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  EDITORIAL

  
    Loh W. 2016, What Lies Ahead?. J. Braz. Chem. Soc. 2016;27(1):1

  

  
    2016, What Lies Ahead?

  

   

   

  Watson Loh

   
 
   

  As we always do at the beginning of every year, we would like to share with you our perspectives for the new-year ahead. Overall, our impression is that this analysis contains mixed feelings. On one hand, the JBCS most important figures remain safely constant: our manuscript processing time remains as low as ever, around 3 months, on average, between submission and on-line publication; the number of submissions has slightly increased since last year and we are close to a healthy submission level of one thousand manuscripts per year, majority of which from authors residing outside Brazil; our rejection rate remains around 65%, and only our impact factor has not raised yet, as much as we would like.

  On the other hand, a series of challenges lie ahead. At the end of 2015, the Brazilian Chemical Society (SBQ) decided that its Journals JBCS and Química Nova will take a final step towards full open access, that is to start sharing its publication costs with the authors. So far, these costs have been partially supported by grants from Brazilian Funding Agencies, and the difference covered by SBQ funds, a model that is no longer sustainable. As a result, a policy that shall recognize SBQ members with special discounts will be divulged and put in effect during the year of 2016. With that, the Brazilian Chemical Society and its publications reinstate the long-time decision to fully support the open access model. We hope to keep counting with our supporters during this transition period.

  During the finishing year of 2015 the JBCS has started to use, with many positive effects, the anti-plagiarism tool iThenticate, benefited from an agreement supported by the Brazilian Association of Scientific Editors (ABEC). This has relieved Editors and reviewers from the duties of having to worry about blocking these publication malpractices. This year also sees the end of term for long-time Editors of the JBCS to whom we would like to express our immense gratitude: Profs Joaquim Nóbrega and Pedro Abreu, we greatly appreciate all these years of dedicated work for our Journal and pleasant company, which took so much of your time and energy. On the other hand, new Associate Editors are joining this board with the task of keeping up with the good work and sharing with us their new energy and ideas. Profs Edenir Rodrigues Pereira Filho, Emerson Ferreira Queiroz, Pedro Henrique Cury Camargo and Brenno Amaro da Silveira Neto, welcome aboard!

  2016 also brings a series of special issues. One, on Chemistry at Interfaces, is ready to be printed. Others with contributions from a selection of Young Brazilian Researchers and some selected from the 5th Brazilian Conference on Natural Products are being prepared. The JBCS will also take part in a collective Virtual Special Issue that is being prepared by the SBQ publications to be dedicated to the late Prof Angelo da Cunha Pinto.

  So, as always, let's keep working and bring on the new-year!

  Watson Loh

  JBCS Editor
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    Mendes G, Aspesi GH, Arruda ALA, Romanos MTV, Andrade CKZ. In vitro Anti-HMPV Activity of New Synthetic Phenytoin Derivatives. J. Braz. Chem. Soc. 2016;27(1):2-9

  

  
    In vitro Anti-HMPV Activity of New Synthetic Phenytoin Derivatives

  

   

   

  Gabriella MendesI; Geisa H. AspesiII; Ana L. A. ArrudaII; Maria T. V. RomanosI*; Carlos K. Z. AndradeIII*

  ILaboratório Experimental de Drogas Antivirais e Citotóxicas (LEDAC), Departamento de Virologia do Instituto de Microbiologia Paulo Góes, Universidade Federal do Rio de Janeiro, UFRJ, CP 6804, 21941-590 Rio de Janeiro-RJ, Brazil

  IIDepartamento de Ciências Biológicas e da Saúde, Universidade Católica Dom Bosco, UCDB, Avenida Tamandaré 6000, 79117-900 Campo Grande-MS, Brazil

  IIILaboratório de Química Metodológica e Orgânica Sintética, LaQMOS, Instituto de Química, Universidade de Brasília, CP 4478, 70910-970 Brasília-DF, Brazil

   

  
    New derivatives of synthetic 5,5-diphenylhydantoin (phenytoin) were prepared by N-alkylation with 1,3-dibromopropane. Subsequent treatment with sodium azide led to the respective azide. Reaction of the azide with phenylacetylene and 2-hydroxy-3-butyne and oxidation of the resulting alcohol with MnO2 resulted in three triazolic compounds that were evaluated in vitro for their antiviral activity against human metapneumovirus (HMPV). 5,5-Diphenyl-3-[3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl]imidazolidine-2,4-dione was the most active of the three compounds tested, with selectivity index of 129.87, even higher than ribavirin, the control substance. The three compounds showed activity in the early stages of viral replication presenting virucidal activity and binding to cellular receptors, preventing the adsorption of viral particles. These compounds showed higher activity in both experiments, inhibiting 98.3% of infection as virucidal and 98.9% when interacting with cellular receptors. Furthermore, they showed 73.8% of activity during the penetration of HMPV particles into cells. The derivative 3-{3-[4-(1-hydroxyethyl)-1H-1,2,3-triazol-1-yl]propyl}-5,5-diphenylimidazolidine-2,4-dione presented a mild anti-HMPV activity, with selectivity index of 2.74. 3-[3-(4-acetyl-1H-1,2,3-triazol-1-yl)propyl]-5,5-diphenylimidazolidine-2,4-dione inhibited less than 50% of HMPV replication.

    Keywords: phenytoin, 1,2,3-triazoles, metapneumovirus, antiviral assay, real-time RT-PCR.

  

   

   

  Introduction

  Human metapneumovirus (HMPV) is a negative-sense, single-stranded RNA virus first isolated in 2001 by van den Hoogen and colleagues1,2 in previously virus-negative nasopharyngeal aspirates from children with respiratory tract infections. It has been recognized as a common cause of respiratory infections in children, immunocompromised and elderly populations.3

  HMPV causes occasional upper respiratory tract infections, although lower respiratory tract infections can result in bronchiolitis, pneumonitis and asthma exacerbations.4,5

  In Brazil, the burden of HMPV infections has been demonstrated by several scientists.6-11 Currently, there is no antiviral therapy available for prevention or treatment of HMPV infection, with the exception of ribavirin, although its activity is still questionable.12

  Many hydantoin (imidazolidine-2,4-dione) derivatives have pharmacological activities (anticonvulsant, antifungal, antibacterial and antiparasitic),13,14 related to the substituents in positions 3 or 5 of the imidazolic-like ring.

  Phenytoin (5,5-diphenyl-2,4-imidazolidindione or 5,5-diphenylhydantoin) belongs to a group of anti-epileptic drugs with clinical use in cases of partial and generalized seizures. It displays various effects such as inhibition of sodium, potassium and calcium channels in the neurons membrane, changes in local concentrations of neurotransmitters such as GABA, acetylcholine and noradrenaline and decreased neuronal excitation in general.13 Furthermore, a number of phenytoin derivatives have also been studied and many of them have shown interesting pharmacological properties, including anticonvulsivant,15 antimicrobial16 and anti-arrhythmic.17 Due to its properties, this molecule was chosen as lead for the obtention of new 1,2,3-triazole derivatives in this work. 1,2,3-Triazole is an important nucleus, which can be easily obtained by a copper catalyzed alkyne-azide cycloaddition reaction (vide infra). It is present in many compounds with various pharmacological activities, including antiviral.18 Thus, we envisaged that new molecules containing both phenytoin and 1,2,3-triazole moieties could show enhanced activities compared to the isolated moieties.

   

  Experimental

  Chemistry

  Commercially available reagents and solvents were purchased from Merck, Aldrich Chemical Co., Reagen, Fluka, Chemicals Group, Vetec and Ecibra and used without further purification. All compounds obtained in this work were obtained as solids and purified by recrystallization. Melting points were determined in a Köfler block and are uncorrected. The infrared spectra (IR) were recorded in a Bomem Hartmann & Brawn MB-100 spectrometer. Nuclear magnetic resonance (NMR) 1H NMR spectra (300 MHz) and 13C NMR (75.46 MHz) were recorded in a Varian Mercury plus (7.05 T) spectrometer. The NMR experiments were referenced to tetramethylsilane (TMS) (d 0.0) as internal standard for 1H, and CDCl3 (d 77.0) and dimethylsulfoxide (DMSO) (d 39.7) for 13C, respectively. The letters s, t, q and m are used to indicate a singlet, triplet, quadruplet and multiplet, respectively. High resolution electrospray (ESI) mass spectra (MS) were obtained on a Micro TOF-Bruker Daltonics instrument and IR spectra were recorded on a Varian 640-IR spectrometer. Compounds were analyzed by IR, 1H NMR, 13C NMR and high resolution ESI mass spectra giving data consistent with the proposed structures.

  2-Hydroxy-1,2-diphenylethanone (3)19

  A solution of potassium cyanide (6.63 g; 0.10 mol) in distilled water (50 mL) was added to a solution of benzaldehyde (50.0 g; 47.5 mL; 0.47 mol) in 96% ethanol (65 mL). The mixture was refluxed for 30 min and then cooled in an ice bath. The crude product was filtered, washed with cold distilled water and recrystallized from hot ethanol. White crystals were obtained (27.5 g; 0.13 mol, 55%); mp 136-138 ºC; IR (KBr) ν / cm-1 3414, 3377, 1678, 1263, 1092, 755, 595; 1H NMR (300 MHz, CDCl3) δ 7.90-7.94 (m, 2H), 7.48-7.55 (m, 2H), 7.24-7.41 (m, 6H), 5.96 (s, 1H), 4.58 (broad s, 1H); 13C NMR (75.46 MHz, CDCl3) δ 198.8, 138.9, 133.8, 133.3, 129.1, 129.0, 128.6, 128.5, 127.7, 76.1.

  Benzil (4)19

  A mixture of 2-hydroxy-1,2-diphenylethanone (3) (27.5 g; 0.13 mol) and concentrated nitric acid (140 mL) was refluxed for 2 h, until nitrogen oxide gas evolution stopped. The reaction mixture was poured into cold distilled water (400 mL), stirred and allowed to freeze for 24 h. After vacuum filtration, the crystals were washed with cold distilled water to completely remove the nitric acid. The product recrystallized from hot ethanol (66 mL) forming crystals as pale yellow needles (26.16 g; 0.12 mol; 96%); mp 94-97 °C; IR (KBr) ν / cm-1 3551, 3477, 3416, 1676, 1657, 1211, 998, 875, 794, 718, 642; 1H NMR (300 MHz, CDCl3) δ 7.96-8.00 (m, 4H), 7.63-7.70 (m, 2H), 7.48-7.54 (m, 4H); 13C NMR (75.46 MHz, CDCl3) δ 194.5, 134.8, 132.7, 129.7, 128.9.

  5,5-Diphenylimidazolidine-2,4-dione (phenytoin) (1)19

  Potassium hydroxide 70% (8.1 mL), urea (2.30 g, 0.04 mol) and benzil 4 (4.20 g, 0.02 mol) were added to ethanol (45 mL) in a round-bottom flask. The dough formed was refluxed for 3 h and became clear by heating. Then cold distilled water was added (100 mL) and the diphenylacetylenediurein precipitate was discarded. A solution of 50% sulfuric acid was added to the filtrate, with stirring, until acidic pH. The precipitate so formed was filtered under vacuum and washed with cold distilled water. The crystals were recrystallized from a solution of hot distilled water (4.5 mL) and sodium hydroxide (1.88 g, 0.05 mol) and treated with activated charcoal (0.3 g). After filtration on Celite®, a solution of 50% sulfuric acid was added to the filtrate until precipitation of the product as a beige colored solid, which was filtered and dried in oven at 100 ºC, yielding a beige powder (3.28 g, 0.013 mol, 65%); mp 297-300 ºC; IR (KBr) ν / cm-1 3273, 3208, 1773, 1741, 1718, 1494, 1449, 1401, 1235, 1015, 787, 641; 1H NMR (300 MHz, DMSO-d6) δ 11.13 (s, 1H), 9.33 (s, 1H), 7.31-7.44 (m, 10H); 13C NMR (75.46 MHz, DMSO-d6) δ 174.9, 156.1, 139.9, 128.6, 128.1, 126.7, 70.3.

  3-(3-Bromopropyl)-5,5-diphenylimidazolidine-2,4-dione (5)

  DBU (1,8-diazabicycloundec-7-ene, 3.80 mL; 25.0 mmol) was added dropwise to a solution of 5,5-diphenylimidazolidine-2,4-dione 1 (6.30 g; 25.0 mmol) in CH2Cl2 (30 mL). After stirring for 30 minutes at room temperature, 1,3-dibromopropane (5.1 mL; 50.0 mmol) was added and the reaction mixture refluxed for 3 h. Then CH2Cl2 (50 mL) was added to the reaction mixture and the organic phase was washed with distilled water (20 mL), brine (20 mL), dried over Na2SO4 and concentrated under vacuum. The crude residue was purified by recrystallization (EtOH) yielding a white solid (6.50 g; 17.4 mmol; 69%); mp 140-144 °C; IR (KBr) ν / cm-1 3454, 3406, 3220, 3099, 1772, 1706, 1494, 1417, 1255, 789, 700, 693, 518; 1H NMR (300 MHz, CDCl3) δ 7.36 (s, 10H), 7.14 (s, 1H), 3.72 (t, 2H, J 6.9), 3.34 (t, 2H, J 6.7), 2.16-2.25 (m, 2H); 13C NMR (75.46 MHz, CDCl3) δ 173.2, 156.7, 138.9, 128.7, 128.5, 126.6, 70.0, 37.6, 31.0, 29.5; HRMS m/z, calc. for C18H18BrN2O2 [M + H]+: 373.0552; found: 373.0549.

  3-(3-Azidopropyl)-5,5-diphenylimidazolidine-2,4-dione (6)

  Sodium azide (5.10 g; 78.6 mmol) was added to a mixture of 3-(3-bromopropyl)-5,5-diphenylimidazolidine-2,4-dione 5 (9.80 g; 26.0 mmol) in ethanol (80 mL) and distilled water (16 mL). The white mixture was stirred under reflux for 35 h. Ethanol was evaporated and the aqueous phase extracted with CH2Cl2 (80 mL). The organic layer was washed with distilled water (2 × 40 mL), brine (40 mL), dried over Na2SO4, and concentrated under vacuum. The yellowish oil was dissolved in ethyl acetate, treated with charcoal and filtered through Celite®. After solvent evaporation and purification by recrystallization (ethanol) a pale yellow solid was obtained (8.80 g; 24.3 mmol; 93%); mp 118-120 °C; IR (KBr) ν / cm-1 3448, 3413, 3222, 3171, 3094, 2099, 2079, 2053, 1770, 1708, 1495, 1245, 759, 534; 1H NMR (300 MHz, CDCl3) δ 7.47 (s, 1H), 7.36 (s, 10H), 3.65 (t, 2H, J 6.8), 3.30 (t, 2H, J 6.6), 1.85-1.94 (m, 2H); 13C NMR (75.46 MHz, CDCl3) δ 173.3, 156.9, 138.9, 128.6, 128.4, 126.6, 69.9, 48.7, 36.4, 27.3; HRMS m/z, calc. for C18H17N5O2Na [M + Na]+: 358.1285; found: 358.1285.

