 4. General chemical structure of compounds 1-3.
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Figure 6. Profie of light reention curve o the sample 8Fe800 in water
after selective oxidation with COs (B.O. 50 wi.%).
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Aable 4. Total antioxidant capacity of the compounds by phosphomolybdenum method, presented as mean + standard derivation

Total antioxidant capacity /%
Compound

10pg Lt Sopgmlt 100pg mlt 500 pg Lt 1000 pg L+
1 2528203 9754219 13762243 s 215
2 253209 892222 13827226 >215 >215
e 858213 ErET 795222 15844288 16710 101
s 105505 254210 3001204 324211 361215
% 755206 1388228 874221 287269 8735267
94 156612 2400219 2985517 3808223 4852231
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Figure 5. Raman spectra of the sample 8Fe800 after selective oxidation
with CO, of 20. 40 and 50 wt.%.
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Figure S3. Effcct of the volume of the extraction solvent. Extraction
condition: parabens concentration = 50 g L; water sample
volume = 10.0 mL: volume of acetone = 1.0 mL: pH = not adjusted: NaC
concentration = 10% (m/v); extraction time = 2 minutes; centifugation
time = 5 minutes: speed = 2000 rpm.
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Figure $48. NOESY spectrum of compound 9b.
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Figure S2. Steps of DLLME based on low density solvent. 1: sample
solution containing analytes (parabens) and NaCl; 2: rapid injection of
dispersive (acetone) and extraction (1-octanol) solvent; 3: shaken by
a vortex mixer for 2 minutes (2000 rpm); 4 centrifugation for 2 min
(2000 rpm): 5: removal of 1-octanol with some agueous phase by a
glass microsyringe; 6: removl of -octanol by a glass microsyringe;
7- 1-octanol with extracted parabens, ready for analyses by LC-DAD.,






OPS/images/a15img31.png
g e

o

Figure $46. COSY spectrum of compound 9b.
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Figure $47. HSQC spectrum of compound 9b.
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‘able 5. Antioxidant activity of some synthesized compounds, by DFH method

Compount Inhibition %
10pgmL’ SopgmLt 100pg L 500 pg " 1000 pg L
1 654227 EEE 271223 125206 58211
2 555231 L1236 1716206 257218
& 268284 321269 2087204 4396286
e 061 48 34224 725265 8574229
s 917288 EX N 8042101 4167278
% 180296 95245 44276 2067224
108 940269 22265 16224 2067231
e 273294 493242 —12:176 19821035
12e 921253 402265 Ll 4205265
13 1089260 121220 1104255 ST=19 365224
n 873288 142279 657236 11=128 1707229
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Figure 4. Effect o () type and (b) volume of thedisperser solvent. Extraction condition: parabens concentration = 50 g L' water sample volume = 10.0 mL;
volume of I-octanol = 0.1 mL; pH = not adjusted; NaCl concentration = 10% (m); extraction time = 2 minutes; centrifugation time = 5 minutes;
speed = 2000 rpm.
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Figure 4. Chromatogram of parabens from real surface river water

samples.
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Figure $41. COSY spectrum of compound 9%a.
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Figure 2. A perspective view of molecule 2-(S-trifluoromethyl-3-methy!-
gyl 15 ooty 45 iyl
1H.pyrazol-1 yl-|-carbonyl)pyridine (7a) with atoms labeled (CCDC

1040653). Displacement ellipsoids are drawn at the 50% probability level.
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fable 2. Comparison of the proposed DLLME-LUS and LU-DALD method with other methods used in determination of parabens

0D/ L0Q7  Swwle  po Extraction N
Method Compoond i gl amownrmi RN/% R memi  Referene
methylparben 15 E) B 100
DLLMEGCFID* ahylpaben 5 20 10 52 0 0 18
propylparaben S 2 n 276
methylparben 0046 015 B 7
chylparben 0043 014 a8 50
DLLMELCUV s 1 4
propylparaben 0022 007 & i
buylparsben 0,021 007 3 0
methylparaben 00005 - EX -
cihylparsben  0.0006. - %09 -
SPEIGCMS* viper 1000 - 1
propylparaben  0.0005 - 912 -
butylparsben 0,006 - 976 -
methylparben 05 7 976 -
ahylpaben 20 66 %06 -
SFC.HS-SPME.GC-Ms® - i 19
propylparsben 83 25 912 -
buylparcben 83 77 %56 -
methylparaben 0.00170 - 3 -
athylparsben  0.00088 - o -
SPME.GC-MS* 10 [ n
propylparaben 0.00040 - 8 -
butylparsben__0.00057 - 5 -
methylparaben 106 BB 102 -
SBSE/GC-MS' propylparaben 074 156 - 1o - 210 5
buylparsben 008 22 104 -
methylparaben 08 24 303 389
ahylparben 08 19 66 1
DLLME-LDS/DAD! s 2 this work
propylparzben 05 13 680 884
buylparcben 08 20 411 517
“LOD = fimit of detection; "L0Q = limit of quantifcation “EF = carichment factor, ispersive liquid-iquid microextrction combined with gas

chromatography-flame ionization detection; dispersive liquid-liquid microextraction combined with liquid chromatography with ultraviolet detection;
solid phase extraction combined with gas chromatography-mass spectrometry; supercritical fluid extraction on-line headspace sold-phase microextraction
combined with gas chromatography-mass spectrometry: *solid phase extraction combined with gas chromatography-mass spectrometry: ‘tir-bar
sorplive extraction combined with gas chromatography-mass spectrometry; dispersive liquid-liquid microextraction based on low density solvent liquid
chromatography with diode array detection.
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Figure $38. NOESY spectrum of compound 8b.

Figure $39. "H NMR spectrum (300 MHz, CDCL) of compound 9.
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Figure 1. A perspective view of molecule 2-(3-methyl-5-tifluoromethy!-
1H.pyrazol-1-yD-5-(3-methyl-S-hydroxy-S.trichloromethyl 4 5-dihydro-
1H.pyrazol-1.yl-1-carbonyD)pyridine (6a) with atoms labeled (CCDC
1040652). Displacement ellipsoids are drawn at the 50% probability level.
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Figure 1. Schematic preparation of the Fefcarbon bulky composite
followed by selective osidation with CO; to produce the free Fe/C
nanoparticles.
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Figure S1. Sampling sites in Mogi Guacu River.
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Figure $45. "C NMR spectrum (75 MHz. CDCL,) of compound 9b.
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Aable 2. Antifungal activity of compounds 6a and 13

Sumple 6a Sample 14 Standard’
Characerisic Microorganism
MIC/M  MLC/uM  MIC/@M  MLC/M MIC/M
Candida krusei %5 Bl 115 - 2
Candida glabrata 265 51 >11s - %
Yeast Candida dubliniensis > 1062 - 303 303 o1
Candida parapsitoss > 1062 - 303 607 65
Cryptococcus neoformans 1062 1062 303 607 )
Microsporan canis 1062 1062 151 305 020
Dematophyte Trichophyton mentagrophyes 25 %5 7 13 0013
Trichophyton rubrum 25 %5 7 151 010
Sporothrix schenckii %5 Bl 115 - 054
Filamentous
Rhizopus oryeae 51 1062 - - 108

*ATCC (American Type Culture Collection): “minimal inhibitory concentration (MIC);‘minimal lethal concenteation (MLC); Fluconazole for yeasts and
Terbinafine for dermatophytes (M. canis, T. mentagrophytes, T. rubrum) and Amphotericin B for filamentous fungi (5. schenckii and R. orvzae).
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Figure 3. TG and DTG curves (in CO,) for the sample 8Fe800 (detal:
DTA curve).
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Aable 5. City, contents, average contents and the sum of concentrations ol parabens obtained in the analysis of real surface water samples

Gty e MP =S/ B =SDP/ PRSI/ BP=SD'/ Total parabens = SD°/
L) el el (LY (L)
Guatapari (1) <LOD" 61205 16201 130208 0714
Rincto (2) 30203 21205 32202 <Lob 8310
Porto Ferreia (3) 25202 23202 183212 <Lob Biz16
Porto Ferreia (4) <Log 26202 <Logr <Lob 26202
Cachocira de Emas (5) 27202 20202 14201 1711 88217
Cachocira de Emas (6) 94208 <Lo 20202 <Lon Ha=10
Pirassununga (7) <Lob’ <Lov 456231 <Lob 456231
Martinho Prado (8) <Lobr 24202 <LoQ 93206 7208
Mogi Guagu (9) <Lobr <1L0¢: <o 199213 199213
Mogi Guagu (10) 275223 305225 28202 <LoQ: 608250
Mogi Guagu (1) N <10¢: 21202 <LoQ: 21202
Mogi Guagu (12) <Lobr 19202 17201 155210 91213
Mogi Guagu (13) 26202 22202 521235 <Lob 569239
ltapira (14) <Lobr <o <o <Lob <Lop
Average 80207 58205 131209 151209 -

Methylparaben; *SD: standard deviation (n = 3); “ethylparabet
quantification (S/N = 10); ®ND = not detected.