  5,5-Diphenyl-3-[3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl]-imidazolidine-2,4-dione (7) 

  Phenylacetylene (1.7 mL; 15 mmol) was added to a mixture of CuSO4.5H2O (3.70 g; 15.0 mmol), sodium ascorbate (4.50 g; 22.5 mmol) and 3-(3-azidopropyl)-5,5-diphenylimidazolidine-2,4-dione 6 (5.00 g; 15.0 mmol) in a mixture of distilled water (50 mL) and CH2Cl2 (25 mL). The orange mixture was stirred under reflux for 24 h. To the reaction mixture were added CH2Cl2 (100 mL) and distilled water (100 mL). The organic layer was washed with distilled water (50 mL), brine (50 mL), dried over Na2SO4 and concentrated under vacuum. The pale yellow solid was purified by recrystallization (hexane/ethyl acetate 1:1) yielding a beige solid (5.50 g; 12.5 mmol; 83%); mp 190-193 °C; IR (KBr) ν / cm-1 3477, 3409, 3273, 3181, 3116, 3087, 1769, 1712, 1493, 1446, 1424, 1383, 1347, 1222, 1042, 792, 738, 516; 1H NMR (300 MHz, CDCl3) δ 7.92 (s, 1H), 7.76-7.80 (m, 5H), 7.43 (s, 1H), 7.31-7.41 (m, 10H), 4.36 (t, 2H, J 6.8), 3.65 (t, 2H, J 6.5), 2.26-2.35 (m, 2H); 13C NMR (75.46 MHz, CDCl3) δ 173.5, 156.6, 147.6, 138.8, 130.4, 128.9, 128.7, 128.6, 128.1, 126.7, 125.7, 120.4, 70.2, 47.4, 35.9, 29.1; HRMS m/z, calc. for C26H23N5O2Na [M + Na]+: 460.1749; found: 460.1755.

  3-{3-[4-(1-Hydroxyethyl)-1H-1,2,3-triazol-1-yl]propyl}-5,5-diphenylimidazolidine-2,4-dione (8)

  2-Hydroxy-3-butyne (1.60 mL; 20.0 mmol) was added to a mixture of CuSO4.5H2O (3.70 g; 15.0 mmol), sodium ascorbate (4.50 g; 22.5 mmol) and 3-(3-azidopropyl)-5,5-diphenylimidazolidine-2,4-dione 7 (5.00 g; 15.0 mmol) in a mixture of distilled water (50 mL) and CH2Cl2 (25 mL). The orange mixture was stirred under reflux for 24 h. Then, CH2Cl2 (100 mL) and distilled water (100 mL) were added to the reaction mixture. The organic layer was washed with distilled water (50 mL), brine (50 mL), dried over Na2SO4 and concentrated under vacuum. The brown oil obtained was dissolved in ethyl acetate, treated with charcoal and filtered through Celite®. After solvent evaporation and purification by recrystallization (CH2Cl2/hexane), a white solid was recovered (4.00 g; 9.92 mmol; 66%); mp 78-81 °C; IR (KBr) ν / cm-1 3548-3238, 3464, 3418, 3171, 2974, 2958, 2926, 1766, 1788, 1634, 1617, 1491, 1447, 1308, 1150, 1077, 759, 529; 1H NMR (300 MHz; CDCl3) δ 7.59 (s, 1H), 7.35-7.38 (m, 10H), 6.69 (s, 1H), 5.05 (q, 1H, J 6.7), 4.32 (t, 2H, J 6.9), 3.63 (t, 2H, J 6.6), 2.24-2.33 (m, 2H), 1.67 (s, 1H), 1.57 (d, 3H, J 6.7); 13C NMR (75.46 MHz; DMSO-d6) δ 173.4, 155.3, 152.7, 139.6, 129.8, 127.8, 125.7, 120.2, 69.2, 62.6, 46.6, 40.3, 24.7, 6.8; HRMS m/z, calc. for C22H23N5O3Na [M + Na]+: 428.1700; found: 428.1699.

  3-[3-(4-Acetyl-1H-1,2,3-triazol-1-yl)propyl]-5,5-diphenylimidazolidine-2,4-dione (9)

  MnO2 (0.87 g; 10.0 mmol) was added to a mixture of 3-{3-[4-(1-hydroxyethyl)-1H-1,2,3-triazol-1-yl]propyl}-5,5-diphenylimidazolidine-2,4-dione 8 (0.40 g; 1.00 mmol) in CH2Cl2 (20 mL). The reaction mixture was stirred at room temperature for 24 h. Then, it was filtered through Celite® and concentrated under vacuum. The pale yellow semi-solid was purified by recrystallization (CH2Cl2) yielding a white solid (0.37 g; 0.92 mmol, 92%); mp 151-152 °C; IR (KBr) ν / cm-1 3456, 3351, 3149, 1780, 1673 1713, 1493, 1528, 1449, 1236, 1207, 1035, 768, 623 cm-1; 1H NMR (300 MHz, DMSO-d6) δ 9.72 (s, 1H), 8.77 (s, 1H), 7.33-7.44 (m, 10H), 4.44 (t, 2H, J 7.0), 3.49 (t, 2H, J 7.1), 2.55 (s, 3H), 2.10-2.20 (m, 2H); 13C NMR (75.46 MHz, DMSO-d6) δ 191.7, 173.3, 155.2, 146.9, 139.6, 128.6, 128.2, 127.4, 126.7, 69.2, 47.5, 35.5, 28.3, 27.1; HRMS m/z, calc. for C22H22N5O3 [M + H]+: 404.1723; found: 404.1723.

  In vitro antiviral assays against HMPV

  The cell culture used was LLC-MK2 (Macaca mulatta, monkey, rhesus) grown in Dulbecco’s modiﬁed Eagle’s medium (DMEM), supplemented with L-glutamine (3 mmol L-1), garamicin (50 mg mL-1), fungizon (2.5 mg mL-1), sodium bicarbonate at 0.25%, and 10% of heat-inactivated fetal bovine serum (FBS) and maintained at 37 °C in an atmosphere of 5% CO2. All experiments were carried out using the same amount of cells (5 × 105 cells mL-1).

  A sample of HMPV NL/1/00 was kindly provided by ViroNovative BV, Erasmus University Rotterdam. Because the in vitro viral replication is dependent on trypsin, this enzyme was added to the culture medium for a final concentration of 1 µg mL-1 in all antiviral and cytotoxicity experiments.

  The cytotoxicity assay was performed by incubating LLC-MK2 cell monolayers cultivated in 96-well microplates with two-fold serial dilutions of compounds 7, 8 and 9 in triplicate, for seven days at 34 °C. The cellular viability was further evaluated by the neutral red dye-uptake method.20 In this experiment, the cytotoxic concentration for 20% of cell culture (CC20), used in the antiviral assays, and the cytotoxic concentration for 50% of cell culture (CC50) were determined for subsequent determination of the selectivity index (SI).

  In the antiviral assay, LLC-MK2 cell monolayers cultivated in 48-well microplates were treated with compounds 7, 8 and 9 at the concentration chosen according to the cytotoxicity results. The wells reserved for cell and virus controls were not treated with the compounds. Afterwards, 100 µL of an HMPV suspension diluted at 10-1 corresponding to 1.12 × 107 copies mL-1 were added to treated and untreated cell cultures and incubated in a 5% CO2 atmosphere at 34 °C for seven days. All experiments were carried out in triplicate.

  After incubation, the supernatant of the cell monolayers was removed and then lysated using guanidine thiocyanate buffer. The viral RNA was extracted and a real time RT-PCR for detection of HMPV genome was performed using primers that amplify a 151 bp fragment of the HMPV N gene, as previously described by Brittain-Long et al.21 The antiviral activity was evaluated comparing the number of copies of viral genome obtained from the supernatant of the cell cultures in the presence of compounds 7, 8 and 9 with that of the virus control that was inoculated in the same plate in an untreated cell culture.

  The dose-response curve was established starting from the non-cytotoxic concentrations, and the 50% effective dose (ED50) was deﬁned as the concentration of the compounds that inhibits 50% of viral replication. The selectivity index (SI) was determined as the ratio of CC50 to EC50.

  Viral RNA was extracted from the cells supernatant lysate using the commercial kit Totally RNA™ (Applied Biosystems/Ambion, USA), according to the manufactory’s instructions.

  Reverse transcription (RT-PCR) was performed in a 10 µL reaction mixture containing 5 µL of extracted viral RNA and 360 nmol L-1 of the antisense primer, using ImProm-II Reverse Transcriptase (Promega, Madison, WI, USA). Real-time PCR assays were performed in a step-one real time PCR System (Applied Biosystems, Carlsbad, CA, USA) and consisted of 10 min activation at 95 °C, followed by 45 cycles of 15 s at 95 °C, and 60 s at 60 °C. Amplification was carried out in 24 µL reaction volumes, including 5 µL of cDNA, 900 nmol L-1 of sense primer and 300 nmol L-1 of antisense primer, and 12 µL of Maxima qPCR SYBR Green (Thermo Scientific/Fermentas, Canada). The quantification of HMPV RNA was performed using a standard curve generated by the Ct (threshold cycle) values obtained from serial 10-fold dilutions of in vitro transcripts containing dilutions varying from 100 to 107 of the original virus stock. Each dilution was quantified using the Quant-IT™ DNA assay kit (Invitrogen, Carlsbad), which allows us to correlate the amount of DNA, i.e., the number of genome copies, with the Ct of each dilution. The results were analyzed in triplicate, and the average number of copies of the viral DNA was calculated.

  Once the ability of compounds 7, 8 and 9 to inhibit the replication of HMPV was established, several experiments were carried out to elucidate the mechanism involved in their antiviral activity. The experiments were designed in order to demonstrate whether the activity was on the viral particle (virucidal), on the virus-cell interaction (receptors and cell entry) or in a late stage of virus replication (intracellular activity).

  Virucidal assay

  100 µL of an HMPV suspension diluted at 10-1 were added to either 900 µL of compounds 7, 8 and 9 or to DMEM-Eagle without serum (control), according to Chen et al.22 All mixtures were incubated at 37 °C for 2 h and, immediately afterwards, they were inoculated in LLC-MK2 cell monolayers grown in 48-well plates, which were incubated for seven days at 34 °C in an atmosphere of 5% CO2, according to well established procedures.23-25 After incubation, the supernatant of the cell monolayers was removed, and then lysated using guanidine thiocyanate buffer. The viral RNA was extracted and real time PCR for HMPV was performed as described above. During the pre-incubation period, if the substance has any affinity for the viral proteins, they will bind and that can inhibit the infection of the cell culture. The substance can also destroy the viral particle, thus when added to the cell culture, there will be no virus to replicate. This methodology allows us to compare the number of copies of viral RNA in the presence of each compound with the positive control (where the virus does not find any resistance to its replication), allowing us to establish a percentage of reduction based on the positive control.23-25

  In order to evaluate the possible effect of compounds 7, 8 and 9 on cell receptors, they were added to LLC-MK2 cell monolayers, incubated at 4 °C for 1 h, washed three times with cold DMEM-Eagle and 100 µL of an HMPV suspension diluted at 10-1 were added to treated and untreated cell culture and incubated at 34 °C for seven days. After incubation, the supernatant of the cell monolayers was removed and lysated using guanidine thiocyanate buffer. The viral RNA was extracted and real time PCR for HMPV was performed as previously described.

  The preincubation of the cells with the compounds for 1 h at 4 °C is to allow the interaction of the substances with the protein in the cell surface and this temperature is important so the cell surface will not be in fluid state. This avoids the substances to penetrate the cells and allows their interaction only with the cell surface proteins. After that period, the cells were washed to remove anything that does not have a strong binding to the cell surface proteins, so if the substance has affinity for any protein in the cell surface, it will remain bound. And only after that the virus is added. So, if the receptor for the virus, which is a cell surface protein, is somehow blocked by the substances, the virus will not infect those cells, resulting in a reduction of the titer, once again measured by RT-real time PCR, comparing to the virus control. This is also a well established methodology.23-26

  Cell entry assay

  LLC-MK2 cell monolayers were inoculated with 100 µL of an HMPV suspension diluted at 10-1 and incubated for 1 h at 4 °C. After absorption, the monolayers were washed, treated with compounds 7, 8 and 9, followed by incubation for 1 h at 37 °C. Afterwards, the monolayers were washed, DMEM-Eagle was added and the cells were incubated at 34 °C for seven days in an atmosphere of 5% CO2. After incubation, the supernatant of the cell monolayers was removed and lysated using guanidine thiocyanate buffer. The viral RNA was extracted and real time PCR for HMPV was performed as already described.

  Intracellular assay

  LLC-MK2 cell monolayers were inoculated with 100 µL of an HMPV suspension diluted at 10-1 and incubated at 37 °C for 2 h, which is enough time for the viral particles to penetrate the cells, but not enough for the virus to start the translation and transduction stages. After incubation, the cell monolayers were washed and compounds 7, 8 and 9 added. Then, the cells were incubated at 37 °C for 10 h. It is well known that the viral cycle of the HMPV takes approximately 12 hours, which means that after this period of infection the first viral particles will start to emerge from the infected cells. In order to evaluate any activity inside the cells, the experiment has to be stopped before 12 hours of incubation and then a comparison of the amount of RNA produced in this period of time is carried out in the presence and in the absence of the substances. After incubation, the supernatant of the cell monolayers was removed and these were washed with culture medium and lysated using guanidine thiocyanate buffer. The viral RNA was extracted and real time PCR for HMPV was performed as already described.

  By conducting the cytotoxicity tests based on the incorporation of the vital dye neutral red, we could choose the concentrations of each compound to be used in antiviral tests. The chosen concentrations were the ones in which at least 80% of the cells in culture remained viable (CC20), which varied between 500 µg mL-1 (compounds 7 and 9) and 125 µg mL-1 (compound 8).

  It was not possible to determine the CC50 (cytotoxic concentration for 50% of cells), for compounds 7 and 9 since the percentage of viable cells at the highest concentration tested (500 µg mL-1) was higher than 50%. The CC50 value for compound 8 was 236.05 µg mL-1 (Table 1).
 
   

  Results and Discussion

  Phenytoin was synthesized using the method described by Vogel19 (Scheme 1) in which benzaldehyde undergoes self-condensation followed by oxidation to benzil (4). Benzil condensation with urea then produces phenytoin (1) in good overall yield.
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  Structural modification of pharmacologically active compounds is of interest since the introduction of other pharmacophoric groups in the right position of these compounds can generate a new class of molecules with potential action on living organisms. In this sense, we envisaged the association of the phenytoin nucleus with triazolic rings containing different substituents, since some triazolic compounds have shown a broad spectrum of activities such as antibacterial, anticonvulsant, anti-inflammatory, antiviral, anticancer and antitumor, among others.27
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  These triazolic rings can be easily obtained by cycloaddition reaction between acetylenes and azides catalyzed by copper(I) salts, a process known as Huisgen cycloaddition.29 This reaction was studied by Huisgen in the 1960’s and, due to its versatility, the alkyne and azide groups can be incorporated into various compounds through many methodologies.30

  In this work, several 3-substituted imidazolic-like compounds were prepared from synthetic phenytoin, aiming at potential new drugs presenting inhibitory activity against human metapneumovirus (HMPV). The synthetic methodology is straightforward and is summarized in Scheme 2. The title compounds (7-9) were obtained in good overall yields from phenytoin and the formation of the triazolic rings was confirmed by NMR analysis in which the CH protons appear between 7.5-9.0 ppm and the carbons between 130-150 ppm.
 
  Regarding antiviral activity, compounds 8 and 9 showed a mild potential against HMPV, inhibiting 67.5% and 42.9% of viral replication, respectively, while compound 7 inhibited 99.9%, the same as ribavirin (Table 1).

  A dose-response curve was performed in order to determine the ED50 values for each triazolic compound (Figure 1). Nevertheless, this was not possible for compound 9, since at the highest concentration tested it inhibited less than 50% of viral replication. The antiviral activity for compounds 7 and 8 was dose-dependent, meaning that the lower the concentration of the compound, the lower the inhibition. The ED50 values were 85.89 µg mL-1 for compound 8, 3.85 µg mL-1 for compound 7, and 1.68 µg mL-1 for ribavirin.
  
  It was not possible to determine the selectivity index (SI) of compound 9, since no dose-response curve was made. But compounds 8, 7 and ribavirin showed SI of 2.74, > 129.87 and > 119.04, respectively.

  Four different mechanisms of action were evaluated (Table 2): virucidal, interaction with cellular receptors, inhibition of the viral penetration and the activity in intracellular events (post-penetration). The occurrence of one mechanism does not exclude any other as some researches have already reported.31-35
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  Regarding antiviral potential, compound 7 was the most active, with ED50 value of 3.85 µg mL-1, a value 22 times smaller than that of the second best compound (ED50 of 85.89 µg mL-1 for compound 8). Furthermore, compound 7 was less toxic for LLC-MK2 cells, which contributed for its high selectivity index (129.87).

  When we studied the mechanisms of action, both compounds (7 and 8) showed activity in the early stages of HMPV replication, mainly virucidal (98.3% and 63.9%, respectively), interacting with the cellular receptors, thus preventing HMPV adsorption to cell surface (98.9% and 67.4%, respectively). Compound 7 also showed activity during the penetration of HMPV particles into cells, inhibiting 73.8% of viral replication. In this stage, compound 9 had no activity and compound 8 a mild one (19.3%). None of the three compounds was capable of inhibiting intracellular events of HMPV replication, unlike ribavirin, probably due to the low solubility of these compounds.

   

  Conclusions

  According to the results shown here, we conclude that compounds 7, 8 and 9 may be used as a prophylactic treatment for infections caused by HMPV because they act by preventing adsorption and penetration of viral particles in the host cell. Probably, its use in combination with ribavirin may be an alternative to minimize the action of the virus.
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    Three new biphenyls were isolated from Garcinia multiflora. The structures of these biphenyls were elucidated by spectroscopic methods, and their rotavirus activity was evaluated.
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  Introduction

  Garcinia multiflora (clusiaceae) is a dioecious evergreen tree that grows to a height between 3-10 m in Southern China. This is a widely adaptable species growing in various habitats and at various elevations. The seeds yield up to 50% oil (seed pulp up to 55% oil), which is used for manufacturing soap or as a lubricant for machines.1 The bark is used as an external medicine to reduce inflammation, whereas the timber is used for making furniture, boats, and woodcuts.1 Previous phytochemical studies of Garcinia multiflora revealed the presence of xanthones,2,3 benzophenone derivatives,4-6 and biflavonoids,2,7-9 and a wide range of biological activities such as anti-hepatocellular carcinoma activity,4 anti-inflammatory,5 anti-HIV,9 antioxidant,3,10 and anti-tuberculosis activities have been reported for this species.8 Motivated by the search for new bioactive metabolites from local plants, we investigated the chemical constituents of the stems of Garcinia multiflora growing in Xishuangbanna Prefecture, leading to the characterization of three new biphenyls (1-3) (Figure 1), along with maclurin (4),3 2,4,6,3’-tetrahydroxybenzophenone (5),3 4-methoxybenzoic acid(6),10 luteolin(7),10 and apigenin (8).10 The anti-rotavirus activity of 1-3 has also been evaluated.
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  Experimental

  General experimental procedures

  UV (ultraviolet) spectra were obtained using a Shimadzu UV-2401A spectrophotometer. A Tenor 27 spectrophotometer was used for scanning infrared (IR) with KBr pellets. 1D and 2D nuclear magnetic resonance (NMR) spectra were recorded on a DRX-500 NMR spectrometer with tetramethylsilane (TMS) as internal standard (IS). Chemical shifts (d) are expressed in ppm with reference to the solvent signals. Electrospray ionization mass spectra (ESIMS), electron ionization mass spectra (EIMS) and high resolution electron ionization mass spectra (HREIMS) were performed on a VG Autospec-3000 spectrometer. Semi-preparative high performance liquid chromatography (HPLC) was performed on a Shimadzu LC-8A preparative liquid chromatograph with Zorbax PrepHT GF (21.2 mm × 25 cm) or Venusil MP C18 (20 mm × 25 cm) columns. Column chromatography (CC) was performed using silica gel (200-300 mesh, Qing-dao Marine Chemical, Inc.), Lichroprep RP-18 gel (40-63 µm, Merck), 3-[4,5-dimethylthiozol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, Sigma) and middle chromatogram isolated (MCI) gel (75-150 µm, Mitsubishi Chemical Corporation). Fractions were monitored by thin layer chromatography (TLC), and spots were visualized by heating silica gel plates sprayed with 5% H2SO4 in ethanol (EtOH).

  Plant material

  Garcinia multiflora was collected in Xishuangbanna Prefecture, Yunnan Province, People’s Republic of China, in September 2012. The identification of the plant material was verified by PhD Huang Jian-Ping. A voucher specimen (YNNU 2012-09-16) has been deposited in our laboratory.

  Extraction and isolation

  The air-dried and powdered stems and leaves of Garcinia multiflora (5.5 kg) were extracted four times with 80% aqueous ethanol (4 × 50 L) at room temperature and filtered. The filtrate was evaporated under reduced pressure, and the crude extract (260 g) was extracted by ethyl acetate and decolorized by MCI gel. The portion of the extract soluble in 90% methanol (85 g) was chromatographed on a silica gel column eluting with a CHCl3-acetone gradient system (20:1, 9:1, 8:2, 7:3, 6:4, 5:5), to give six fractions (A-F). Fractionation of fraction B (9:1, 4.6 g) by silica gel CC, eluted with petroleum ether-acetone (9:1-1:2), yielded fractions B1-B7. Fraction B2 (8:2, 0.86 g) was subjected to silica gel CC using petroleum ether-acetone and semi-preparative HPLC (70% MeOH-H2O) to give 4 (4.8 mg), 5 (6.2 mg), and 6 (3.9 mg). Fraction C (8:2, 1.23 g) was subjected to silica gel CC using petroleum ether-acetone and semi-preparative HPLC (50% MeOH-H2O) to give 1 (5.7 mg), 2 (5.8 mg), and 3 (4.9 mg). Fractionation of fraction D (7:3, 2.5 g) by silica gel CC, eluted with petroleum ether-acetone (9:1-1:2), yielded fractions D1-D7. Fraction D3 (7:3, 0.85 g) was subjected to silica gel CC using petroleum ether-acetone and semi-preparative HPLC (45% MeOH-H2O) to give 7 (4.2 mg), 8 (4.5 mg).

  Multibiphenyl A (1)

  Pale yellow gum; [α]D –11.0 (c 0.07, MeOH); UV (MeOH) lmax / nm (log ε) 570 (2.16), 205 (4.71); IR (KBr) n / cm-1 3422, 2939, 1721, 1611, 1589, 1498, 1443, 1357, 1266, 1172, 1102, 1045, 1023, 838; 1H and 13C NMR data (400 and 100 MHz, CD3OD), see Table 1; ESI-MS (positive mode) m/z 381 [M + Na]+; EI-HRMS (M+) calcd.: 358.1416; found: 358.1408 (C20H22O6).
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  Multibiphenyl B (2)

  Pale yellow gum; [α] –7.2 (c 0.05, MeOH); UV (MeOH) lmax / nm (log ε) 570 (2.32), 205 (4.36); IR (KBr) n / cm-1 3430, 2926, 2930, 1720, 1609, 1578, 1495, 1442, 1351, 1263, 1178, 1109, 1049, 1020, 830; 1H and 13C NMR data (400 and 100 MHz, CD3OD), see Table 1; ESIMS (positive mode) m/z 379.1163 [M + Na]+; EI-HRMS (M+) calcd.: 356.1260; found: 356.1274 (C20H20O6).

  Multibiphenyl C (3)

  Pale orange gums; [α] (c 0.02, MeOH); UV (MeOH) lmax / nm (log ε) 570 (1.76), 266 (3.70), 226 (3.80), 204 (3.98); IR (KBr) n / cm-1 3423, 2973, 2931, 1612, 1494, 1446, 1418, 1369, 1346, 1319, 1252, 1220, 1169, 1150, 1113; 1H NMR and 13C NMR data (400 and 100 MHz, CDCl3), Table 3; ESI-MS (positive mode) m/z 323 [M + Na]+; EI-HRMS (M+) calcd.: 300.1362; found: 300.1360 (C18H20O4).

  Rotavirus bioassay 

  The human rotavirus Wa group was used to infect the cell culture MA104 in vitro, the 50% cytotoxicity concentration (CC50) and half maximal effective concentration (EC50) were evaluated.11 Ribavirin was used as positive control. MA-104 cells (1 × 105 cells per well) were grown in 96-well plates for 48 h. The media were removed and replaced by new media containing serial dilutions of compounds under test. After incubation for 72 h, the media were discarded, and 5 µL of MTT solution was added to each well. Plates were then incubated at 37 ºC for 4 h. The solution was removed, and 100 µL of 0.04 mol L-1 HCl-isopropanol were added to each well to dissolve formazan crystals. Using a microplate reader, the absorbance of each well was measured at 540 nm. After subtracting the background absorbance at 655 nm, the 50% CC50 of each compound was estimated by regression analysis.

  In the mixed treatment assay, each compound was mixed with a 0.01 multiplicity of infection (MOI) of the rotaviruses at various concentrations (1-160 µg mL-1) and incubated at 4 ºC for 1 h. The mixtures were inoculated in triplicates onto near confluent MA-104 cell monolayers (1 × 105 cells per well) for 1 h with occasional rocking. The solution was removed and the cells replaced with eagles minimum essential medium (EMEM) containing 1 µg mL-1 trypsin. The cells were incubated for 72 h at 37 ºC under 5% CO2 atmosphere until the cells in the control showed complete viral cytopathic effect (CPE) by light microscopy. EC50 was estimated by regression analysis.

   

  Results and Discussion

  Compound 1 was obtained as a pale yellow gum. The molecular formula was determined to be C20H22O6 from the molecular ion peak [M]+ at m/z 358.1408 in the EI-HRMS. The IR spectrum indicated that 1 possesses hydroxy (3422 cm-1), phenyl (2939, 1498 cm-1), and carbonyl (1721 cm-1) functional groups. The 1H and 13C NMR spectra (Table 1) revealed the signals for a 1,2,3,4,5-pentasubstituted benzene ring [dH 6.26 (1H, s, H-6); δC 129.6 (C-1), 119.7 (C-2), 144.9 (C-3), 135.0 (C-4), 147.2 (C-5), 105.9 (C-6)], one p-substituted benzene ring [dH 7.00 (2H, dd, J 8.8, 2.4 Hz, H-8, H-12), 6.74 (2H, dd, J 8.8, 2.4 Hz, H-9, H-11); δC 133.8 (C-7), 131.7 (C-8, C-12), 115.7 (C-9, C-11), 157.1 (C-10)], one acetoxyprenyl group [dH 3.21 (2H, d, J 6.7 Hz, H-1'), 5.44 (1H, d, J 6.7 Hz, H-2'), 4.33 (2H, s, H-4'), 1.39 (3H, s, H-5'), and 1.99 (3H, s, H-OAc); δC 26.8 (C-1'), 130.7 (C-2'), 134.6 (C-3'), 71.5 (C-4'), 14.0 (C-5'), 172.9, 20.8 (OAc)], and one methoxy group [dH 3.76 (3H, s, OMe-5); δC 56.5 (OMe)], which implied that compound 1 was a biphenyl derivative. This conclusion was confirmed by the heteronuclear multiple bond correlation (HMBC) correlations of H-6 with C-7, and of H-8 and H-12 with C-1 (Figure 2). HMBC correlations of H-1' with C-1, C-2, and C-3, and of H-2' with C-1 suggested the acetoxyprenyl group at C-2. The methoxy group was located at C-5 from the HMBC correlations of δH 3.76 (OMe) with C-5. Considering the signal for quarternary C-3, C-4, C-10 and the molecular formula of 1, three hydroxy groups were located at C-3, C-4, C-10, respectively. Thus, the structure of 1 was determined as shown (Figure 1), and named multibiphenyl A.
  
  Compound 2 was obtained as a pale yellow gum and had the molecular formula C20H20O6, as inferred from the EI-HRMS showing the molecular-ion peak at m/z 356.1274, indicating eleven degrees of unsaturation. The IR spectrum of 2 showed absorption bands at 3430 cm-1 for free OH group. The 1H NMR spectrum of compound 2 showed characteristic signals for an acetoxychromene ring, i.e., olefinic H-atoms at δH 6.41 (1H, d, J 10.1 Hz, H-1') and δH 5.48 (1H, d, J 10.1 Hz, H-2'), a Me group at δH 1.47 (s, Me-5'), an oxygenated methylene at δH 4.27, 4.14 (2H, d, J 11.5 Hz, H-4'), and an acetoxy group δH 2.00 (s, OAc). A set of signals at δC 124.7 (C-1'), 124.4 (C-2'), 77.6 (C-3'), 69.0 (C-4'), 23.4 (C-5'), and 172.6/20.7 (OAc) in the 13C NMR spectrum provided further support for the presence of an acetoxy chromene system. The remaining unsaturation degrees suggested the presence of a typical biphenyl unit which was supported by the remaining 12 aromatic C-atom signals δC 132.4 (C-1), 114.2 (C-2), 142.0 (C-3), 131.9 (C-4), 149.6 (C-5), 106.6 (C-6), 134.6 (C-7), 131.8 (C-8, C-12), 116.0 (C-9, C-11), 157.7 (C-10). Further support for the determination of the structure was provided by the signal of H-6 showing a three-bond connectivity with C-7 (dC 134.6), and H-8 and H-12 showing three-bond connectivities with C-1 in the HMBC plot. The HMBC experiment allowed to position the substituents at the chromene benzene ring. The H-1' signal at δH 6.41 showed a two-bond connectivity with C-2 (dC 114.2), and a three-bond connectivity with C-1 (dC 132.4) and C-3 (dC 142.0), whereas H-2' (dH 5.48) correlated to C-2 in HMBC spectrum. Thus, the chromeme ring proved to be fused to the benzene ring at C-2 and C-3. The methoxy group was located at C-5 according to the HMBC correlation of OMe (dH 3.85) with C-5 (dC 149.6). A single H-atom at δH 6.44 (s, H-6) belonging to a 1,2,3,4,5-pentasubstituted benzene moiety showed a two-bond connectivity with C-1 (dC 132.4) and C-5, and a three-bond connectivity with C-2 (dC 114.2), and C-4 (dC 131.9), which suggested that one OH group was attached to C-4. The existence of two phenolic OH groups was confirmed by the signals of two oxygenated quarternary aromatic C-atoms in the 13C NMR spectrum at δC 131.9 (C-4) and 157.7 (C-10), and the molecular formula of compound 2. The presence of the second benzene ring was deduced from the 1H NMR spectrum, which showed a set of ds of orto-coupled H-atoms at δH 7.11 (dd, J 8.4 Hz, 1.9, H-8, 12) and 6.82 (dd, J 8.4 Hz, 1.9, H-9,11), typical for a para-substituted aryl moiety. Therefore, the other OH group was assigned to C-10. The configuration of C-3' was not assigned. Accordingly, the structure of compound 2 was determined as shown (Figure 1), and named multibiphenyl B.