“propylparaben: “butylparaben: LD = fimit of detection (SN = 3): LOQ = it of
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Figare $42. HSQC spectrum of compound 9a.
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Figure $43. NOESY spectrum of compound 9a.
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Figure 3. A perspective view of molecule 2-(5-rfluoromethyl-3-phenyl-
1H.pyrazol-1.y1)-5-(3,5-dimethyl- | H-pyrazol-1-yl- | carbonypyridine
(14) with atoms Iabeled (CCDC 1040654). Displacement ellipsoids are
drawn at the 50% probability level.





OPS/images/a26img04.png
C,

 amorphous

- +00, =200

(4)





OPS/images/a08img09.png
Table 3. Least square fitting Mossbauer parameters of annealed samples D0.5 and 1.05

Annealing

Sample ot ISE/(ms) QS BT Arale Phaser
DS 2 (=) T80y - 160 Fo
0.38(0) 0.02(0) 18.109) 070y Feor

041000 00203) 25.7(5) 370) Fesur

0302) 0.12(4) 41.42) 370) Few,
038(0) 021(1) 514000 030) Feqpon

w3 04009 o1 01 o Foue

03403) 0.05(4) 4234) 30(1) Few,
03700 0210 51.200 56(0) Feapao:

s w3 0320 0921) - E) Feun
03005 0.008) 15.0(0) 18(0) Feor

0340 001 145 2 Feo,

0311) 0012) 47501 Q) Few,

923 031(1) 0.8403) - 121 Fegn

03100 0.08(6) 41.409) 591 Feo,

032(1) 0.00(1) 47.8(0) 2100 Few,
03700 021(1) 51.30) 08(0) Feapao:

Feg: superparamagctic Fe atoms of Fe,0y; Fse: disordeod surface componcats of Fe,0,; Fe: ttrahedral Fe aloms: Fegpees: Fe aloms associated
with 6-FeO,: Fe,.: Fe atoms at octahedral sites of Fe,0,: IS: isomer shift: QS: quadrupole splitting: B, : magnetic hyperfine field,
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Figare S12. H NMR spectrum (400.13 MHz, DMSO.)f 2-(5-tivoromethyl-3-methyl | H-pyrazol-1-y1)-5-(-tiluoromethyl-4,5-diy ro-S-hydrony-
3-methyl-H-pyrazol-1-yL--carbony pyridine (7a).

Figure S13. 7C ('H) NMR spectrum (100,61 MHz, DMSO-t) of -(5-tifluoromethyl 3-methyl-1H-pyrazol1-y1)-5-(-tilvoromethyl-45-dihydro-5-
hydroxy-3-methyl-1 H-pyrazol-1-yl-1-carbonyDpyridine (Ta).
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Figure 6. Massbauer spectra of () DO.5 thermally treated at 823 and 873 K and (b) 10.5 thermally treated at 873 and 923 K.
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M A S5 L K K F F F L V N F L G
1 ATGGCTTCC TTGAAGARA TTITTTITC CTTGTATTA TTCCTTGGA
TACCGAAGG AACTTCTTT ARRARARAG GRACATRAT AAGGAACCT
IVF LSI CQDEEKR EGD
51 ATAGTTTTT CTGTCCATC TGTCAAGAT GAGRAAAGA GAGGGAGAC
TATCAARAA GACAGGTAG ACAGTTCTA CTCITTTCT CTCCCTCTG
E QY EEE ENE EAS EEK
101 GAGCAGTAT GAAGAGGAA GAAAATGAA GAGGCAAGT GAGGAAAAG
CTCGTCATA CTTCTCCTT CTTTTACTT CTCCGTTCA
R GV L DA 1 KA T 2aK
151 AGAGGAGTA CTCGATGCA ATTAAAGCT ATAGCGAAA
TCTCCTCAT GAGCTACGT TAATTTCGA TATCGCTTT CGTCGACCA
K A A _§ QA A G E H I G *
201 AAAGCCGCT TTTCAAGCT GCTGGTGAA CACATAGGT TCACGTTAA
TTTCGGCGA AAAGTTCGA CGACCACTT GTGIATCCA AGTGCAATT
251 TGATTCATC TCTATGGAA CATAACTGT TAGTTGTGT CAGACATAT
ACTAAGTAG AGATACCTT GTATTGACA ATCRACACA GTCTGTATA
301 ARTARAGCA TATTATTTG ARARRAARA ARARARRAR RARAARARA
TTATTTCGT ATAATARAC TTTTTTITT TTTITTTTT TTTTTTTTT
351 ARARAACTC
1 rTGAG
Figure S8. Nucleotide and translaed amino acid sequences of cloned skin secretion-derived cDNA encoding the biosynthetic precursor of C-08. The
signal peplide is shown double-underlined, mature peptide in single-line underline and stop codon is indicated with asterisk. Glycine amino acid indicated
possible amidation.
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Figure $10. 'H NVIR spectrum (400.13 MHz, DVISO-d,)0f 2-(S-tifluoromethyl3-methyl-1H-pyrazol-L-y).5-(5-tsichloromethyl-4 -dihydro-S-hydrony-
3-pheny- L H-pyrazolyl-L-carbonylpyridine (6b).

Figure S11. "C ('H) NMR spectrum (100,61 MHz, DMSO-4,) of 2-(5-tiluoromethyl-3-methyl|H-pyrazoly1)-3-(5-trichloromethyl-4.5-dihydro-5-
hydroxy-3-phenyl-1 H-pyrazol-1yl- 1 -carbonylpyridine (6b).
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Figure 8. (2) Weight loss (M) and dehydration exothermic_peak
position (@) of the composites synthesized with 0.5 (D0.5), 5 (DS) and
30 (D30) min of digestion time; (b) weight loss (M) and dehydration
exothermic peak position (@) of the composites synthesized with
0.5 (10.5). 15 (115). 60 (160) and 240 (1240) min of incubation time.
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Aable 1. Synthesis of the starting matenials 4a-f
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“The reactions were carried out using diaryl diselenide 1 (1.5 mmol), 3-amino-2-chloropyridine 2 (3.0 mmol), H,PO (0.6 mL 50 wi.% in ), glycerol

(6.0 mL) at 90 °C; ‘the reactions were carried out using 2-(arylselanyDpyridine 3 (1.0 manol), TMSN, (115 mmol), i-C;H,,ONO (1.15 mmol) in THF
(2.0 mL) from 0 °C to £.t. for 6 h.
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Figure $16. "C ('H) NMR spectrum (100,61 MHz, DMSO-4) of 2-(5-ifluoromethyl-3-methyl- 1 H-pyrazol-1-y1)-5-(-tiflsoromethyl-4 Sdihydro-5-
hydroxy-3-phenyl-1 H-pyrazol-1-yl-I-carbonyDpyridine (7).

o e

Figure $17. "F NMR spectrum (564,68 MHz, DMSO-d,) of 2(5-tiflvoromethyl-3-methyl- | H-pyrazol-1-yD)-5-(5-trfluoromethyl4 5-dihydro-5-hydroxy-
3_phenyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (7b).
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Figure 7. (A) DTA curve ofthe (a) MOZ, (b) M2SZ, (¢) MSZ, (d) MIOUZ, (¢) MISOZ, () M200Z, (g) M2S0Z and (i) zeolite 13x; () endothermic peaks
for desorption of H.0 and total weight loss with zeolite content.
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Figare $14. "% NMR spectrum (564.68 MHz, DMSO) of 2-(5-rfluorometyl-3-methyl- 1 H-pyrazol-|y1)-5-(5-tiflvoromethyl-4,S-diy ro-5-hydrony-
3-methyl-H-pyrazol-I-yl--carbonypyridine (Ta).