  Compound 3 was obtained as a pale orange gum, and its molecular formula was established to be C18H20O4 as deduced by the EI-HRMS molecular ion peak (M+) at m/z 300.1360, indicating nine degree of unsaturation. The IR spectrum revealed absorption bands of hydroxyl (3423 cm-1) and methyl (1446 cm-1) groups. The connectivity of the protons and C-atoms was established by the heteronuclear single-quantum correlation (HSQC) spectrum. There were eighteen resolved peaks observed in the 13C NMR spectrum (Table 1), including signals for twelve aromatic carbons, one methoxy group, two methylenes, and two methyl carbons. Its 1H NMR spectrum indicated the presence of twenty protons including five aromatic protons at δH 6.43 (1H, s, C-6), 7.16 (2H, d, J 8.6 Hz, C-8), 6.86 (2H, d, J 8.6 Hz, C-9), and two methyl protons at δH 1.39 (6H, s, C-3' and C-4') and 3.86 (3H, s, OMe). Analysis of the NMR data, indicated that the spectra of 3 were similar to those of 2 except for the absence of an acetoxy group and one double bond and the appearance of two methylenes, thus suggesting that 3 and 2 possess the same substitution pattern of the benzene rings. The 13C NMR spectrum of 3, when compared to that of 2, displayed an upfield shifted signal for C-4' (dC 26.7), the absence of signals for OAc, and upfieldshifted signals for C-1' (dC 21.1) and C-2' (dC 33.0). These data indicated the presence of two methyl groups placed at C-4, and the absence of double bond between 1' and 2'. The structure of 3 was then established as shown and named multibiphenyl C.

  The new biphenyls 1-3 were tested for their ability to prevent the cytopathic effects of rotavirus in MA104 cells, and their effects were measured in parallel with the determination of antiviral activity using ribavirin as positive control, showing potent anti-rotavirus activity with therapeutic index (TI) above 10 (Table 2).
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  Conclusions

  Three new biphenyls (1-3) were isolated from Garcinia multiflora, whose structures were elucidated by spectroscopic methods. The three compounds presented a promising anti-rotavirus activity.

   

  Supplementary Information

  Supplementary data (1H, 13C, HSQC, HMBC, 1H-1H correlation spectroscopy (COSY) NMR and mass spectrometry (MS) spectra of 1-3) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    This work presents potentiometric investigations of [mycelium/metal ion/water] complex systems and the development of a new model investigating the ion-mycelium-fluid interactions. Since pH is a major parameter in soil ecology exhibiting large fluctuations, we proposed an improved equilibrium and also out-of-equilibrium potentiometric titration method in order to characterize the proton exchange behavior of the [mycelium/metal ion/water] system. Our model describes the dynamic relations and interactions within the soil complex subsystems consisting of fungal mycelium of Trametes hirsuta, water with or without metal ions (CuII and ZnII). Equilibrium modeling based on potentiometric titrations can be well described using four mycelium related components which are active in the pH range studied. In addition, our equilibrium calculations show clear differences with respect to metal-mycelium interactions: CuII interacts with acidic and basic deprotonable sites, while ZnII binds with neutral and basic deprotonable sites. Potentiometric out-of-equilibrium (i.e., perturbed pH) characterization suggests that important fungal heterogeneous complexity may act as definite proton pressure entities under continuously perturbed soil conditions. Raman micro-spectroscopy was also used to characterize the [mycelium/metal ion/water] complex systems. Our results demonstrate that potentiometry is a useful tool (intermediate technology) in studying biological complex matrices, facing pH perturbations, as well as their interactions with metal ions.

    Keywords: potentiometry, out-of-equilibrium thermodynamics, mycelium/metal ion complexes, intermediate technology.

  

   

   

  Introduction

  The complexity of natural systems, such as the biosphere, calls for the creation of new paths for research and knowledge development.1,2 In the past century, the development of systems theory provided a broad basis for the "ecology of practices" in Earth and human sciences.3-6 Here, we propose specific practice of model development relevant to biogeochemistry but also in a broader sense to transdisciplinary investigations. In order to do it, we will explore a physical-chemical model description of a specific complex soil subsystem -[mycelium/metal ion/water]- and associated ubiquitous phenomena involving the proton exchange and metal interactions.

  A complex system is an ensemble that cannot be reduced to a fundamental description and, due to the large number of components and relations, is impossible to be exhaustively characterized.3 Being considered as a complex system composed of rock-forming minerals, interstitial water, gases, micro- and macro-organisms and decaying organic matter etc., soils have been proposed to share characteristics that conceptually overlap with those of life.7-9 A system can be considered alive when it is able to transform external energy in an internal process of maintenance and production of its own constituents. The concept of "living soil" is well illustrated by the ubiquitous presence of vast mycelial networks in the system.10-13 The branch-like mycelium communities crucially contribute to plant water and nutrient uptake, organic matter decay and mineral transformation, all of which participate in the soil formation processes in geological timescales. As such, fungal networks are essential to maintain the terrestrial biosphere in out-of-equilibrium evolving/changing states.8,10-16

  The somatic macro-structure of fungi (i.e., hypha) is composed of tubular cells. The hyphal cell wall is made of structural fibrillar polymers (mainly chitin, chitosan or glucans) that provide rigidity and matrix sub-systems (mannoproteins, glucans and uronic acids) that cross-link the fibrillar components and coat the structural polymers. An important characteristic of fungi is that they also excrete organic acids, protons, oligopeptides, carbohydrates, enzymes, etc., into their near-environment that (i) degrade organic matter, (ii) favour nutrients release from minerals, (iii) interact with soil microbiota and (iv) co-react to environmental changes.9-11,15,16 Some other chemical characteristics will be presented below in the discussion section. The first important remark is the extensive heterogeneity in the make-over and organization of fungal mycelium. This heterogeneity becomes striking if we take in account the symbiotic ability with plants, algae or cyanobacteria of hyphal networks in very diverse natural settings.8,12,13,15-17

  One of the remarkable characteristics of fungal activity is its relations with metal ions. Increasing literature describes the capacity of fungi to bind, transport, precipitate and transform metal ions (toxic or bio-essential, depending on the local concentrations and the type of metals) in natural and artificial environments (e.g., chemical reactors and remediation or waste water treatments). The most important proposed interaction pathways between metal ions and fungal systems are based on (i) the active exudation of soluble substances (organic acids, phosphates, siderophores, oligopeptides, etc.) with complexing and/or redox properties and (ii) the passive complexation of metals in the constituents of the most heterogeneous structures of fungal mycelium such as cell membrane and related structures, mostly chitin and glyco-proteins.10-12,15,18

  Several techniques are used to investigate fungi/metal ion interactions which include spectroscopic methods (e.g., synchrotron techniques, such as extended X-ray absorption fine structure) and electrochemical techniques (potentiometry and voltametry) among others.10,11,14,15,18-21 In a recent review on biosorption and related research, Michalak et al.22 remarked that "pH is one of the key factors that influences not only dissociation of sites, solution chemistry of metal ions, hydrolysis, complexation by organic and/or inorganic ligands, redox reactions, precipitation, but also strongly influences the speciation and the biosorption affinity of metal ions". Even though potentiometry has been classically used to study physical chemical properties of a wide range of complex living organisms, we propose here to push forward its application by combining systemic conceptions and new data interpretation methods. Indeed, we couple classical potentiometric titration with out-of-equilibrium pH responses to gain insights into the behavior of fungal system as a function of pH and, in the present work, its interactions with ZnII and CuII.

   

  Experimental

  Complex system model

  The procedure began with the cultivation of the ubiquitous basidiomycete fungi species Trametes hirsuta, a dead wood degrader (Figure 1). In the laboratory, small pieces of the fungi fruiting body were placed in sterilized Petri-dishes containing agar-gel (3% in fresh water) growth media. After one week of growth, the mycelium was transferred to 250 mL erlenmeyer flasks containing 100 mL of a sterilized liquid cultivation media: potato extract (filtered solution of cooked potato, 200 g L-1) and brown sugar (4%, m/v). After two weeks of growth period at room temperature, aliquots of liquid growth medium were examined with a fluorescent and optical microscope to ensure for the purity of our fungal culture. Fungal mycelia were stained using wheat germ agglutinin (WGA, Aldrich) which has a high specificity for chitin.23 No bacteria were detected and a strong fluorescent signal was detected on each hypha observed (Figure 1). The mycelium was then collected; the growth media was thoroughly washed with reverse osmosis water and dried at 35 °C for 72 h. The dehydrated mycelium was then gently ground in an agate mortar and stored in a sterilized Petri-dish placed in a desiccator (the mycelium biomass was shown to be viable for at least 3 months). The resulting mycelium biomass was then submitted to potentiometric titration perturbation and spectroscopic investigations as described below.

  
    

    [image: Figure 1. Confocal fluorescence microscopy]

  

  Potentiometric titrations

  Before titration, the potentiometric system (using Metrohm combined glass electrode) was calibrated by titrating 40 mL of a standard 0.01016 mol L-1 HCl (ionic strength 0.1 mol L-1 KCl) solution with a standard 0.1151 mol L-1 CO2-free NaOH solution in a 100 mL potentiometric cell, maintained at 25 °C with a circulating water bath, flushed with water-saturated N2 gas (N2 was bubbled twice in a 0.05 mol L-1 NaOH solution) and stirred vigorously with a magnetic stirring bar. The results from calibration titrations were compared with theoretical values (calculated for 40 mL of 0.01016 mol L-1 HCl titrated by 0.1151 mol L-1 NaOH) using Best7 software and presented a small error (sfit < 0.03) and an accurate slope (–59.1 mV pH unit-1).24,25

  The potentiometric titrations of the mycelium of Trametes hirsuta were performed as follows. A fraction of 108 mg of mycelium was placed in the potentiometric cell with 40.0 mL of degassed ultra-pure water (Milli-Q) containing 0.1 mol L-1 KCl. The system was left to stabilize during 1 h under constant N2 flow at 25 °C and continuous stirring. After stabilization at pH 6.7, the system was acidified to pH 3 with 0.8 mL of 0.1019 mol L-1 HCl. The potentiometric titration began from pH 3 to pH 10 by sequential addition of 0.05 mL aliquot of 0.1151 mol L-1 CO2-free NaOH using a precision (0.01 mL) manual burette (Gilmont 2 mL). After each base titrant addition, the pH stabilization kinetics was monitored from the aliquot addition initial time to a maximum of 24 min. The pH stabilization kinetic measurements at each point of the titration were used to further characterize the slow-proton exchange processes discussed below.

  Similar procedures were repeated in the presence of dissolved CuII or ZnII as follows. A fraction of 108 mg of mycelium biomass was left to stabilize during 30 min in 24 mL of water containing 0.298 g of KCl (with a final concentration of 0.1 mol L-1 in a total initial volume of 40.8 mL). After the initial stabilization period, 4 mL of 1001 mg L-1 standard solution of CuII or ZnII (Merck, in 0.5 mol L-1 HNO3) was added and immediately followed by the addition of 12.8 mL of 0.1151 mol L-1 CO2-free NaOH (initial metal ion concentration of ca. 1.5 mmol L-1 in 40.8 mL). Then the very same sequential titration and kinetic out-of-equilibrium monitoring procedure were performed. Blank titrations with CuII or ZnII were also conducted under the same conditions and no significant out-of-equilibrium evolution was observed (pH stabilization occurs in less than 1 min for most of the studied pH ranges).

  Inductively coupled plasma optical emission spectrometry (ICP-OES) was also performed using a Varian Liberty instrument in order to measure the concentration of CuII and ZnII in solution/suspension phase. For each pH unit from 2 to 10, a 1.05 mL suspension aliquot was filtered from [metal ion/water] and [mycelium/metal ion/water] systems through a 0.2 µm cellulose acetate membrane, and diluted 20 times with 0.5 mol L-1 HNO3 for further analysis.

  Raman scattering

  Raman confocal micro-spectroscopy was performed using a LabRAM HR Evolution-Horiba Scientific instrument operating a 532 nm green laser and using a long working distance objective 50X in order to collect Raman spectra of the fungi in suspensions with and without metal ions ([mycelium/metal ion/water]) collected from potentiometric titration experiments at pH 7 and further analyzed in glass slides.

  Complex system modeling

  Equilibrium modeling

  We propose a potentiometric approach to explore the experimental behavior of the complex soil subsystem model, the fungal mycelium biomass, under perturbed conditions (in terms of pH and also in the presence of metal ions). The definition of the studied complex systems was made by simple components and interactions/relations. The fundamental distinction is made between the complex model system and water, such as for example [mycelium/water]. Since the sensing tool is a combined pH glass-electrode, it is established that the present components: mycelium, metal ions and water, are observable in the potential perturbation and measurement. The first distinction to be done is the ionization of water as:

  
    [image: Equation 1]

  

  and the relation:
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  That made possible the description of the differences in terms of [H+].24,25 Coupled to it is the second distinction related to the complex system (S), according to:

  
    [image: Equation 3]

  

  where K is the protonation equilibrium constant of S. Components are expressed using bold letters and their related species, i.e., conjugate bases and conjugate acids are not bolded. Hence, for the complex system S, the associated species are noted "S" and "H+S". Equations 3a and 3b are at the core of the out-of-equilibrium characterization (see equations 12-15) and are extended by further distinctions. In the case of [mycelium/water] system the conjugate bases S and conjugate acids H+S can be defined as:
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  where Si and H+Si are, respectively, the ith component conjugate bases and conjugate acids that compose the complex system S, and xSi and xH+Si are their respective mole fractions. In the study of [mycelium/water] complex system, four components i (A, B, C and D) give us the best fits to the experimental titration curves (see Equilibrium chemical modeling sub-section in Results and Discussion). The four components have the same property structure for instance, for component A:
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  and similarly for components B, C and D, where βH+A > βH+B > βH+C > βH+D, meaning strongest acidity for conjugate acid H+A and weakest for H+D species.

  We can then define the characteristics of the complex model in the presence of metal ions, CuII or ZnII, or simply metal ions M. As M is an acid, it is expected to consume base titrant as:
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  where the β values are the conditional overall stability constants for the proton exchange of M. In the same way, the acid M can also interact with the mycelium components. If we represent the four conjugate bases A, B, C and D of the four mycelium components as generic ligands "L", we can propose the following possible reactions:

  
    [image: Equation 8]

  

  The set of equations 8a to 8d define that the components of the mycelium are able to form the complex ML, the protonated complex MH+L and the deprotonated complexes M(H+)-1L and M(H+)-2L. In summary, the model proposition give rise to the following 26 possible species for [mycelium/CuII/water] or [mycelium/ZnII/water] complex systems: A, B, C, D, H+A, H+B, H+C, H+D, M(H+)-1, M(H+)-2, MA, MB, MC, MD, MH+A, MH+B, MH+C, MH+D, M(H+)-1A, M(H+)-1B, M(H+)-1C, M(H+)-1D, M(H+)-2A, M(H+)-2B, M(H+)-2C, M(H+)-2D, beyond H+.

  Using Best7 software,25 these 26 species and their relevant associated reactions (presented by the adequate quotients in Table 2 and equations 1, 2, 6, 7 and 8) were used to fit the experimental titration curves of the simple blank systems [water], [CuII/water] and [ZnII/water] and those of the complex systems [mycelium/water], [mycelium/CuII/water], [mycelium/ZnII/water]. Brackets emphasize the studied systems as whole complexes and the term "water" may be omitted during the text, when convenient.

  The Best7 software sequentially solves the following equation:
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  (where Ti is the total concentration of the ith component in mol L-1, [Rr] is the concentration of all reactant r that compose species j, and eij is the stoichiometric coefficient of each reactant r in the corresponding equilibrium equation for all components i and their related species j, at each point of the titration) in order to minimize the difference between measured and calculated pH at each point of the titration.25 In the case of [mycelium/CuII/water] system, for example, the components present are A, B, C, D, CuII and H+ and the related equilibrium are described in equations 1, 2, 6, 7, 8 and Table 2. In the discussion section, we will explore the coherence of the equilibrium modeling and show why it can be considered as a powerful investigation tool for the study of complex systems as suggested by Martell and co-workers24 and as also suggested herein.

  Out-of-equilibrium characterization

  Besides the equilibrium modeling, we have also explored out-of-equilibrium processes related to pH perturbation caused by the successive titrant additions. In other words, after each base addition, we monitored the perturbed pH response over time. When the titrant is added the majority of exchangeable protons are rapidly consumed (in the present case around 90% of total exchangeable protons are consumed in the first 30 s) but kinetically measurable residual proton exchange still occurs even 1 h after the titrant addition.14,26 Similar behavior was observed for humic acids and also for biotite.27,28 For biotite, the slow proton exchange reactions can reach quantitative proportions of total exchangeable protons; and in the case of humic substances, data are scarce in the literature but indicate that significant slow processes can take place in proton exchange phenomena.27,28 These slow-proton exchange processes provide us with special information about the studied system, notably in the present case, the way the biological heterogeneous complex system qualitatively responds to the titration perturbations. In what follows, we present the derivation of out-of-equilibrium physical-chemical model parameters.

  Usually, when slow-proton exchange processes are observed in potentiometric titrations, the pH stabilization curves take the shape of an exponential decay approaching a pseudo-equilibrium pH, the final pH of each titration point.14,29 After the fast proton exchange reactions (that are faster than the technical possibility of kinetic measurement using traditional potentiometric apparatus), we begin to measure the slow-proton exchange reactions. It should be noted that these slow-proton exchange processes are specific of complex systems, such as biological samples, bio-mimetical complexes, humic substances, minerals, soil samples, etc.,14,24,26,30-34 while not observable in simple systems, i.e., highly soluble low molecular weight organic acids (e.g., phthalic acid).

  The differences of proton concentration between the initial kinetic pH and final pH measurement (pHfinal), as presented in Figure 2a, were used to derive a first order slow-proton exchange as described below. Firstly, we obtained out-of-equilibrium slow-exchangeable proton amount, [H+ex](t – final), at each time t of pH response as:
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  where:
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  Equation 10 is the calculation step in which we use the kinetic pH measurement (the values of pH at each time t) to obtain the proton concentration at time t, [H+]t, and derive the slow-exchangeable proton concentration [H+ex](t-final), which is the difference in proton concentration between time t and the time when the last pH measurement is taken, or [H+]final (pHfinal in Figure 2).

  Fitting the curve [H+ex](t – final) versus time with the following first-order rate law,
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  gives the initial slow-proton exchange concentration, [H+ex]t0 (which is a calculated concentration of exchangeable protons at t = 0), and the first-order rate constant, k, specific of each slow pH response after titrant addition (see Figure 2).

  Using [H+ex]t0, the first order rate constant k and the parameters of equilibrium calculations (described in the previous section), component concentrations and conditional overall stability constants β, we can calculate (i) the equilibrium condition K, (ii) the out-of-equilibrium condition Q (at time t0) and (iii) the entropy production dS/dt related to the irreversible slow-proton exchange that was kinetically observed at each point of the titration. The equilibrium condition (index "eq") is determined by K (equation 3) using (i) the concentration of all conjugate bases and conjugated acids present in the system (calculated using the program Aqueous Solutions)35 (ii) their respective molar fractions (equations 4 and 5) and (iii) the proton concentration, [H+]final, at pHfinal. Conversely, the out-of-equilibrium condition (index "t0") is described by Q that is defined as:
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  Equation 14 is the solution of a second order polynomial equation (i.e., –([H+]t0)2 + ([H+]t0)c + βOH– = 0) that is obtained by the substitution of the difference [H+ex](t – final) by the difference [H+ex]t0 in equation 10 at t = t0. Then we can define [H+]t0 as the modeled proton concentration (10–pHt0) of the perturbed state t0.

  Then, the last step is the calculation of entropy production dS/dt as:
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  Equation 15 defines that the slow-proton exchange entropy production is proportional to affinity A, RT ln (K/Q), times the reaction rate dξ/dt, –k[H+ex]t0 as described by Kondepudi and Prigogine,29 where R is the constant of gases 8.314 J mol-1 K-1. For volume of 1 L, dS/dt is given in J K-1 s-1. These values were calculated for the kinetic dataset of all points of the potentiometric titrations and are presented below.

   

  Results and Discussion

  Raman microspectroscopy and emission spectrometry

  Raman scattering measurements well demonstrate the complexity of the mycelium system. Tentative signal attributions (according to literature)36-39 are listed in Table 1. Figure 3a illustrates that fungal biochemical structure is not strongly affected by the presence of high metal concentrations (c.a. 1.5 mmol L-1) since the spectral pattern remains, in general, similar to the one observed in the absence of metals. However, a closer inspection of minor signals in Figure 3b indicates subtle shifts/changes in the scattering profile of the mycelium in the presence of CuII and ZnII which may be related to specific interactions of metals with carboxylic, amino and phosphate groups at least, as proposed in our potentiometric investigations (see next section). We can speculate over some specific spectral changes in the presence of CuII and/or ZnII at: (i) 900-1000 cm-1, where we can observe a general hypsochromic shift for [mycelium/ZnII] system in comparison to [mycelium] system, possibly related to metal-phosphate and/or metal-protein interactions; (ii) 1120 cm-1, where a different spectral shape is observed for [mycelium/CuII] system, possibly related to metal-protein interactions; (iii) 1370 cm-1, where a more intense peak is observed for [mycelium/ZnII], possibly related to metal-nucleic acid (phosphate backbone) interactions and; (iv) 1625 cm-1 (left shoulder of major peak at 1654 cm-1), where significant differences are observed between [mycelium] and [mycelium/metal ion] spectra, mostly for CuII, probably related to metal interactions with complex organization of protein-chitin-nucleic structures in the mycelium (see arrows in Figure 3b, see also Table 1). In addition, since the metal ions were obtained from a diluted nitric acid solution, it is possible to observe the presence of nitrate (N–O stretch) at 1050 cm-1 for the [mycelium/metal ion] spectra (see Figure 3b). It should be noted that the above tentative spectral observations are delicate and should be interpreted with great caution. Even so, Raman micro-spectroscopy can be considered as a powerful spectroscopic method for biogeochemical complex investigations, as observed in Figure 3.
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  Inductively coupled plasma optical emission spectrometry was also used as a complement to the main fungal/metal ion interactions potentiometric study. In Figure 4, it is observed that fungal complexing agents (proteins, oligopeptides, organic acids, phosphates, etc.) are probably, to a significant extent, free in solution. In the case of [mycelium/CuII/water] system, we can observe that more than 50% of total CuII is in suspension (as aqueous complexes with dissolved biomolecules or bound to < 0.2 µm fungal particles) even above pH 6 where without the presence of mycelium CuII precipitates quantitatively. A similar effect is observed for [mycelium/ZnII/water]. However, to a lesser extent and with some differences: at neutral pH, a lower concentration of soluble or suspended particle bound ZnII is observed in comparison with [ZnII/water] blank experiment. This behavior suggests that, at neutral pH, ZnII is complexed by fungal structures > 0.2 mm (ca. 10 to 20% of total ZnII at pH 7.7, Figure 4). In the following section, we propose that the quantitative formation of M(H+)-2 insoluble precipitated systems (observed without the presence of mycelium) are replaced or substituted by M(H+)-1L (where L are mycelium-related ligands) complex systems, mostly at neutral pH.
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  Equilibrium chemical modeling

  The use of the above presented theoretical system (modeling section) enables the investigation of the pH buffering capacity as an ecological relevant property. The perturbation patterns may have partial, but direct, relation with the behavior of this type of system, mycelium complex systems, in nature. From the curve of the [mycelium/water] system shown in Figure 5, we can observe that the major part of the buffering capacity (total of 1.34 mmol g-1 of mycelium, in accordance with literature for fungi)14,19,20 is related to components D (39%, pKa 9.34) and A (28%, pKa 3.24). Components B (17%, pKa 4.61) and C (16%, pKa 7.02) represent the smaller part of the buffering capacity of the [mycelium/water] system. In recent work on dead fungi biomass of Trametes villosa the same pKa values (A, B, C and D) presented above were reported but with a smaller total buffering capacity of 0.75 mmol g-1.14 Other works on different fungal species present total buffering capacity values that vary from 0.81 to 3.87 mmol g-1.19,20 For different bacteria species, Claessens et al.40 presented total buffering capacity values varying from 0.14 to 1.77 mmol g-1. The higher total buffering capacity values are found for humic acids which vary from 4.0 to 13.0 mmol g-1.28,41 For the biotite mineral we found a value of 0.94 mmol g-1.27 For soils the values vary from 0.1 to 0.5 mmol g-1 depending on the type of soil and horizon.31-33 This quantitative information may represent, in general terms, the contribution of soil subsystems to soils buffering capacity and note the importance of fungi and humic substances to soil stability.

  
    

    [image: Figure 5]

  

  In our present model, the components (A, B, C and D) and their respective deprotonation constants suggest the presence of a complex biological matrix composed by the usual fungal biopolymers and biomolecules such as carbohydrates, proteins, nucleic acids and (in)organic salts as observed in the Raman scattering measurements (Figure 3 and Table 1). All conditional stability constant values are listed in Table 2 and represented in Figure 6. From the curve of [CuII/water] and [ZnII/water] we found that the major proton exchange contribution is due to the formation of the bis-deprotonated metal ion species, M(H+)-2 presumably related to precipitates in accordance to ICP-OES measurements (Figure 4). From the titration curves of [mycelium/CuII/water] and [mycelium/ZnII/water] (Figure 5), we observed new patterns that does not resembles the summation of separated (mycelium and metal ions alone) systems. This indicates substantial interactions between the metal ions and mycelium system. In Table 2 are listed the βML constants of associated mycelium-metal interactions calculated using Best7 software.

  Indeed, we have found that, in the case of the mycelium system in the presence of metal ions, fit is not obtained with metal complex formation constants (ML formation, equation 8a for βML and Table 2) smaller than 104 which can be considered as relatively strong binding constants.20,24 In the case of [mycelium/CuII/water] interactions, we observe an intense complexation distributed between components A, B and D with βML formation constants around 106 (Table 2). For the [mycelium/ZnII/water] system, the formation constants are smaller, around 105, but an important contribution is attributed to metal complexation with component C. Based on our results (calculated concentration and pKa values for species of A, B, C, D and related complex stability constants with CuII and ZnII presented in Table 2), it is difficult to precisely identify the groups involved in the metal complexation, either at the cell wall or in the liquid phase. But one point should be remarked: the presence of carboxylic acids, phosphates and amino groups are considered important in the complexing reactions of the [mycelium/metal ion/water] systems.

  Combinations between carboxylic acids (and activated organic acids) that present strong acidity are possible candidates for the general component A.24 Ionic molecules, oligopeptides and proton releasing systems (e.g., proton ATPase) can also participate as component A and contribute to the acidic buffering capacity of fungi.10,15 Component B is consistent with reported values of carboxylic acids. Component D can represent amine groups in the mycelium complex systems. Component C can be an average representation of more complex subsystems such as enzyme sites, mixed-chemical-group binding sites and also phosphate neutral deprotonation related processes.24,42 As already stated, the four proposed components are in good accordance with the possible chemical components tentatively assigned in the Raman scattering investigation (Figure 3 and Table 1). Although there is relatively good correspondence between our stability constant values for protonation reactions and the ones for known functional groups (i.e., COOH, −NH2 or HPO42-, etc.), the representation of the [mycelium/water] system, by four components A, B, C and D, should be interpreted as heterogeneous complex distribution, most probably between soluble organic compounds excreted actively or not by the fungi and the heterogeneous cell wall surface binding sites.

  Despite the presence of a large diversity of possible metals-mycelium interactions, we found a clear difference between the behavior of [mycelium/CuII/water] and [mycelium/ZnII/water] systems. In the presence of metal ions, the fungi components may occupy at least one metal coordination position (species ML, MH+L and M(H+)-1L) while the formation of bis-deprotonated complex species (M(H+)-2L) is not significant. In contrast, in single metal, [metal ion/water] system, titrations, bis-deprotonated species (M(H+)-2) are formed quantitatively, as observed in Figure 4. Figure 6 shows the species diagram of the calculated models for the [mycelium/water] and [mycelium/metal ion/water] studied systems. CuII tends to interact predominantly with carboxylic acids (A, B) and amine groups (D) while ZnII interacts mostly with amine groups (D) and with other combination of deprotonable groups, mixed sites and/or phosphate groups, represented in our model by the component C (see Figure 6).
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  The stability constants in Table 2 indicate stronger binding of CuII to the mycelium of Trametes hirsuta compared to ZnII as previously observed for other fungi, and bacteria.18,20,21,39 Using potentiometric titration methods, Sanna et al.20 presented metal ion-binding constants (CuII and ZnII) in the range of 105 for living Trichoderma viride fungal biomass, and values around 107 for CuII-chitin system.20 In studies of metal biosorption on Penicillium chrysogenun fungal biomass, Niu et al.18 found bigger binding affinity for CuII than for ZnII. In the case of the bacteria Shewanella putrefaciens, Claessens et al.39 found CuII and ZnII binding constants of 107.3 and 105.4, respectively, as also observed herein (Table 2). Using several different Petri-dish microcosm experiments regarding CuII and ZnII interactions with fungi (qualitatively investigated through syncrotron techniques), Fomina et al.21 emphasize that fungal-metal complexation processes, of both CuII and ZnII, are dominated by the action of carboxylic and phosphate (organic and inorganic) chemical groups related to fungal structure/organization. These authors also suggest that metal complexation by amine groups in fungal systems may be important in the metal biotransformation which may be followed by other phenomena such as metal ion immobilization in cell wall or precipitation as metal phosphates, oxalates, carbonates or oxides.21 In a recent study on mosses, González and Pokrovsky43 showed that the biosorption of CuII (ca. 90%) is more effective than the biosorption of ZnII (ca. 75%) and that for both metal ions the adsorption is completed in less than 10 min, but more complex absorption processes may occur after this initial period. Hence, it is coherent to expect that all these processes may take longer time periods, as discussed in the following out-of-equilibrium section.

  The results of our equilibrium investigations are also coherent with the low toxicity of ZnII towards fungi, suggesting that neutral pH deprotonable groups, related to component C, may play a significant role in key pH-dependent biological processes (such as the absorption of the bio-essential ZnII) in the studied fungi.11,24,42 It is interesting to remark that four weeks after our potentiometric experiments, fungal growth was observed in the stored [mycelium/ZnII] basic pH suspensions, which was not the case for the relatively more toxic CuII in [mycelium/CuII] stored suspension. Lastly, we reinforce that CuII seems to be controlled by large amounts of acid complexing agents (average components A and B) and basic groups (component D) such as amines, while neutral pH deprotonable groups (component C) remain almost unaffected (see Figure 6). The present results are unique and the details suggest that modeling can be used, at least, as qualitative reference in the literature for describing living fungi macroscopic physical-chemical properties.