==

Figure S15."H NMR spectrum (400.13 MHz, DMSO-d.)of 2-(S-tsifluoromethyl-3-methyl-1H-pyrazol-1-y1)-5-(5-tifluoromethy14 5 dihy dro-5-hydroxy-
3_phenyl-1 H-pyrazol-1-yl-1-carbonyl)pyridine (7h).
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Figure $4. "C ('H) NMR spectrum (100,61 MHz, DMSO~) of 6(5-tifluoromethyl.3-phenyl-1 H-pyrazol-1-yl)nicotinohydraride (2).

—

Figure S5. 'H NMR spectrum (400,13 MHz. DMSO-d,) of 6-(5-trifluoromethyl-3-(fur-2-y1)-1H-pyrazol-1-y1) nicotinohydrazide (3).
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Table 2. Least square fitting Mssbauer parameters of the spectra of the samples 10.5, 160, 1240, D0.5, D5 and D30

Sample. 1S (Fe)/ (mms) QS/(mm s B,IT Areal % Phase”
05 0330) 075(0) - 510) Fean
0283) 00265) 1703) 200) Fess
0413) 008(5) 39.104) “ Fess
03401) 0012) 4538(1) i501) Fen
160 0340) 0730) - 1000) Feans
1240 0330) 0720) - 1000) Fea
Do 033(1) o700) - 1901) Fean
036(1) 0076) 3626) 810) Fewr
DS 0340) 0720) - 1901) Fean
0364) 0.08(8) 3666) 810) Fess
D30 0330) 0364) - o701) Fean
0320) 0080) 3894) 9B Fess

e gt superparamagactc Fe atoms of Fe,0; Fe: disordered suface components of Fe 0, e etrahedral Fe toms: F: F stoms at octahedral
sites of Fe0.: IS: isomer shift: QS: quadrapole splitting: By: magnetic hyperfine field.
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GACTTCTTT AGCGAARAA GAACATGAT
P WO PV EK MEK
51 ATAGTTTCT CTGTCCATC TGTCAAGAT GAGARAAGA
TATCARAGA GAGAGGTAG ACAGTTCTA CTCTTTICT CTCCCTCTG
TRS MEKR NEE ENA §EE
101 GAGCAGTAC GAAGAGGAA GARAATGAA GAGAGCAAG TGAGGARAA
CTCGTCATG CTTCTCCTT CTTTTACTT CTCTCGITC ACTCCTTTT
K R G _V F D AT K AT A& Kaa
151 GAGAGGAGT ATTCGATGC ARTAARAGC TATAGCGAR AGCAGCTGG
CTCTCCTCA TAAGCTACG TTATTTTCG ATATCGCTT TCGATCGACC
G K A A L H A AG DS T G *
201 TAARGCCGC TCTICATGC TGCTGGTGA CTCCATAGG RACACTTTA
ATTTCGGCG AGAAGTACG ACGACCACT GAGGTATCC TTGTGARAT
251 ATGATTCAT CTCTATGGA ACATAAATG TTAGTTGIC TCAGACATA
TACTAAGTA GAGATACCT TGTATTTAC AATCRACAC AGICTGTAT
301 TAATARAGC ARATTATCT GAAAAARAA ARAARARAR GTCGACATC
ATTATITCG TTTAATAGA CTTTTTTTT TTTTTTITT CAGCTGTAG
351 GATACGCGT
CTATGCGCA
Figure S7. Nucleotide and translted amino acid sequences of cloned skin secretion-derived cDNA encoding the biosynthetic precursor of C-07. The
signal peptide is shown double-underlined, mature pepide in single-line underline and stop codon is indicated with astrisk. Glycine amino acid indicated
possible amidation.
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Figare 8. °C ('H) NMR spectrum (100,61 MHz. CDCL) of 2-(S-ifuoromethyl-3-methyl-1H-pyrasol-L-y)-5-(5-tichloromethyl-45dihydro-S-hydrony-
3-methyl- H-pyrazol-1-yl-1-carbonypyriine (6a).

Figure $9. "F NVIR spectrum (564.68 MHz, CDCL) of 2-(5trifluoromethyl-3-methyl- 1 H-pyrazol-1-y1)-5-(5trichloromethyl-4,5-dihydro-S-hydroxy 3-
methyl-1H-pyrazol-1-yl-1-carbonyDpyridine (6a).
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51ATAGITTTT TTGTCCATC TGTCAAGAT GAGAARAGA GAGGGGGAC
TATCARAAR AACAGGTAG ACAGTTCTA CTCTTTTCT CTCCCCCTG
E QY EEE ENE EAS EEK
101 GAGCAGTAT GAAGAGGRA GAAARTGAR CAGGCAAGT GAGGRRAAG
CTCGICATA CTTCTCCTT CITTTACTT CTCCGITCA CTCCTTTTC
R G ¥ LD IR L K A
151 AGAGGAGTA CTTGATGCA ATTAGAGCT ATAGCGARA GCAGCTGGT
TCTCCTCAT GAACTACGT TAATCTCGA TATCGCTTT CGTCGACCA
K B A F QAR A G E H I G *
201 AEAGCCGCT TTTCAAGCT GUTGGTGAR CACATEGGT ATTCGTTAA
TTTCGGCGA ARAGTTCGA CGACCACTT GTGTATCCA TAAGCAATT
251 TGATTCATC TTTATGGAA CATAACTGT TAGTTGTGT CAGACATAT
ACTAAGTAG AAATACCTT GTATTGACA ATCAACACA GICTGTATA
301 ARTARAGCC TATTATTTG ARAARAAAA RRAARRAAA GICGACATC
TTATTTCCG ATAATAAAC TTTTTTTIT TTTTITTTT CAGCTGTAG
351 GATAAGGGT
CTATTCCCA

Figure S6. Nucleotide and translated amino acid sequences of cloned skin secretion-derived cDNA encoding the biosynthetic precursor of C-06. The
sigaal peptide is shown double-underlined, mature peptide in single-line underline and sop codon is indicated with astrisk. Glycine amino acid indicated
possible amidation.
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Figure $6. "C ('H) NMR spectrum (100,61 MHz, DMSO-2,) of 6-(5-trifluoromethyl-3-(fur-2-y)- 1 H-pyrazol- -y} nicotinohydrazide (3).

Figure S7. 'H NMR spectrum (400.13 MHz, CDCY,) of 2-(5trifluoromethyl-3-methyl- 1 H-pyrazol-1-y1)-5-(5-trichloromethyl-4,5-dibydro-S-hydroxy.3-
methyl-1H-pyrazol-1-yl-1-carbonyDpyridine (6a).
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Figure 5. (A) Mossbaver spectra of Fe,O, synthesized in the presence
of 150 mg of zeolite with incubation time of zeolite with Fe solution of
(a) 0.5 min (10.5);(b) 60 min (160) and (c) 240 min (1240). (3) Mossbaver
spectra ofthe Fe,0, nucleated at surface of zeoite afer (2) 0.5 min (DO.5);
(b) 5 min (DS) and (c) 30 min (D30) of reaction digestion time.
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Figure S5. MS/MS of peptide C-05 /2 2490.5047 [M + HI". The pepide was fragmented by MALDLTOF-MS/MS. De novo sequencing was realized
manually using the Flex Analysis 3.3 (Bruker Daltonics) program.
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ure 2. TEM image of (a) MOZ, (b) particles size distribution, (c) HRTEM of M250Z and (d) M1000Z.
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Figure S2. MS/MS of peptide C02 nz 23952525 [M + HI-. The pepide was fragmented by MALDLTOF-MS/MS. De novo sequencing was realized
manually using the Flex Analysis 3.3 (Bruker Daltonics) program.
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Figure 1. Absorption spectra of the Al-alizarin red S complex
(100 g L AP)and the efectof added PVP40 and PVP360 surfactants
at 2 inal concentration of 0.8% . Bars represent standard devition
of three replicate measurements.
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Figure 1. (A) X-ray diffractographs of (a) pure Fe.0, (M0Z):
(b) 100 mg (MI0OZ): (¢) 180 mg (MISOZ): (d) 200 mg (M200Z):
(¢) 250 mg (M2502); () 500 mg (MS002): (2) 1000 mg (M1000Z)
of zeolite 13x with Fe,O and (h) zeolite 13x. () XRD pattern of the
nanopartcles grown i th presence of 150 mg of dehydrated zeolite 13x
with () incubation time of zeolite with soluton of 0.5 min (10.5): and
(b)the 30 min digestion time of the iron oxide preciptate before adding
zeolite (D30).
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Figure S1. MS/MS of peptide C-01 m/z 2386 4325 [M + HI". The pepide was fragmented by MALDLTOF-MS/MS. De novo sequencing was realized
manually using the Flex Analysis 3.3 (Bruker Daltonics) program.
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Table 1. Least square fitted MGssbauer parameters of samples MOZ, M100Z. MIS0Z. M200Z, M250Z, M300Z and M1000Z