  Out-of-equilibrium investigation

  In the modeling section, we demonstrated how to derive the slow-proton exchange entropy production of the [mycelium/water] and [mycelium/metal ion/water] systems in relation to titrant perturbation during potentiometric titrations. Out-of-equilibrium states can be defined by their stability as a function of time. While (in linear out-of-equilibrium thermodynamics) stable systems maintain slow out-of-equilibrium processes, unstable systems, upon perturbations, evolve quickly to a new pseudo-equilibrium state. Since change is driven by difference (negentropy or energy input), we use entropy production as a fundamental parameter to investigate the stability of the complex [biological/metal ion] studied systems. As pointed by Prigogine and co-workers,2,29 out-of-equilibrium properties, such as entropy production of complex systems (relevant, in a transdisciplinary point of view, for agroecology)1,7,8 are special characteristics related to evolution and stability of the same complex systems under perturbed conditions. It is important to note that here we are dealing with linear out-of-equilibrium thermodynamics and that several complex conditions in nature are often observed as non-linear phenomena.1,2,11,16,29 Even though, we can expect that linear out-of-equilibrium thermodynamic information (which are also important in ecological/nature processes and homeostasis) may be useful in order to obtain some abstract representation of the evolution properties of the fungal/metal ion systems.

  During the out-of-equilibrium measurements, from acidic to basic pH the slow rate constants k decreases while the slow-proton exchange concentration [H+ex]t0 increases (Figures 7 and 8). This observed patterns in the perturbed states of the [mycelium/water] and [mycelium/metal ion/water] complex systems (Figures 7 and 8) suggest that subsystems of higher heterogeneity (e.g. mostly proteins and chitin complexes) exerts an increasing slow proton pressure/buffering capacity as pH becomes more basic. Under acidic pH conditions, slow-proton exchange reactions are faster than at basic pH (Figures 7a). With the presence of metal ions, the slow-proton exchange becomes measurable at lower pH (i.e., starting at pH 4) while, in the absence of metal ions, it is only measurable above pH 4.6 (see inset Figure 7b), as a result of general Lewis acid properties of metal ions. Figure 8 suggests that amine groups (i.e., component D), or basic pH deprotonable groups, in different organized structures (mainly protein and chitin complexes) are important slow-proton exchangers at basic pH. Under acidic pH conditions, there is also some significant slow proton exchange, however to a much lesser extent. At neutral pH, the slow proton exchange is not as high (in moles) as in the basic pH region but we remark that, since pH is a logarithmic value, the observed slow processes in the neutral pH region (which are not negligible, see Figure 2) may indicate important complex interactions that regulate biological processes (it is to say that slow stabilization curves are also significant at neutral pH as observed in Figure 2).
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  In the presence of metal ions, the shape of the slow-proton entropy production curve (Figure 8) is generally the same (i.e., increasing entropy production as pH becomes basic). However, we can observe that CuII, in the [mycelium/CuII/water] system, promotes an intense enhancement of slow-proton exchange processes at a lower pH (above pH 7, Figure 8), which is much more significant in comparison to the [mycelium/ZnII/water] system and even further in comparison to [mycelium/water] system. We believe that this pattern reflect the stronger affinity of CuII (compared to ZnII) for important complex heterogeneous basic pH deprotonable sites (dominated by amine groups in proteins and also chitin, Figures 7b and 8), at least in the time scale studied here.

  It is interesting to note that in the case of the [mycelium/ZnII/water] system at neutral pH, the measurable slow pH stabilization curves evolve in the acidic-to-basic sense (see small-magnitude negative values of [H+ex]t0 in the inset of Figure 7b between pH 6 and 8 for the [mycelium/ZnII/water] system), which is in opposition to basic-to-acid out-of-equilibrium slow evolution of the majority of the pH considered here (as shown in Figure 2). This acidic-to-basic evolution of the [mycelium/ZnII/water] system at neutral pH is also accompanied by much larger k values (Figure 7a). This suggests that a larger contribution of fast (usually non-monitorable) proton exchange may become observable as slow-proton exchange processes. This unusual inversion pattern was also observed for out-of-equilibrium response at discrete basic pH conditions for humic acids and biotite.27,28

  With the present study we can state that when mycelium is perturbed with base, it counter-reacts through active and/or passive proton releasing reactions (acids of different strength and structure at different levels of organization, in membrane proteins, oligopeptides, etc.). The hyphal cell-wall and associated biomolecules (plus the released dissolved organic acids) form a complex three dimensional structure/organization that can present different level of accessibility to the perturbed water environment. Due to possible difference in diffusion coefficient, as shown by Kazakov et al.,26 the protons bound to dissolved organic acids, phosphates, oligopeptides, siderophores, etc. may be consumed first whereas the protons bound to protein cavities or inner cell organelles are expected to be consumed last, if consumed. We remark, as also pointed by Fomina et al.21, that experimental studies (even being extremely informative) of all complex systems should be interpreted as partial models which may present differences both between the model experiments in parallel and in relation to natural conditions, i.e., in terms of metal ion sources (minerals or soluble, concentration etc.), fungal species, experimental/investigation time periods and temperature conditions, etc.

  In terms of natural implication, we can hypothesize that the slow proton exchanges from mycelium may be dominant over fast proton exchange in natural soils due to a much more limited amount of free water compared to our potentiometric water-suspension experiments. These slow processes may also be more significant under colder conditions. Hence, we suggest that some similarity to the interaction patterns presented in Figures 6, 7 and 8 can be partially expected to occur in natural soils, provided significant fungal biomasses are present.

  Finally, our results indicate that fungal systems can counter-balance (to a certain extent) soil basification. In contrast, other studies demonstrate that biotite, a phyllosilicate mineral, tends to prevent acidification while humic substances favor neutral pH stable conditions.14,27,28,30,34 In this regard, further investigations will provide the different characteristics (in relation to proton exchange and other important parameters such as redox properties) of the miscellaneous components and sub-components of complex ecological and soil systems under out-of-equilibrium conditions. We propose that the method presented herein can be considered as an interesting tool for the characterization of soils and their stability upon physical-chemical perturbations.

   

  Conclusions

  The potentiometric method presented in this study can serve as a useful tool for the investigation of different samples from natural complex systems, such as soils and soil subsystems. Using [mycelium/metal ion/water] complex model systems, selective interactions between fungi and metal ions are found to be coherent with the general [biological/inorganic ions] interaction properties. In summary the mycelium of Trametes hirsuta may interact with CuII mainly through acids, weak-acids and weak bases while neutral pH deprotonable species remain rather unaffected. In the case of ZnII, mycelium neutral pH and weak-basic deprotonable species appear to be important metal complexing agents.

  Furthermore, out-of-equilibrium slow-proton exchange investigation is proposed to reveal interaction patterns that may be related to the heterogeneous protein and chitin complexes characteristic of fungal mycelium. Complementary Raman spectroscopy and inductively coupled plasma optical emission spectrometry data presented good agreements with modeling and interpretation of potentiometric studies. Lastly, we emphasize the relevance of the present work for agroecology in an ecological/transdisciplinary perspective.1,5-7,9
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    The [Ru(Spym)(bipy)(P–P)]PF6, [Spym = pyrimidine-2-thiolate anion; P–P = 1,2-bis(diphenylphosphino)ethane, 1,3-bis(diphenylphosphino)propane and 1,1'-bis(diphenylphosphino)ferrocene] complexes were synthesized and characterized by spectroscopic, electrochemical and elemental analysis, and by X-ray crystallography. The minimal inhibitory concentration (MIC) of the compounds against Mycobacterium tuberculosis and the complex concentration causing 50% tumor cell growth inhibition (IC50) against breast cancer cells, MDA-MB-231, were determined. All three compounds gave promising values in both tests. It is interesting to mention that all three complexes display MICs against Mycobacteriumtuberculosis showing higher activity than cycloserine, a second line drug used in the treatment of the illness. The complexes interact weakly with the DNA.
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  Introduction

  Ruthenium is widely studied due to its versatility and potential applications in several fields of the science.1-4 In general, ruthenium complexes can have their properties tuned, since slight changes in the coordination environment around the metal center lead to significant alterations of their electrochemical, spectroscopic and chemical behavior, and hence their biological activity, which explains the interest in these compounds.5,6 In the same way, thiopyrimidines have attracted special attention in the last two decades for their biochemical interactions, being useful ligands because of their analogy to purine and pyrimidine nucleobases.7-9 Thiopyrimidines and their derivatives have been investigated for their potential antiviral, antibacterial, fungicidal, and antithyroid activity, and as well as for their photochemical properties.10-13 Building on their pharmaceutical properties, the thiopyrimidines can have synergic effects when coordinated to metals,14,15 since they can bind to metals in a variety of coordination modes: neutral monodentate, bidentate, as bridge ligands and anionic monodentate, and also bridging two metallic centers by nitrogen and sulfur atoms.16-23 Phosphine ligands have both σ-donor and π-acceptor character, being able to stabilize metals in both high and low oxidation states.24 In addition, biphosphine (P–P) ligands also play an important role in catalysis and in bioinorganic chemistry,25,26 and together with the 2,2'-bipyridine (bipy) ligand, eventually could contribute to increase biological activities and DNA interactions. Therefore, the aim of this work is to synthesize and to characterize ruthenium(II) complexes with general formula [Ru(Spym)(bipy)(P–P)]PF6 [Spym = pyrimidine-2-thiolate anion; P–P = 1,2-bis(diphenylphosphino) ethane = dppe (1), 1,3-bis(diphenylphosphino)propane = dppp (2), and 1,1'-bis(diphenylphosphino)ferrocene = dppf (3)], and to study their anti-M. tuberculosis (MTB) and cytotoxicity activities against human breast cancer cells (MDA-MB-231) and against the health cell line from mice (L929 cell line).

   

  Experimental

  Materials and measurements

  Solvents were purified by standard methods. All chemicals used were of reagent grade or comparable purity. RuCl3·3H2O and the ligands 1,2-bis(diphenylphosphino)ethane, 1,3-bis(diphenylphosphino)propane, 1,1'-bis(diphenylphosphino)ferrocene, 2,2'-bipyridine and pyrimidine-2-thiolate were used as received from Aldrich.

  All nuclear magnetic resonance (NMR) experiments were performed at 20 ºC on a Bruker spectrometer, 9.4 T, observing 1H at 400.13 MHz and 31P{1H} at 161.98 MHz. The NMR spectra were recorded in CDCl3 or (CD3)2CO, with tetramethylsilane (TMS) (1H) and 85% H3PO4 (31P{ 1H}) as internal and external references, respectively. The 31P {1H} NMR spectra of the complexes were also recorded in dimethylsulfoxide (DMSO) and in the same solutions in which the DNA binding were carried out (5 mmol L-1 tris(hydroxymethyl)aminomethane (Tris)-HCl and 50 mmol L-1 NaCl, pH 7.4), and in these cases the complexes 1, 2 and 3 showed to be stable for at least for 72 h. The splitting of proton and phosphorus resonances, respectively, in the reported 1H and 31P{ 1H} NMR spectra is labeled as s = singlet, δ = doublet, t = triplet and m = multiplet. UV-Vis spectra were recorded on HP8452A (diode array) spectrophotometer. The infrared (IR) spectra were recorded from KBr sample pellets in a Bomem-Michelson 102 FTIR spectrometer, in the range 4000-200 cm-1. Conductivity (presented as Ω-1 cm2 mol-1) was measured in CH2Cl2 with a Micronal B-330 connected to a Pt cell of constant 0.089 cm-1; measurements were made at 25 °C on 10-3 mol L-1 solutions of the complexes. Cyclic voltammetry experiments were carried out at 25 ºC in CH2Cl2 containing 0.10 mol L-1 Bu4NClO4 (TBAP) (Fluka Purum), with a Bioanalytical Systems Inc. BAS-100B/W electrochemical analyzer. The working and auxiliary electrodes were stationary Pt foils; a Luggin capillary probe was used and the reference electrode was Ag/AgCl. Under these conditions, the ferrocene is oxidized at 0.43 V (Fc+/Fc). The microanalyses were performed in the Microanalytical Laboratory at the Chemistry Department of the Federal University of São Carlos, with an EA 1108 CHNS microanalyser (Fisons Instruments).

  Anti-M. tuberculosis activity assay

  The anti-MTB activity of the compounds was determined by the resazurin microtiter assay (REMA).27 Stock solutions of the test compounds were prepared in DMSO and diluted in Middlebrook 7H9 broth (Difco), supplemented with oleic acid, albumin, dextrose and catalase (OADC enrichment, BBL/Becton Dickinson), to obtain final drug concentrations from 0.15 to 250 µg mL-1. The serial dilutions were carried out in a Precision XS Microplate Sample Processor (BiotekTM). Isoniazid was dissolved in distilled water, according to the manufacturers' recommendations (Difco), and used as a standard drug. MTB H37Rv (American Type Culture Collection (ATCC) 27294) was grown at 37 ºC for 7 to 10 days in Middlebrook 7H9 broth supplemented with OADC, plus 0.05% Tween 80 to avoid clumps. Cultures were centrifuged for 15 min at 3,150 × g, washed twice, suspended in phosphate-buffered saline and aliquots were frozen at –80 °C. After 2 days, the number of colony-forming units (CFU) was determined. MTB H37Rv (ATCC 27294) was thawed and mixed in microplate wells with the test compounds and 7H9 broth, yielding a final testing volume of 200 µL with 2 × 104 CFU mL-1. Microplates were incubated for 7 days at 37 °C, after which resazurin was added for the reading. Wells that turned from blue to pink, with the development of fluorescence, indicated growth of bacterial cells, while maintenance of the blue color indicated bacterial inhibition.27,28 The fluorescence was read (530 nm excitation filter and 590 nm emission filter) in a SPECTRAfluor Plus (Tecan®) microfluorimeter. The minimal inhibitory concentration (MIC) was defined as the lowest concentration resulting in 90% inhibition of growth of MTB.28 As a standard test, the MIC of isoniazid was determined on each microplate. The acceptable range of isoniazid MIC is from 0.015 to 0.06 µg mL-1.27,28 Each test was set up in triplicate.

  In vitro cytotoxicity

  The in vitro cytotoxicity assays on cultured human tumor cell lines still represent the standard method for the initial screening of antitumor agents. Thus, as a first step in assessing their pharmacological properties, the new ruthenium complexes were assayed against human breast tumor cell lines MDA-MB-231 and L929 (ATCC:CCL 1, mouse fibroblast). The cells were routinely maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), at 37 ºC in a humidified 5% CO2 atmosphere. After reaching confluence, the cells were detached by trypsinization and counted. For the cytotoxicity assay, 5 × 104 cells well-1 were seeded in 200 µL of complete medium in 96-well assay microplates (Corning Costar). The plates were incubated at 37 ºC in 5% CO2 for 24 h to allow cell adhesion, prior to drug testing. All tested compounds were dissolved in sterile DMSO (stock solution with maximum concentration of 20 mmol L-1) and diluted to 5, 2, 1, 0.5, 0.2, 0.02 and 0.002 mmol L-1. From each of these dilute samples, 2 µL aliquots were added to 200 µL medium (without FBS) giving a final concentration of DMSO of approximately 1% and a final concentration of the complex diluted about 100×. Attached cells were exposed to the compounds for a 24 h. Cell respiration, as an indicator of cell viability, was then determined by the mitochondrial-dependent reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT).29 MTT solution (0.5 mg mL-1) was added to cell cultures and incubated for 3 h, after which 100 mL of isopropanol was added to dissolve the precipitated formazan crystals. The conversion of MTT to formazan by metabolically viable cells was monitored in an automated microplate reader at 570 nm. The cell viability percentage was calculated by dividing the average absorbance of the cells treated with the test compounds by that of the control; cell viability percentage was plotted against drug concentration (logarithmic scale) to determine the drug concentration at which 50% of the cells are viable relative to the control (IC50), the error being estimated for the average of 3 trials.

  DNA interaction studies

  All the measurements on DNA were carried out in Tris-HCl buffer (5 mmol L-1 Tris-HCl and 50 mmol L-1 NaCl, pH 7.4). In order to compare the DNA binding affinities quantitatively, the intrinsic binding constants Kb of complexes 1-3 bound to calf thymus (CT)-DNA were found by monitoring the changes in absorbance of the π → π* spectral band (253-275 nm) with increasing concentration of DNA and using equation 1:30

  where [DNA] is the concentration of DNA in base pairs, the apparent absorption coefficients εa, εf and εb correspond to Aobs / [complex], the extinction coefficient for the free ruthenium complex and the extinction coefficient for the free complex in the fully bound form, respectively. In the plot of [DNA] / (εa – εf) vs. [DNA], the value of Kb is given by the ratio of slope to intercept. The concentration per nucleotide was determined by absorption spectrophotometric analysis, assuming the molar absorption coefficient 6600 mol-1 L cm-1 at 260 nm.31

  X-Ray crystallography

  Crystals of the three compounds were grown by slow evaporation of dichloromethane/methanol or dichloromethane/diethyl ether solutions. The crystals were mounted on a goniometer in an Enraf-Nonius kappa geometry charge-coupled device (CCD) diffractometer with graphite monochromated Mo Kα (λ = 0.71073 Å) radiation. The final unit cell parameters were based on all reflections. Data were collected at room temperature with the COLLECT program, and integration and scaling of the reflections were performed with the HKL Denzo-Scalepack software package.32,33 Absorption correction was carried out by the Gaussian method.34 The structures were solved by direct methods with SHELXS-97.35 The models were refined by full-matrix least squares on F2 by means of SHELXL-97.36 All hydrogen atoms were stereochemically positioned and refined with a riding model. The Oak Ridge thermal ellipsoid plot (ORTEP) views were prepared with ORTEP-3 for Windows.37 Hydrogen atoms on the aromatic rings were refined isotropically, each with a thermal parameter 20% greater than the equivalent isotropic displacement parameter of the atom to which it is bound.

  Theoretical calculations

  The geometry optimization of complex 3 was performed using the Gaussian 09 package, employing the hybrid B3LYP density functional38 and Los Alamos double-zeta effective core potential (Lanl2dz) with the associated basis sets.38-40 This approach is further referred to as B3LYP/Lanl2dz. The geometry optimization was followed by the vibrational frequencies calculation using the same approach. In order to estimate the contributions of specific atoms to the HOMO and LUMO of the complex studied, we performed calculations of fragment densities of states (projected densities of states, PDOS), using the keywords ‘Fragment' and ‘Population' as implemented in the Gaussian 09 program. For the PDOS calculations we used the B3LYP/Lanl2dz optimized geometry and the approach designated as B3LYP/[Ru,Fe:CEP-121G; C,H,O,N,P:6-31G*], with the Stevens/Basch/Krauss effective core potential triple-split basis (CEP-121G) on Ru and Fe atoms and the split-valence 6-31G* basis set on the light atoms.41,42 The last approach was shown to provide good agreement with the experimental data.

  Synthesis of the complexes

  cis-[RuCl2(bipy)(dppe)] and cis-[RuCl2(bipy)(dppp)]

  The synthesis of the precursor cis-[RuCl2(bipy)(dppe)] has already been reported, but here another method was used.43 A suspension of 428 mg (0.502 mmol) of cis-[RuCl2(PPh3)2(bipy)] was heated to reflux for 10 min, in CH2Cl2 and then 246 mg (0.618 mmol) of dppe was added. After 30 min the color of the suspension changed from golden to dark red. The mixture was kept in reflux for 24 h and a very small amount of a fine powder was formed, which was removed by filtration and the limpid dark red resulting solution was refluxed for 30 min longer. The volume of the solution was reduced to ca. 3 mL and diethyl ether was added to precipitate the complex, which was filtered off and washed with diethyl ether (2 × 5 mL) and hexane (2 × 5 mL) and dried under vacuum. Yield: 83%; anal. calcd. for C36H32N2Cl2P2Ru: C, 59.51; H, 4.44; N, 3.86%; found: C, 59.86; H, 4.52; N, 3.90%; 31P{ 1H} NMR (161.98 MHz, CH2Cl2) δ 68.0 and 61.0 (2JP–P 54.0 Hz).

  Also, the precursor cis-[RuCl2(bipy)(dppp)] was synthesized in the same way as the complex cis-[RuCl2(bipy)(dppe)]. Yield: 85%; anal. calcd. for C37H34N2Cl2P2Ru: C, 60.01; H, 4.62; N, 3.78%; found: C, 59.95; H, 4.57; N, 3.89%; 31{1H} NMR (161.98 MHz, CH2Cl2) δ 37.7 and 29.8 ( 2JP–P 42.1 Hz)

  cis-[RuCl2(bipy)(dppf)]

  This complex was synthesized as reported in the literature.44 Dppf (499 mg, 0.566 mmol) was added to a solution of [RuCl2(PPh3)3] (542.5 mg, 0.566 mmol), in 50 mL CH2Cl2. The color of the solution changed from purple-black to red, within a few minutes. The solution was stirred for 30 min and bipy (88.4 mg, 0.566 mmol) was added. After 30 min of stirring, the solvent was reduced to about 2 mL and 15 mL of diethyl ether were added. The precipitated complex was filtered off, washed twice with ether (2 × 5 mL) and then dried under vacuum. Yield: 90%; anal. calcd. for C44H36N2Cl2P2FeRu: C, 59.89; H, 4.08; N, 3.17%; found: C, 60.01; H, 4.10; N, 3.25%; 31P{ 1H} NMR (161.98 MHz, CH2Cl2) δ 41.8 and 36.2 ( 2JP–P 36.0 Hz).

  [Ru(Spym)(bipy)(dppe)]PF6 (1) and [Ru(Spym)(bipy)(dppp)]PF6 (2)

  HSpym (11.2 mg, 0.100 mmol) and NH4PF6 (24.5 mg, 0.150 mmol) were added to a solution of the precursor cis-[RuCl2(bipy)(dppe)] (72.5 mg, 0.100 mmol) or cis-[RuCl2(bipy)(dppp)] (74 mg, 0.100 mmol) in 20 mL CH2Cl2, and the mixture was allowed to react under reflux in an argon atmosphere for 24 h. The final mixtures were concentrated to ca. 2 mL and 15 mL diethyl ether were added to precipitate the products of the reactions, which were filtered off, washed with water (2 × 10 mL) and diethyl ether (2 × 10 mL), and dried under vacuum.

  Yield 1: 89%; IR (KBr) νmax / cm-1 3053, 2920, 1603, 1558, 1539, 1483, 1469, 1433, 1309, 1252, 1159, 1101, 1001, 841, 758, 750, 702, 676, 652, 557, 526, 501, 488, 447, 426; 1H NMR (400 MHz, (CD3)2CO) δ 9.34 (m, 1H, bipy), 8.49 (d, 1H, J 8.4 Hz, bipy), 8.40 (d, 1H, J 8.4 Hz, bipy), 8.30 (d, 1H, J 5.6 Hz, bipy), 8.18 (dd, 1H, J 4.6 and 2.4 Hz, Spym), 8.14 (dt, 1H, J 8.0 and 1.6 Hz, bipy), 7.98 (dt, 2H, J 8.0 and 1.6 Hz, bipy), 7.63-7.37 (m, 1H, Spym; 1H, bipy; 10H, Ph), 7.32-7.26 (m, 1H, Ph), 7.19 (dt, 3H, J 7.6 and 1.6 Hz, Ph), 7.15-7.07 (m, 1H, bipy; 2H, Ph), 6.96 (dt, 2H, J 6.0 and 1.6 Hz, Ph), 6.71 (dt, 1H, J 5.0 and 1.2 Hz, Spym), 6.65-6.58 (m, 2H, Ph), 3.37-2.60 (m, 1H, CH2), 3.70-3.42 (m, 1H, CH2), 3.13-2.97 (m, 1H, CH2), 2.95-2.79 (m, 1H, CH2); ΛM / (Ω-1 cm2 mol-1) 19.47; anal. calcd.: C, 52.69; H, 3.86; N, 6.14; S, 3.51%; found: C, 52.77; H, 4.02; N, 6.20; S, 3.18%.

  Yield 2: 86%; IR (KBr) νmax / cm-1 3068, 2972, 2874, 1603, 1581, 1527, 1485, 1468, 1435, 1309, 1269, 1159, 1093, 999, 844, 765, 754, 698, 665, 655, 557, 514, 507, 489, 426; 1H NMR (400 MHz, CDCl3) δ 8,99 (d, 1H, J 6.4 Hz, bipy), 8.63 (m, 1H, bipy), 8.53 (d, 1H, J 8.4 Hz, bipy), 8.26 (d, 1H, J 6.0 Hz, bipy), 8.19 (t, 1H, J 7.6 Hz, bipy), 7.84 (dd, 1H, J 6.4 and 2.4 Hz, Spym), 7.70 (t, 1H, J 6.8 Hz, bipy), 7.45 (t, 1H, J 8.4 Hz, bipy), 7.35-7.18 (m, 1H, Spym; 5H, Ph), 7.17-7.06 (m, 1H, bipy; 6H, Ph), 6.96 (t, 2H, J 7.2 Hz, Ph), 6.93-6.81 (m, 5H, Ph), 6.74-6.67 (m, 2H, Ph), 6.20 (t, 1H, J 4.8 Hz, Spym), 3.47 (m, 1H, CH2), 2.96 (m, 1H, CH2), 2.47 (m, 2H, CH2), 2.32 (m, 2H, CH2); ΛM / (Ω-1 cm2 mol-1) 19.49; anal. calcd.: C, 53.64; H, 4.40; N, 5.82; S, 3.33%; found: C, 53.38; H, 5.01; N, 6.03; S, 3.11%.

  [Ru(Spym)(bipy)(dppf)]PF6 (3)

  The complex [Ru(Spym)(bipy)(dppf)]PF6 (3) was synthesized in a similar way to 1 and 2, but in this case triethylamine (0.15 mmol) was added to the reaction solution, and reflux was not necessary. Yield: 90%; IR (KBr) νmax / cm-1 3055, 2924, 2850, 1602, 1562, 1543, 1481, 1469, 1433, 1309, 1253, 1159, 1091, 1041, 1000, 841, 762, 750, 698, 636, 557, 545, 518, 499, 489, 445, 432; 1H NMR (400 MHz, (CD3)2CO) δ 9.26 (d, 1H, J 5.6 Hz, bipy), 8.66 (d, 1H, J 7.6 Hz, bipy), 8.53 (m, 1H, bipy), 8.37 (d, 1H, J 8.0 Hz, bipy), 8.31 (t, 1H, J 7.6 Hz, bipy), 7.95-7.87 (1H, Spym; m, 2H, Ph), 7.83 (t, 1H, J 6.8 Hz, bipy), 7.65 (1H, J 7.2 Hz, bipy), 7.55 (t, 1H, J 6.0 Hz, Spym), 7.50-7.36 (m, 4H, Ph), 7.30 (m, 1H, bipy), 7.24-7.10 (m, 7H, Ph), 7.00-6.90 (m, 4H, Ph), 6.82 (t, 2H, J 8.8 Hz, Ph), 6.79-6.72 (m, 1H, Ph), 6.25 (t, 1H, J 4.8 Hz, Spym), 6.02 (m, 1H, Cp), 4.97 (s, 1H, Cp), 4.74 (m, 1H, Cp), 4.53 (m, 1H, Cp), 4.33-4.25 (m, 3H, Cp), 3.50 (m, 1H, Cp); ΛM / (Ω-1 cm2 mol-1) 18.81; anal. calcd.: C, 53.75; H, 3.81; N, 5.17; S, 2.96%; found: C, 53.53; H, 3.92; N, 5.33; S, 2.71%.

   

  Results and Discussion

  Synthesis and characterization

  The easy reactivity of the [RuCl2(bipy)(P–P)] precursors allowed the syntheses of complexes with general formula [Ru(Spym)(bipy)(P–P)]PF6 by substitution of both chloride ions by the Spym- ligand (Scheme 1).

  
    

    [image: Scheme 1. Reaction of syntheses]

  

  The 31P{1H} NMR spectra of the compounds showed typical AX spin systems characterized by the nuclear magnetic nonequivalence of the two phosphorus atoms present in the complexes. The values of the chemical shifts obtained for the complexes 1-3 and for the precursors are given in Table 1. All the compounds exhibited septets whose chemical shift was centered at δ –144 ppm, indicating the presence of PF6- as the counter-ion. As expected, the doublets shown by the complexes [Ru(Spym)(bipy)(P–P)]PF6 are upshifted relative to the precursors, indicating that the chlorine ligands in the precursors shield the phosphorus atoms of the phosphines more efficiently than the coordinated Spym- ligand (Table 1).

  
    

    [image: Table 1. 31P {1H} NMR and cyclic voltammetry]

  

  The 1H NMR spectra of the compounds show a series of multiplets, ranging from δ 7.68 to 6.38, corresponding to the 20 hydrogen atoms of the diphosphine phenyl rings. The eight hydrogen atoms of bipy are observed in the d 9.50-6.87 region, and some of the signals overlap with the proton resonances of the phenyl groups. The protons corresponding to the –(CH2)n– groups of the phosphines appeared as multiplets in the δ 3.37-2.53 region for 1 and δ 3.47-1.81 for 2. The three protons of Spym show their chemical shifts in the d 8.18-6.20 region. For the [Ru(Spym)(bipy)(dppf)]PF6 complex 3 the ferrocene hydrogens show resonances between δ 6.02 and 3.50, corresponding to eight hydrogen atoms. The six peaks observed for these protons are caused by the non-equivalence of the phosphorus atoms bonded to the cyclopentadienyl rings (Cp), as confirmed by a pair of doublets observed in the 31P{ 1H} NMR spectrum of the [Ru(Spym)(bipy)(dppf)]PF6 complex.

  The compounds 1-3 were studied by cyclic voltammetry technique, and it was found that they show one RuII/RuIII redox pair: complex 1 shows a quasi-reversible process, E1/2 = 0.99 V, and complex 2 one quasi-reversible redox pair, E1/2 = 1.00 V (see Table 1). Complex 3, which is a bimetallic compound, exhibits two processes: the first is also quasi-reversible (E1/2 = 0.77 V) and relates to RuII/RuIII, while the second, irreversible, with Epa = 1.28 V, belongs to the FeII/FeIII oxidation process (Figure 1).

  
    

    [image: Figure 1. Cyclic voltammogram]

  

  To confirm this suggestion, a few drops of the salt NH4SCN, dissolved in methanol were added to the electrochemical cell. The typical red color of the “Fe3+-SCN" species on the electrode surface appeared only when the potential reached about 1.2 V, showing that at this point, indeed, the iron(II) of the dppf ligand was being oxidized. This also shows that the iron(II) of the dppf ligand is stabilized by its coordination to the ruthenium(II) center. In complexes fac-[RuCl3(NO)(dppf)] and [Ru(η6-C10H14)(dppf)Cl]PF6, the iron(II) was oxidized at l.0 and 0.86 V, respectively.10,45 In the case of [Ru(η6-C10H14)(dppf)Cl]PF6 there is probably a competitive effect acting to make the oxidation of the iron(II) easier than in the complex [Ru(Spym)(bipy)(dppf)]PF6.46,47

  The PDOS calculations performed for the complex 3 showed the contributions of the Fe and Ru d-orbitals in the complex, HOMO equal to 48 and 16%, respectively. These results reinforce the assignment of the oxidation processes observed for the complex 3 in its cyclic voltammograms, where the first oxidation process was assigned to the ruthenium(II) and the second oxidation process was assigned to the iron(II).