Sample. Partcle size /om 1S (Fe)/(mms) __ QS/ (mm ") B,IT Area /% Phaser
Moz 90 03603) 1300) - ) Fean
0276) 0044) 1430) 120) Fear
03402) 0056) 4865) 494) Fear
036(1) 0012) 4113) 1564) Feg,
0.34(1) 0.0402) 45.602) 172) Fen,
MI00Z 106 0230) 0TI - 130) Feau
02801) 1540) - 20 Feau
0330) 0.090) 200) 190) Fewr
0416) 0.004) 37265) Q) Fewr
038(1) 0042) 281) Q) Feos
0247 0.00(1) 46.100) 1) Few,
MISOZ 87 0330) 0760) - 7500 Fean
04565) 0030) 39.00) 08(1) Fewr
04002) 0034 4533) 100) Feoy
03401) 0033) a7901) o7y Few,
M200Z 31 0330) 0720) - 1000) Feau
M250Z 27 0300) 0720) - 1000) Feau
MS00Z 25 0340) 0770) - 1000) Fea
M1000Z 21 0350) 0340) - 1000) Fewn

“Fe,py: superparamagnetic Fe atoms of Fe,0,; Fesy: disordered surface components of Fe,O; Feoe: Fe aloms at octahedsal ites of Fe, 0 Fer: tetrahedral
Fe atoms: IS: isomer shift: QS: quadrupole splitting: B: magnetic hyperfine field.
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Figure $4. MS/MS of peptide C04 n/z 2393 4300 [M + HI-. The pepide was fragmented by MALDLTOF-MS/MS. De novo sequencing was realized
manually using the Flex Analysis 3.3 (Bruker Daltonics) program.
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Figure $2. "C (*H} NMR spectrum (100,61 MHz, DMSO-2,) of 6-(5-trfluoromethyl-3-methyl-1 H-pyrazol- -y} nicotinohydrazide (1).

“ ¥ i ¥ i i ¥

Figure S3. 'H NMR spectrum (400,13 MHz. DMSO-d,) of 6-(5-trifluoromethyl-3-phenyl-1 H-pyrazol-1-yl) nicotinohydrazide (2).
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Figure 3. Room temperature Mossbaver spectraof (a) pure Fe, ), (MOZ);
composites of Fe,0, and (b) 100 mg (MIOOZ); (¢) 150 mg (M1802);
(@ 200 mg (M2002); (e) 250 mg (M2502); (1) S00 mg (MS002) and
() 1000 mg (M1000Z) of zeolite 13x.
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Figure S3. MS/MS of peptide C-03 u/ 2165.2939 [M + HI". The pepide was fragmented by MALDLTOF-MS/MS. De novo sequencing was realized
manually using the Flex Analysis 3.3 (Bruker Daltonics) program.
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Figure S1. 'H NMR spectrum (400,13 MHz, DMSO-d,) of 6-(5-trifluoromethyl-3-methyl-1 H-pyrazol- 1-yl) nicotinohydrazide (1).
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Figure 2. Effect of PVP40 concentration on absorbance from an aqueous
standard solution containing 100 g L AP, Bars represent standard
deviation of three replicate measurements.
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Figure $23. 2D HSQC spectrum (100.61 MHz, DVISO-4,)of 2.(5-tifluoromethyl3-phenyl- 1 H-pyrazol-1y1)-5(5-tichloromethyl 4 S-dihydro-5-hydroxy-
3_phenyl-1 H-pyrazol-1-yl-1-carbonyl)pyridine (8d).
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Figure 3. Response in 0.1 mol L' TBAPF, CHCN of polythiophenes electrosynthesised, respectively, from Th, BTh, TTh, and QTh under the conditions
in Figure 2 on Pt (@) and PY(SiOy), (). v.






OPS/images/a23img65.png
®
s

Figare S18.'H NVIR spectrum (400.13 MHz, DVISO-4,)of 2-(5-tifluoromethyl-phenyl-1-pyrazolL-y1).5-(5trichloromethyl-,S-diy ro-5-hydrony-
3-methyl-1 H-pyrazol-1yl-1carbonyl)pyridine (8c).
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Figure 2. Current density/time transient recorded during polythiophene electropolymerisation from Th (10 mmol L), BTh (5.1 mmol L"), TTh
(3.42 mmol L") and QTh (0.4 mmol L) at 1.80, 128, 1.00 and 0.94 V, respectively, on Pt (@) and PY(SiO,), ().
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Figure $17. "F NMR spectrum (564,68 MHz, DMSO-d,) of 2-(5-tiflvoromethyl-3-methyl- 1 H-pyrazol-1-yD)-5-(5-trifluoromethyl-4 5-dihydro-5-hydroxy-
3_phenyl-1H-pyrazol-1-yl-1-carbonyl)pyridine (7h).
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igure 5. TEM images of PTh electroobtained on PU(SiO,),
treatment with HF:H,0 for 3 5, using (2) and (b) Ths (c) BTh: (d) and )
TTh: and (f) QTh as a starting unit.
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Figure $20. "F NMR spectrum (564.68 Mz, DMSO-d,) of 2-(5-tiflsoromethyl-3phenyl- 1H-pyrazol-1-yl)-5-(5-trchloromethyl-4 5diydro-S-hydroxy.-
3-methyl-1 H-pyrazol-1-yl- 1-carbonylpyridine (8c).
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Figure 4. Transient (corrected and deconvolved) of polythiophene
electrosynthesis from Th, BTh and TTh (contributions calculated from
the respective terms in references 17 and 20).
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Figure S19. "C ('H) NMR spectrom (100,61 MHz, CDCL) of 2(5-iflsoromethy-3-phenyl-1H-pyrazol-L-y!-5(5-trichloromethyl4-diydro-5-
hydroxy-3-methyl- 1 H-pyrazol- 1-yl- 1-carbonyDpyridine (8¢).
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Figare $14. "F NMR spectrum (564.68 MHz, DMSO4) of 2-(5-rflorometyl-3-methyl 1 -pyrazoly1)-5-(5-tilvoromethyl-,S-diy ro-S-hydrony-
3-methyl-1 H-pyrazol-|yl- 1carbonyDpyridine (7a).
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Figare S13. 7C ('H] NMR spectrum (100,61 MHz, DMSO-t) of 2-(5-tifluoromethyl 3-methyl- H-pyrazol-1-y1)-5-(-tiflvoromethyl-45-dihydro-5-
hydroxy-3-methyl-1 H-pyrazol-1-yl-1-carbonyDpyridine (Ta).
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Figure 1. Voltummetic profie of 10 mmol L' Th, 5.1 mmol L BTh, 3.42 mmol L TTh and 0.4 mmol L' QTh, in 0.1 mol L* TBAPF, and anhydrous
CH.CN, during electropolymerisation on Pt disk. v = 5 mV s,
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Figure $16. "C ('H) NMR spectrum (100,61 MHz, DMSO-4,) of 2-(5-iflvoromethyl-3-methyl- 1 H-pyrazol.-y1)-5-(-tifluoromethyl-4 Sdihydro-5-
hydroxy-3-phenyl-1 H-pyrazol-1-yl- 1-carbonyDpyridine (Th).
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Figure S15. 'H NMR spectrum (400.13 MHz, DMSO-d)of 2-(5-trifluoromethyl-3-methyl-1H-pyrazol-1-y1-5-(5-tifluoromethy14 5-dihydro-5-hydroxy-
3_phenyl-1 H-pyrazol-1-yl-1-carbonyl)pyridine (7h).
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Figure 1. 'H NMR spectrum (500 MHz, CDCL) and selected correlations in the 'H-'H COSY spectrum of Piper ottonoides root fraction for characterization
of the piperamide isobutyl group and the aromatic substituent patterns.
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Figure §22. "C ('H) NMR spectrum (100.61 MHz, DMSO-d) of 2-(5-tiflvoromethyl-3-phenyl-1 H-pyrazol-1-y1)-5-(-trchloromethyl-4 Sihydro-5-
hydroxy-3-phenyl-1 H-pyrazol-1-yl- 1 -carbonyDpyridine (8d).
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RR: relative retention time to peak with m/z M+ 273,
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Figure $21."H NVIR spectrum (400,13 MHz, DMSO-d,)of 2(5-tifluoromethyl-3-phenyl- 1 H-pyrazol-1-yD-5-(5-trchloromethyl4 5-dihydro-5-hydroxy-
3_phenyl-1 H-pyrazol-1-yl-1-carbonyl)pyridine (8d).
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Figure 2. Key HMBC correlations of the Piper oftonoides root fraction
for: () characteization o the a.f-unsaturated amidic carboxy system; ()
and () assignment of the quaternary aromatic carbons and the connections
between benzylic protons with their corresponding aromatic systems.
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2. 'H NMR spectrum (500 MHz. CDCL) of Piper ottonoides root fraction.
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Figare $36. H NMR specirum (400.13 Mz, DMSO-4)of 2(S-ifucromethyl-3-pheayl- 1H-pyrazol-L-y)--(3-fur-2-y1)-S-ifluoromethyl-4 5-divydro-
S-hydroxy-1H-pycazolLyl-carbonylpyrdine ().

Figure $37. "C (') NMR spectrum (100.61 MHz, DMSO-2,) of 2(S-riflvoromethyl3-phenyl- 1 H-pyrazol-1-y1)-5-(3-fur-2-yD-S-trfluoromethyl 4 5-
dihydro-5-hydroxy- 1 H-pyrazol- 1-yl-1carbonyDpyridine (9g).
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Figure S34.°C ('H) NMR spectrum (100,61 MHz, DMSO-d,) of 2-(5trifluoromethyl-3-phenyl-1H-pyrazol-1-31)-5-G-tiluoromethyl-4.S-ihydro-5-
hydroxy-3-(+-methoryphenyl)-| -pyrazol-yl-IcarbonyDpyridine 9D

e

Figure $35. "F NMR spectrum (564.68 MHz, DMSO-A,) of 2(5-tifluoromethyl3-phenyl- 1 - pyrazol-1-y1)-5(5-trfluoromethyl 4 5-dihydro-5-hydroxy-
3_(4-methoxypheny!)-1H-pyrazol-1-yl-1-carbonylpyridine (96).
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Figure 2. In situ XANES spectra for MnCo,0,/Cat (2) Ma and (b) Co K
edges for different potentials in 1.0 mol L* KOH.
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Figure 7. Structures of compounds 1-6.
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Figare $29.°C ('H) NMR spectrum (100,61 MHz, DVISO-d,) of 2(5-tifluoromethyl-3-phenyl- H-pyrazol-1-y1)-5-(5-tilvoromethyl-45-dihydro-5-
hydroxy-3-phenyl-1 H-pyrazol-1-yl-1carbonylpyridine (9d).
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Figure 1. () CVs for AuC, MnCo,0,/C, and MnCo,0/C/Au; (5)SnO-/Au
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Figure 6. 'H-'H COSY spectrum correlations of the Piper oftonoides oot raction for characterization of the seven-carbon chain contaiing c.f-unsaturated
amidic carboxyl system.
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Figure $28.'H NMR spectrum (400.13 MHz, DMSO-)of 2-(5tifluoromethyl-3-phenyl-1 H-pyrazol-1-yD-5-(5-trifluoromethy145-diydro-S-hydrony-
3-phenyl- | H-pyrazol- 1-yl-1carbonylpyridine (9d).
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Figure 9. Comparison of the "H NMR spectrum profiles of the studied parts of Piper ottonoides: (a) roots: (b) stems: (c) leaves: (d) fruits.
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Figure S31."H NMR spectrum (400.13 MHz, DMSO-d)of 2-(5-trifluoromethyl-3-phenyl- 1 H-pyrazol.-1-yl)-5-(5-trifluoromethyl-4 5-dihydro-5-hydroxy-

3.(4-methylphenyl)- 1 H-pyrazol-1-yl-1carbonylpyridine (9¢).
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Figure 3. ORR (1600 tpm) on Vulcan carbon, Au/C, PUC, MaCo,0,/C.
and MnCo.0,/C/Au. Os-saturated 1.0 mol L* KOH. and at | mV s°.
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Figare S30. "F NMR spectrum (564.68 MHz, DMSO-c)of -(5-rflvoromethyl-pheyl- 1 -pyrazol-y1)-3(5-tiluoromethyl-4 -dihydro-S-hydrony-
3-phenyl. | H-pyrazol- 1yl-Icarbonylpyridine (9d).






OPS/images/publisher.png
-

‘SOCIEDADE BRASILEIRA DE QUIMICA





OPS/images/a20img05.png
75 70 65 60 ss  so 45 4 35 30 25 20 15 1o 05 o0

Figure 4. 'H NMR spectrum (500 MHz, CDCL) and selected correlations in the 'H-'H COSY spectrum of Piper ottonoides root fraction for characterization
of the piperamide different types of carbon chains.
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Figure $25."H NMR spectrum (400.13 MHz, DMSO-d.) of -(5-rifluoromethyl-3-phenyl-1 H-pyrazol-1-y1-5-(5-tifluoromethy145-dihydro-5-hydroxy-
3_methyl-1 H-pyrazol-1-yl- 1 -carbonylpyridine (9¢).
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Figure 3. COSY and J-RES spectra from 8 5574 of Piper attonoides root faction for charactrization of the F E-e,y3-unsaturaed amidic carboryl
system.
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Figure 524, "F NMR spectrum (564.68 MHz, DMSO-d,) of 2-(5-tifluoromethyl-3phenyl- 1H-pyrazol-1-yl)-5-(5-trichloromethyl-4 5diydro-S-hydroxy-
3-phenyl-1H-pyrazol- 1-yl-1-carbonyDpyridine (8d).
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Table 2. 'H (500 MHz) and ®C (by HSQC and HMBC) NMR data of

compound 2 in CDCL,

in ppm, molt.
Position & UT[-&) inppm
T - 1664
2 578,4(157) 72
3 7.19,dd (157, 109) 1410
s 612m 1289
5 612m 1418
6 20,0 349
7 265,1(75) 349
r - 1204
r 708,482) 1294
3 684,462) 139
g - 1580
5 684,462) 139
6 708,482) 1294
” 316,1(64) a1
2 180.m 86
3 092,4(65) 201
e 092,4(65) 201
OCH, 3795 553
NH 553,bs -

*Overlapped signal.
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Figure $27. "F NMR spectrum (564,68 MHz, DMSO-A,) of 2(5-tifluoromethyl3-phenyl- 1 - pyrazol-1-y1)-5(5-trfluoromethyl 4 5-dihydro-5-hydroxy-
3_methyl- 1 H-pyrazol-1-yl-1-carbonylpyridine (9¢).
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Figure 5. Types of carbon chains characterized i the piperamides found
in Piper ottonoides oot fraction.
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Figure $26.°C ("H) NMR spectrum (100,61 MHz, DMSO-d,) of 2-(5-tifloromethyl-3-phenyl- H-pyrazol-1-31)-5-G-tsiluoromethyl-4.Sdihydro-5-
hydroxy. 3-methyl- | H-pyrazol. I yl--carbonyDpyridine (9c).
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Figure S1. GC-MS chromatograms of Piper ottonoides semi-purified fractions from: (a) root: (b) stem; (c) leaf and (d) fruit.
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Figure 10. Suggested fragments attibuted o the main peaks observed in the mass spectra of the piperamides present in Piper ottonoides (based on
Facundo et al. ).
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Figure S32. °C ('H) NMR spectrum (100,61 MHz, DMSO-d,) of 2-G-trifloromethyl-3-phenyl- H-pyrazol-1-y1)-5-G-tsiluoromethyl-4.S-ihydro-5-
hydroxy-3-(4-methylpheny - 1H-pyrazol-1-y1-1-carbony Dpyridine (9

Figure S33. 'H NMR spectrum (400.13 MHz, DMSO-dj)of 2-(5-trifluoromethyl-3-phenyl-1H-pyrazol.-1-yl)-5-(5-tifluoromethyl 4 5_dihydro-5-hydroxy-
3_(4-methoxyphenyl)-1H-pyrazol-1-yl-1-carbonylpyridine (96).
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Figure S9. X-Band EPR spectra of e-PCL prepared with 1 as initiator,
registered at 77K for the original sample and for the solid obtained afer

seprecipitation.
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Figure S13. 'H-'H COSY spectrum (500 MHz, CDCL) of Piper ottonoides leaf fraction.
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Figure §56. Crystallographic data of compound 14.
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Figure S12. 'H NMR spectrum (500 MHz, CDCL) of Piper ottonoides leaf fraction.
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Figure §55. Crystallographic data of compound Ta.
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Figure $4. Kinetic plots for consumption of e-caprolacione versus time

at 90, 100, 110 and 120 and 130°C for an e-CLATH(OPA)] ratio of 250

in (2) and plot of I k, versus 1/T for e-caprolacione polymerization in
an e-CL/[Ti(OPr),] molar ratio of 250 in (b).
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Figure S8. J-RES spectrum of Piper ottonoides stem fraction.
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Figure $48. " NMR spectrum (564,68 MHz, CDCL) of 2-(5-triluoromethyl.3-phenyl-1H-pyrazol- 1-y1)-5-(5-trchloromethyl-3-methyl- I H-pyrazol-1.
yl-1-carbony pyridine (126).
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Figure $49. 'H NMR spectrum (400.13 MHz, DMSO-2,)of 2(5-tifluoromethyl-3-phenyl- 1 H-pyrazol-1-y1)-5-(4,5-dihydro-5-hydroxy-3.5-dimethyl- 1 -
oyrazol-1-yl-1carbonyl)pyridine (13).
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Figure S3. 'H NMR spectrum (400 MHz, CDCL,) for poly(rac-lactide).
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Figure S7. 'H-"H COSY spectrum (500 MHz, CDCL.) of Piper ottonoides stem fraction.
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Figure $46. ' NMR spectrum (400.13 Mz, DMSO-4.)of 2-(S-ifloromethy-3-phenyl | H-pyrazol--y1)-5(5-tichloromethyl- 3-methyl- 1 pyrazol-
1oyl--carbonyDpyridine (120)

Figare $47. °C ['H) NVIR specteom (100.61 MHz, DMSO-4) of 2(5-tiluoromethyl-3-phenyl-1H-pyrazo-1-y)-5-(5-tichloromethyl3-methy- -
oyrazol-1-yl- 1carbonyDpyridine (12).
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Figure S6. Powder X-ray diffraction patter recorded for a representative
poly(rac-lactide) sample produced in this work.
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Figure $10. 'H-"C HMBC spectrum of Piper ottonoides stem fraction.
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Figure $52. °C ('H) NMR spectrum (100,61 MHz, DMSO-) of 2-(-trifluoromethyl3-phenyl-1H-pyrazol-1-y}-5-(3 S-dimethyl- 1 H-pyrazol-1-y11-
carbony pyridine (14).

Figure S53. "F NMR spectrum (564,68 MHz, DMSO-d,) of 2-(5-trflvoromethyl-3-phenyl- 1H-pyrazol-1-y1)-5-(3 S-dimethyl- 1 H.pyrazol-1-yl-1-carbonyl)
oyridine (14).
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Figure 5. Powder X-ray diffraction paltern registered for a typical
poly(e-caprolactone) sample produced in this work.
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Figure $9. TOCSY 2D spectrum of Piper ottonoides stem fraction.
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Figure S50.C ') NMR spectrum (100,61 MHz, DMSO-&) of 2-(S-ifluoromethyl- -phenyl-1H-pyrszol-1-y1)-5-(4,-diydro-5-hydroxy-3.5-dimethyl-
1H.pyrazol-1-y1carbonypyridine (13),

I

Figure S51."H NVIR spectrum (400,13 MHz, DMSO-d,)of 2-(5-trifluoromethyl-3-phenyl- | H-pyrazol-1-y)-5-(3,5-dimethyl 1 .pyrazol-1-yl-1-carbonyl)
pyridine (14).
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{able 53. Polymenzation of e-caprolactone (£-CL) n toluene solution (entries | and 2) and toluene/isopropanol 10:1 {entnies 5 to 6) with [ FeCL(FrOHLI (4)
as initator

eotry eClilntiator__Temperature/°C___time / min Yield /% M.(GPCF / (g mol ) oI
I 00 E) B - - -

2 00 %0 2 20 1690 L0
3 20 8 2 n 980 204
s 00 8 2 100 1060 109
5 1000 8 2 100 1200 105
6 2000 8 ) 100 1230 124

“Yield based on the amount of isolated solid; “theoretical molecular weight, calculated for quantittive conversions from the formula: Mo, x (L] / [1)
 conversion + 60 (for the terminal groups): <average molecular weights (M,) determined by GPC in tetrahidrofuran using the correction value 0.567
snolydispersity index (PDI), calculated from M, (theoretical YM,(GPC).
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Figure S4. 'H-"C HMBC spectrum of Piper ottonoides root fraction.
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Figure $40. °C ('H) NMR spectrum (100,61 MHz, DMSO) of 2-G-(ur-2-y1)-S-rifluoromethyl1H-pyrazol-1-y1)-5-(5-trichloromethyl-4 Sdihydro-
S-hydroxy-3-phenyl-1H-pyrazol- -yl Lcarbony pyridine (10B).
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-

Figure S41. 2D HSQC spectrum (100.61 MHz, DMSO) of 2-(3-(fur-2-y1)-3-trifluoromethy!- 1 H-pyrazol-1-y}-5-(5-trichloromethyl 4 5 dihydro-5-
hydroxy-3-phenyl-1H-pyrazol-1-yl-1-carbonyDpyridine (10h).
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Table 2. In bulk polymenization of e-caprolactone (e-CL) with [Ti(OPr),] as initiator. The eCL/2 ratio was fixed at 250

Temperature / Yielgr/ 5 Metheoretical’ /- M,(HRMNF/  MJGPCY/

entey b time /min  a/% (gmol?) (g mal) (mal’) DI N
I 30 1420 100 % 33385 7990 7400 149 450
2 0 60 ) 9 35098 6848 750 166 453
3 % 30 % 80 30 876 7490 167 451
s % 60 % % 35098 762 710 166 47
5 120 30 100 % 35098 8104 7850 168 447
6 120 0 100 % 3395 o702 7680 167 40

“Yield based on the amount of isolaed solid; theoretical molecular weight calculated from the formula: [ My, X (CL/1) x @] + 60 (for the terminal
groups); average molecular weights determined by 'H NMR; ‘average molecular weights (M) determined by GPC in the using the correction value
0.56:7 spolydispersity index, aso calculated by GPC:; calculated from M, heoretical YM,(GPC). It refes to the number of growing chains per molecule
of the initiator
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Figure $3. TOCSY 2D spectrum of Piper ottonoides root fraction.
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Figure S38. "F NVIR specirum (564 68 MHz. DMSO-d.)of 2-(5-trifluoromettyl-3-phenyl- | H-pyrazol- L-y)-5-(3(fur-2-y1)-5-tiflsoromethyl-43-dihydro-
S-hydroxy- 1 H-pyrazol- -yl |-carbonylpyridine (9g).
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Figure $39. 'H NMR spectrum (400.13 Mz, DMSO-,) of 2-3-(fur-2-yl)-S-triflvoromethyl- 1H-pyrazol-1-y1)-5-(S-trichloromethyl-4,5dihydro-S-
hydroxy-3-phenyl-1H-pyrazol-1-yl-1 -carbonylpyridine (10h).
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Figure S2.'H NMR spectrum (400,13 MHz, CDCL,) recorded for poly(e-
caprolactone).
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Figure S6. 'H NMR spectrum (500 MHz, CDCL) of Piper ottonoides stem fraction.
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Figure $4.°C ('H) NMR spectrum (100.61 MHz, CDCL) of -(S-ifloromethyl-3-phenyl-|H-pyrazol-1-y1)(5-trifluoromethyl-3-(4-methylphenyl)-
1L pyrazol1y1-Lcarbony pyridin (116).

Figure $45. "F NMR spectrum (564.68 MHz, DMSO-d) of 2(S-trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(5-tifluoromethyl.3-(4-methylpheny)-
1 H-pyrazol-1-yl-1-carbonyDpyridine (11e).
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Figure 85. 'H-"C HSQC spectrum of Piper ottonoides root fraction.
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Figure $42. "F NMR spectrum (564,68 MHz, DMSO~4,) of 2-G-(fur-2-y1)-S-rifluoromethyl-1H-pyrazol-1-y1-5-(5-richloromethyl-4 5-dihydro-5-
hydroxy-3-phenyl-1H-pyrazol-1-yl- 1 carbonylpyridine (10h).

Figure $43. *H NMR spectrum (400.13 MHz, DMSO-d,)of 2(S-trifluoromethyl-3-phenyl-1 H-pyrazol-1-y1)-5-(5-tiflvoromethyl-3-(4-methylpheny)-
1H-pyrazol-1-yl-1-carbonyl)pyridine (11e).
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Figure S8. Typical DSC curve for poly(e-caprolactone) anlyzed from
ambient emperature {0 150 °C, then leftfor S min inisotherm, cooled (o
~120°C, 5 min in isotherm and heated up again to 150 °C at a scan rate
of 10°C min-' in (a); and poly/(rac-lactide) analyzed from—2010 200 °C,
lefifor S min inisotherm, cooled 10-20°C, S min n isotherm and heated
up again to 200 °C at a scan rate of 10 °C min-' in inert atmosphere in (b).
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Figure S7. Homodecoupled 'H NMR spectrum (400 MHz, CDCL)
registered for the methyne region of poly(rac-lactide) using 1 as initiator
in (a) or 2 as initiator in (b).
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Figure $22. 'H-"C HMBC spectrum of Piper ottonoides fruit fraction.
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Figure 7. Plotof the apparent second-order rate constants (k) versus the
number of hydrogen atomsof (1) B-myrcene, (2) limonene, (3 terpinolene,
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Figure S54. Mass spectra of hexadecan-3-one.
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Figure 2. Dose-moraliy curves o the compounds 8a + 8b, 92 + 9b, and
9b against D). hyalinata caterpillars.
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Figure S24. Positive HRESITOFMS analysis of the root fraction.
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Figure 1. Mortality (mean = standard error) of second-instar larvae of
D. hyalinata. Columas followed by the same leter are not significantly
different by the Scott-Knott grouping analysis test at p > 0.05.
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Figure §23. 'H-"C HSQC spectrum of Piper ottonoides fruit fraction.
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(3) terpinolene; (4) p-cymene; (5) a-pinene; (6) p-pinene; and
(13) geraniol to HER versus the minimum of BDE values determined
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Aable 3. Chemical charactenzation ol surface and subsurface waler
samples of Tjunqueiro microbasin, Morrinhos, state of Gois, Brazil
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Figure $19. 'H-"H COSY spectrum (500 MHz. CDCL) of Piper ottonoides fruit fraction.
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Figure 4. Cyclic voltammograms of (—) p-citronellol (5.0 x 10° mol L),

(=) limonene (4.1 x 10 mol L, (... p<ymene (25 x 10+ mol L)

and () a-humulene (1.0 x 10° mol L) dissolved in the supporting

electrolyte tetrabutylammonium perchorate (0.1 mol L in acetonirile),

at 25.0 £ 0.2 °C. and scan rate of 100 mV s\
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Figure S18. 'H NMR spectrum (500 MHz, CDCL) of Piper ottonoides fruit fraction.
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‘able 1. Apparent second-order rate constants (k) for reaction of selected
terpenes with HER. Reactions were conduected at 25.0.+0.2°C in argon-
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Scheme 1. Preparation of adducts 2 and 3 using Diels-Alder reaction.
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Figure S21. TOCSY 2D spectrum of Piper ottonoides fruit fraction.





OPS/images/a14img07.png
Aable 4. Results of particle size analysis of sediment samples, Tijunqueiro
dam, Morrinhos, state of Gois, Brazil

Sediment Sample Sand/ (gkg?) _ Silt/(gkg") Clay/ (gkg")
Headboard 680 I 276
Downstream 700 1 276
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Figure $20. J-RES spectrum of Piper ottonoides fruit fraction.
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Figure 5. Lowest bond dissociation enthalpies (BDE, in kJ mol") for
the allylic, bisallylic and bezylic C—H and O-H bonds of terpenes as
calculated by DFT (6-311+-+G(24,2p) basis set) method for (1) -myrene,
(2)limonene, (3)terpinolene, (4) p-cymene, (5) o pinene, (6) P-pinene,
(13) geraniol.
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Figure S15. TOCSY 2D spectrum of Piper ottonoides leaf fraction.
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Figure 2. Typical EPR spectra of the HER/4-POBN spin adduct radical
recorded for increasing concentrations of -citronellol (mol L)
(a) 13107 (b) 3.6 x 10 and (c) 56 x 107 in the reaction mixture.
Reactions were conducted in argon-saturated ethanol solution at
25.0+0.2 °C. The scales in ordinate are the same as showed in the graph.
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Figure 1. Study area, Tijunqueiro microbasin, Morrinhos, state of Goids, Brazil, adapted by DIGITAL GLOBE (201 1) and wells position.
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Figure S14. J-RES spectrum of Piper ottonoides leaf fraction.
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Figure 1. Chemical structures of hop-derived terpenes: (1) P-myrcene; (2) limonene; (3) terpinolene: (4) p-cymene; (5) a-pinene; (6) P-pinene:
(7 o humulene; (8) B-caryophyllene; (9) rans-p-famesene; (10) 1 4-cineole; (11) B-cironelll; (12) nerol; (13) geraniol; (14) linalool; (15) oterpineol
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Figure 2. SRM Chromatogram of 18 pesticides in a blank water samle spiked at 100 ng g, 1: Acephate, 2: methamidophos, 3: monocrolophos, 4
thiamethoxam, 5: imidacloprid, é: monuron, 7: metribuzin, 8: carbofuran, 0 atrazine, 10: diuron, 11 cyproconazole, 12: azoxysirobin, 13: metolachior
14: malathion, 15 triazophos, 16: difenoconazole. 17: buprofezin, 18: chlorpyrifos.
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Figure 3. Plotof (F/ 1 - F) x k, x [4-POBN] versus the concentrtion

of Pcitronellol, as obtained by spin-trapping EPR at 25.0 =02 °C in
aron-saturated ethanol solution.
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Aable 1. Acquisition parameters for pesticide analysis in the SKM mode

Compound Precursor ion/ (m/z) Production/ (m/z) ___ Fragmentation energy /V___Collision energy /eV_
Acephate [ 5 o 5
1029 k) 0
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Metolachlor 284 176 100 is
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Metribuzin 25 1310 20 5
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Thismethoxam 22 1810 k) 5
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Transitions used for quantification; "transitions used for qualifying: ‘no second transition.
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Scheme 2. Reagents: (a) meta-chloroperbenzoic acid (MCPBA), CH.CL: (b) H,. PA/C (10%). EtOH: (c) Cl. CH,CL: (d) Br,, CH,Cl,.
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Figure 5. Effect of Fe* and Cu® interference on visible color
development: (1) aqueous standard solution contaning 100 s L of AI*:
(2) aqueous standand solution containing 100 pg L of AI*. 500 pg L
of Fe* and 0,05 mol L+ ascorbic acid: (3) aqueous standard solution

containing 100z L of AP and 5002 L of Fe™; (4 aqueous standard
solution contaiing 100 g - of AT, 300 pg L of Cu*and 0.01 mol L
L-histidin; (5) aqueous standard solution containing 100 g L of AF*
and 500 pg L+ of Cu™.
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Figure 4. Effect o time on the development of bsorbance by the Al -
alizarin red S complex inthe presence and absence of added PVP40. Bars
represent standard deviation of three replicate measurements.
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Figure 3. Effect of concentration of alizarin red § on absorbance from

an aqueous standard solution containing 100 g L of AP* and 1% miy
PVP40. Bars represent standard deviation of three replicate measurements.
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Figure S50.C ') NMR spectrum (100,61 MHz, DMSO-&) of 2-(S-ifluoromethyl- -phenyl-1H-pyrszol-1-y1)-5-(4,-diydro-5-hydroxy-3.5-dimethyl-
1H.pyrazol-1-y1carbonypyridine (13),

I

Figure S51."H NVIR spectrum (400,13 MHz, DMSO-d,)of 2-(5-trifluoromethyl-3-phenyl- | H-pyrazol-1-y)-5-(3,5-dimethyl 1 .pyrazol-1-yl-1-carbonyl)
pyridine (14).
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Figure $48. " NMR spectrum (564,68 MHz, CDCL) of 2-(5-triluoromethyl.3-phenyl-1H-pyrazol- 1-y1)-5-(5-trchloromethyl-3-methyl- I H-pyrazol-1.
yl-1-carbony pyridine (126).
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Figure $49. 'H NMR spectrum (400.13 MHz, DMSO-2,)of 2(5-tifluoromethyl-3-phenyl- 1 H-pyrazol-1-y1)-5-(4,5-dihydro-5-hydroxy-3.5-dimethyl- 1 -
oyrazol-1-yl-1carbonyl)pyridine (13).
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Figure S54. Crystallographic data of compound 6a.
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Figure $52. °C ('H) NMR spectrum (100,61 MHz, DMSO-) of 2-(-trifluoromethyl3-phenyl-1H-pyrazol-1-y}-5-(3 S-dimethyl- 1 H-pyrazol-1-y11-
carbony pyridine (14).

Figure S53. "F NMR spectrum (564,68 MHz, DMSO-d,) of 2-(5-trflvoromethyl-3-phenyl- 1H-pyrazol-1-y1)-5-(3 S-dimethyl- 1 H.pyrazol-1-yl-1-carbonyl)
oyridine (14).
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Figure $46. ' NMR spectrum (400.13 Mz, DMSO-4.)of 2-(S-ifloromethy-3-phenyl | H-pyrazol--y1)-5(5-tichloromethyl- 3-methyl- 1 pyrazol-
1oyl--carbonyDpyridine (120)

Figare $47. °C ['H) NVIR specteom (100.61 MHz, DMSO-4) of 2(5-tiluoromethyl-3-phenyl-1H-pyrazo-1-y)-5-(5-tichloromethyl3-methy- -
oyrazol-1-yl- 1carbonyDpyridine (12).
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Figure $4.°C ('H) NMR spectrum (100.61 MHz, CDCL) of -(S-ifloromethyl-3-phenyl-|H-pyrazol-1-y1)(5-trifluoromethyl-3-(4-methylphenyl)-
1L pyrazol1y1-Lcarbony pyridin (116).

Figure $45. "F NMR spectrum (564.68 MHz, DMSO-d) of 2(S-trifluoromethyl-3-phenyl-1H-pyrazol-1-yl)-5-(5-tifluoromethyl.3-(4-methylpheny)-
1 H-pyrazol-1-yl-1-carbonyDpyridine (11e).





OPS/images/a23img47.png
checkCTF/PLATON report

Vou have not cupplied sny structure fctors. A 3 razul the fullsetof tests camnot be run.

‘THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
‘FOR PUBLICATION. IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

o symtex amors found.

Datablack: teste2

Sond precision: C-C - 0.0035 A Wavelength=0.71073
ce1: 2=17.7171(12) o=8.2053 (6)
pp— p—
Temperatury 293 K
Calculated Reported
Volume 1058.6(2) 1958.6(2)
Space growp P 21/c B21/c
Hall group -p 2ync -paybe
Moiety formula C21 16 F3 N5 O €21 H16 F3 N5 0
Sum formula  C21 HI6 P3 NS O €21 H16 71 NS 0
" 411.39 a11.39
Dx,g cm-3 1.395 1.305
z 4 .
M (mm-1) 0.110 0.110
Fo00 845.0 848.0
000" 848,46
B,k, Imax 22,17,10 22,17,10
Nref 1837 4370
Tmin, Tmax 0.968,0.984 0.958,0.975
Tmin’ 0.931
Correction method- GAUSSTAN
Data completeness= 0.987 Theta (max) = 27.330
R(reflections)= 0.0499( 3085) WRZ (reflections)= 0.1947( 4379)
s=1.0m Npar= Npar = 271
e following AUEKTS were gensrated. Each ALERT haa the formst

Cest-nane ALZHT. alere-type slecc-level
Click on the hyperiinks for more details of the test.

Figure §56. Crystallographic data of compound 14.
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Figure §55. Crystallographic data of compound Ta.
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Figure S1. 'H NMR spectrum (400,13 MHz, DMSO-d,) of 6-(5-trifluoromethyl-3-methyl-1 H-pyrazol- 1-yl) nicotinohydrazide (1).
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Figure S7. 'H NMR spectrum (400.13 MHz, CDCL,) of 2-(5-triflvoromethyl-3-methyl- 1 H-pyrazol-1-y1)-5-(5-trichloromethyl-4,5-dihydro-S-hydroxy 3-
methyl-1H-pyrazol-1-yl-1-carbonyDpyridine (6a).
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Figure S6. °C (*H) NMR spectrum (100.61 MHz. DMSO-d,) of 6-(5-trifluoromethyl-3-(fur.

y1)-1H-pyrazol-1-yl) nicotinohydrazide (3).






OPS/images/a23img56.png
Figure $9. "F NVIR spectrum (564.68 MHz, CDCL) of 2-(5trifluoromethyl-3-methyl- 1 H-pyrazol-1-y1)-5-(5-trichloromethyl-4,5-dihydro-S-hydroxy 3-
methyl-1H-pyrazol-1-yl-1-carbonyDpyridine (6a).
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Figare 8. °C ('H) NMR spectrum (100,61 MHz, CDCL) of 2.(S-ifuoromethyl- -methyl- H-pyrazol-L-y)-5-(5-tichoromethyl45dibydro-S-hydrony.
3-methyl-1 H-pyrazol-1-yl. 1 carbonyl)pyridine (6a).
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Figure S3. 'H NMR spectrum (400,13 MHz. DMSO-d,) of 6-(5-trifluoromethyl-3-phenyl-1H-pyrazol-1-yl) nicotinohydrazide (2).
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Figure S5. 'H NMR spectrum (400,13 MHz, DMSO-d,) of 6-(5-trifluoromethyl-3-(fur-2-y1)-1 H-pyrazol-1-y1) nicotinohydrazide (3).





OPS/images/a23img51.png
o

Figure S4. "C {'H) NMR spectrum (100.61 MHz. DMSO-d,) of 6-(5-trifluoromethyl-3-phenyl-1 H-pyrazol-1-yl) nicotinohydrazide (2).
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Figare S11. "C ('H) NMR spectrum (100.61 MHz, DMSO-4,) of 2-(5-tifluoromethyl-3-methyl|H-pyrazoly1)-5-(5-trichloromethyl-4.5-dihydro-5-
hydroxy-3-phenyl-1 H-pyrazol-1yl-1carbonylpyridine (6b).
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Figare $10.'H MR spectrum (400.13 MHz, DVISO-d,)0f 2-(5-tifluoromethyl3-methyl-1H-pyrazol-L-y).5-(5-sichloromethyl-4 5-dihydro-S-hydrony-
3-phenyl- 1 H-pyrazol- 1-yl-1carbonylpyridine (6b).
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Figare S12. 'H NMR spectrum (400.13 MHz, DMSO.)of 2-(5-tivoromethyl-3-methyl | H-pyrazol-1-y1)-5-(-tiluoromethy1-4,5-diy ro-S-hydrony-
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Figure S2. XRD pattern for the studied electrocatalysts: Au (PDF No
00-004-0784). and SnO, (PDF No. 00-021-1250).
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Figure 1. Similarities between a carbenoid and a singlet carbene.
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Figure S1. XRD pattern for the studied electrocatalysts: Au (PDF No
00-004-0784). and MnCo.0, (PDF No. 00-023-1237).
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Scheme 2. Simmons-Smith cyclopropanation reaction.
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Scheme 3. Furukawa procedure for zinc carbenoids.
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Figure 2. Structural relation of carbenoids and metal carbenes.
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Figure 3. Some natural products that were synthesized using the Charette methodology.
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Scheme 4. Possible mechanisms of Simmons-Smith cyclopropanation.
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Scheme 5. Charette’s approach for enantioselective synthesis of cyclopropanes.
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Scheme 8. Carboxylation using lithium carbenoids.
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Scheme 9. Reagent degradation due to a-climination as suggested by
Villieras and coworkers ®






OPS/images/a04img09.png
a

1)22ZnR',

f“ ()-MB (4 mol%)
RYORY
17
b)
1) HBE!
g,[ S
2) Znkt,
Rt (FMB
20 2

Nugent's ligand or ()-MI

Scheme 6. Tandem asymmetric cyclopropanation reactions.
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Scheme 7. Simmons-Smith cyclopropanation using a catalytic amount of zinc.
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Scheme 12. Fumagillol synthesis.
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Scheme 10. Synthesis of bromohydrins and epoxides from carbenoids.





OPS/images/a04img14.png
) 1) Lishot (15 equiv.)
| Brenci (12 equivy

THF,-65°C
BN ST
o
35
Scale ca. 2 kg

Scheme 11. Large scale synthesis of aminoepoxide 37.
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Scheme 14. Preparation of ar-haloacetamides from isocyanates.
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Scheme 15. Chemaselective addition of a-chloromethyllithium to cyclic enones.
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