  All the electrochemical processes mentioned above involve one electron, as was shown by electrolytic measurements.

  Structural sudy

  X-Ray structures of the compounds are represented in Figure 2. Data collection and experimental details are summarized in Table 2, and selected bond distances and angles are presented in Table 3. All the compounds show distorted geometry around the ruthenium center with one phosphorus atom positioned trans to the nitrogen atom of the ligand HSpym (P1 trans to N1) and the other phosphorus atoms trans to one nitrogen of the bipyridine (P2 trans to N4). Thus, in all three complexes the sulfur atom is positioned trans positioned to the nitrogen atom (N3) of the 2,2'-bipyridine ligand.

  
    

    [image: Figure 2. The molecular structures]

  

  
    

    [image: Table 2. Crystal data and refinement]
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  The Ru–P and Ru–N bond distances lie within the normal range usually found for ruthenium complexes containing tertiary phosphines as ligands.48-50 In the new complexes the Ru–P (trans to the nitrogen atom of Spym) bond lengths are shorter than the Ru–P distances (trans to the nitrogen atoms of bipy). Ru–P distances of P–P follow the order: dppf > dppp > dppe. The P–Ru–P angles are comparable to the values previously observed for this kind of complex.49,50

  To stabilize the crystal structure of the complexes 1-3, there are weak C–H...F–P and C–H...N–C intermolecular interactions, as well as π–π stacking and van der Waals forces. Interestingly, the crystal structure of the complex 3 forms infinite hydrophobic channels formed by the dppf moiety (Figure 3). This channel is filled by disordered methanol molecules that act as guest solvent, displaying an important role for crystal self-assembly stabilization. In general, the host-guest systems are stabilized by non-covalent interactions such as depicted in Figure 3.

  
    

    [image: Figure 3. Crystal self-assembly]

  

  Vibrational spectra

  The IR spectra of all three complexes confirm the presence of the Spym- ligand coordinated to the metal. The band assigned to the ν(N–H) vibration, which appears at 3200-3100 cm-1 in free thiones, is absent in the spectra of the complexes, indicating that the ligand is coordinated to the metal in the deprotonated form.51,52 Bands from the coordinated Spym- ligand appear at approximately 1570 and 1549 cm-1 (ν(C=C) + ν(C=N)), 1434 cm-1 (ν(N=C) + d(CH)) and at 1375 and 1159 cm-1 (ν(C=S)) for all three complexes. Also, bands present in the spectra in the region 690-740 cm-1 can be assigned as ν(C=S).53-56

  Electronic spectra

  Electronic spectra of the three complexes were obtained in dichloromethane and in DMSO solutions and the results are listed in Table 4. The transitions found for all three complexes are at about 290 nm (ε ca. 30000 mol-1 L cm-1) and 420 nm (ε ca. 4000 mol-1 L cm-1), corresponding to intraligand (IL) and metal-ligand charge transfer (MLCT) transitions, respectively. The electronic spectra of structurally similar ruthenium complexes containing diphosphine and diimine ligands show bands in the visible region, close to 400 nm, which were assigned as MLCT transitions.57-60

  
    

    [image: Table 4. Data from electronic]

  

  Cytotoxicity against MDA-MB-231 cell lines

  The MDA-MB-231 tumor cancer cells and L929 mouse cells were exposed to each complex and to the free ligands, for a period of 24 h, in order to allow them to reach the DNA or any other biological target. As a positive control, the cytotoxicity of cisplatin was assessed under the same experimental conditions. The IC50 values, calculated from the dose-survival curves generated by the MTT assays performed after the drug treatment, are shown in Table 5. It can be seen that the free ligands were inactive against either the tumor cell or the mouse cell line.

  
    

    [image: Table 5. IC50 and MIC]

  

  All three new complexes are very active against MDA-MB-231 breast human tumor cells showing low values of IC50 and high values of IC50 against normal L929 cells. The high activity of complexes 1-3 gives support to our previous suggestion that a non-coordinated atom, in this case, the nitrogen (N2) atom of the Spym- ligand, can allow interaction of the complexes with DNA or another biomolecule, increasing the cytotoxicity of the complexes. The good results obtained for similar complexes with 4,6-dimethyl-2-mercaptopyridine also support this suggestion.53

  Anti-mycobacterial activity

  The compounds were investigated for their in vitro anti-mycobacterial activity against M. tuberculosis strain H37Rv, by the microplate Alamar Blue assay (MABA) method.27 The MICs found for the ruthenium complexes 1-3, free ligands and isoniazid are shown in Table 5. According to these tests, the compounds exhibited promising activity, with MIC values in the range 1.56-4.12 mg mL-1, lower than those of cycloserine (MIC 12.5-50.0 mg L-1), a second-line drug used in several schemes of conventional tuberculosis treatment.58 As can be seen in Table 5 the MIC values for free ligands were much higher than those observed for the complexes 1-3.

  In our previous publication, it was suggested that for the complex [Ru(dppb)(pic)(bipy)]PF6 (pic = picolinic acid) action against M. tuberculosis may be in the cell wall biosynthesis, considering the differential expression of a cell wall hydrolase.61 Thus, in our laboratory, research is ongoing to figure out if the diphosphine/pyrimidine-2-thiolate complexes studied in this work follow the same mechanism of action against M. tuberculosis previously suggested.

  DNA binding studies

  Electronic absorption spectroscopy is an effective method of examining the mode and extent of binding of a metal complex with DNA. Thus, in order to shed further light into the mode of interaction of the new compounds with DNA, experiments of absorption titration were performed, yielding the binding constants Kb = 1.6 × 103 mol-1 L for 1; 1.3 × 103 mol-1 L for 2 and 1.1 × 103 mol-1 L for 3. All Kb values are much lower than those observed for the typical classical intercalator ethidium bromide (Kb = 4.94 × 105 mol-1 L in 25 mmol L-1 Tris-HCl/40 mmol L-1 NaCl buffer, pH 7.9).30 On the other hand, Kb found for 1-3 present the same order of magnitude comparing with some hexacoordinated ruthenium(II) complexes with N-heterocyclic ligands, under similar conditions.62 The Kb values tendency of 1 > 2 > 3 agree with the order dppe > dppp > dppf. It suggests that the less sterically-hindered dppe in the complex 1 allows its interaction with DNA through non-coordinated nitrogen atom of the Spym ligand more effectively than 2 and 3.

   

  Conclusions

  Three new complexes with general formula [Ru(Spym)(bipy)(P–P)]PF6, [Spym = pyrimidine-2-thiolate; bipy = 2,2'-bipyridine; P–P = 1,2-bis(diphenylphosphino)ethane, 1,3-bis(diphenylphosphino)propane or 1,1'-bis(diphenylphosphino)ferrocene)] were synthesized and characterized by spectroscopy, cyclic voltammetry and X-ray crystallography. The complexes exhibit low DNA binding affinity, but the in vitro antitumor activity test utilizing the MDA-MB-231 human tumor cell line indicated a high degree of cytotoxicity for all three complexes, better than cisplatin at the same concentration. Antimicrobial activity assays of the new complexes provided evidence that they are potential agents against M. tuberculosis H37Rv. The MIC values of anti-M. tuberculosis activity obtained for the complexes showed for them an activity higher than for cycloserine, a second line drug used in the treatment of the illness. Thus, these complexes are promising as anti-M. tuberculosis and antitumor drugs.

   

  Supplementary Information

  Supplementary crystallographic data for complexes 1, 2 and 3 (CCDC 989569, 989353 and 989390, respectively) can be obtained free of charge via http://www.ccdc.cam.ac.uk, or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336 033; or e-mail: deposit@ccdc.cam.ac.uk.
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    We describe herein our results on the synthesis and antioxidant properties of 7-chloroquinoline-1,2,3-triazoyl-4-carboxylates. This class of compounds have been synthesized in moderated to excellent yields by the reaction of 4-azido-7-chloroquinoline with a range of β-ketoesters in the presence of a catalytic amount of pyrrolidine (10 mol%). The synthesized compounds ethyl 1-(7-chloroquinolin-4-yl)-5-methyl-1H-1,2,3-triazole-4-carboxylate and ethyl 1-(7-chloroquinolin-4-yl)-5-phenyl-1H-1,2,3-triazole-4-carboxylate were screened for their in vitro antioxidant activity and the results demonstrated that the first compound reduces the lipid peroxidation levels induced by sodium nitroprusside in liver of mice, while the second compound shown nitric oxide scavenging activity. This is an efficient method to produce new heterocyclic compounds with potential antioxidant activities.

    Keywords: quinolines, 1,2,3-triazoles, organocatalysis, cycloaddition, antioxidant.

  

   

   

  Introduction

  Quinolines1 are an important class of heterocyclic compounds and their structural unit is widespread in alkaloids, therapeutics and synthetic analogues with interesting biological activities.2 A great range of quinoline derivatives have been used as antiviral, anticancer, antibacterial, antifungal, antiobesity and anti-inflammatory agents (Figure 1).3 Specially, 7-chloroquinoline derivatives are biologically active entities and display a broad range of pharmacological activities, including antimalarial and antitubercular properties.4 Because of its importance as a substructure in a wide variety of synthetic and natural products, considerable efforts have been directed to the design and the synthesis of new molecules based on 7-chloroquinoline.

  
    

    [image: Figure 1. Biologically important]

  

  On the other hand, 1,2,3-triazoles5 are a class of nitrogen-heterocycles commonly used in the discovery and modulation of drug candidates6 and several methodologies based on the 1,3-dipolar cycloaddition of azides with alkynes have been already reported to access this class of compounds.7,8 In particular, the selective construction of both 1,2,3-triazole geometrical isomers has conventionally been accomplished through a metal-mediated catalysis, such as copper or ruthenium.8 However, the use of metallic catalysts has restricted the application of such methodologies in chemical biology.9 Aiming to overcome this drawback, organocatalytic approaches involving enamide-azide cycloaddition have been described.10 For example, Ramachary et al.11 described a practical and environmentally friendly amino acid catalyzed cascade process for the synthesis of highly substituted 1,2,3-triazoles through the cascade [3+2]-cycloaddition/hydrolysis of Hagemann's esters with p-toluenesulfonyl azide (TsN3) using proline as a catalyst.

  Therefore, it remains the necessity for studies on the combinations of different substrates and reaction conditions for the synthesis of highly functionalized and complex heterocyclic structures, such as quinolines and 1,2,3-triazole derivatives. The synthesis of molecules containing these two heterocyclic units has extensive importance since their combine the well-known biological activities of the quinoline2-4 unit with those of 1,2,3-triazole moiety.5,6

  In this context, Savini et al.12 described the synthesis of bifunctional hybrids containing 1,2,3-triazoyl-carboxylates and 7-chloroquinoline by the cycloaddition reaction of azidoquinolines with activated methylene compounds.12 The obtained molecules presented anti-inflammatory and analgesic activities; however, the respective compounds were synthesized using equivalent amounts of a strong base (EtONa). Recently, Kumar and co-workers13 described the synthesis, docking and in vitro antimalarial evaluation of bifunctional hybrids containing 1,2,3-triazoles and 7-chloroquinoline derivatives. More recently, our research group described the synthesis and pharmacological properties of 7-chloroquinoline-1,2,3-triazoyl carboxamides.14 One of synthesized compounds (QTCA-1, Figure 1) was screened for anticonvulsant, antinociceptive and anti-inflammatory activities in vivo and it was effective in decreasing the appearance of seizures induced by pilocarpine and pentylenetetrazole. QTCA-1 has an effect on the central pain modulation, presenting antinociceptive and anti-inflammatory properties to combat acute pain.14

  However, to the best of our knowledge, an organocatalytic approach to synthesize bifunctional hybrids containing 1,2,3-triazoyl-carboxylates and 7-chloroquinoline have not been explored. In this sense, and due to our interest correlated to the preparation of nitrogen-functionalized heterocycles,14,15 we describe herein the efficient synthesis of 7-chloroquinoline-1,2,3-triazoyl carboxylates 3 by the reaction of 4-azido-7-chloroquinoline 1 with a range of β-keto-esters 2 in the presence of an organocatalyst (Scheme 1). Additionally, the obtained compounds 3a and 3k, derivative from commercial β-keto-esters 1a (R = CH3; R1 = C2H5) and 1k (R= C6H5; R1 = C2H5), were screened for their in vitro antioxidant activity.
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  Results and Discussion

  To found the more suitable reaction conditions for the synthesis of the desired 7-chloroquinoline-1,2,3-triazoyl carboxylates 3 in high yields, a set of experiments was performed using the 4-azido-7-chloroquinoline 1 and β-keto-ester 2a as standard substrates (Scheme 2 and Table 1). We started the reaction conditions screening by reacting 4-azido-7-chloroquinoline 1 (0.3 mmol) with ethyl acetoacetate 2a (0.3 mmol) in DMSO (0.3 mL) in the presence of 10 mol% of Et2NH as the organocatalyst at 70 °C (Table 1, entry 1).
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  Under this reaction conditions, the desired product 3a was obtained in 78% yield after 24 h. Using the same conditions, however changing the organocatalyst to L-proline (10 mol%), a decrease in the yield of product 3a was observed (Table 1, entry 2). To our satisfaction, a great increment in the chemical yield of 3a was achieved changing the organocatalyst to pyrrolidine (10 mol%), with the product being isolated in 93% yield after 24 h at 70 °C. When piperidine and Et3N were used as organocatalysts, lower yields of product 3a were obtained (Table 1, entries 4 and 5). In the absence of an organocatalyst, 3a was isolated in only 18% yield, even after 48 h at 70 °C (Table 1, entry 6). Motivated by the result using pyrrolidine as organocatalyst, additional experiments were performed. Thus, the reaction using 10 mol% of pyrrolidine carried out at a diluted, 0.5 mol L-1 concentration (0.6 mL of DMSO was used) at 70 °C gave 3a in 89% yield (Table 1, entry 7). When the concentrated (1.0 mol L-1) reactions were conduced at 50 °C or at room temperature instead 70 ºC, product 3a was obtained in good yields (Table 1, entries 8-9). By decreasing the organocatalyst loading from 10 to 5 and 1 mol% in reactions using 0.3 mL of DMSO and at room temperature, caused a great decrease in the yields of 3a (Table 1, entries 10 and 11). Reactions performed in PEG-400 and EtOH furnished 80 and 57% yield, respectively (Table 1, entries 12 and 13). When the reaction was carried out using glycerol, a range of by-products was observed and only traces of desired product were formed (Table 1, entry 14).

  From the results shown in Table 1, it can be inferred that the best reaction conditions to obtain 7-chloroquinoline-1,2,3-triazoyl carboxylate 3a is the stirring of a solution of 4-azido-7-chloroquinoline 1 (0.3 mmol), ethyl acetoacetate 2a (0.3 mmol) and pyrrolidine (10 mol%) as organocatalyst in DMSO (0.3 mL) at room temperature under air atmosphere for 24 h (Table 1, entry 9). After that, we focused our efforts in expanding the scope of this methodology by reacting 4-azido-7-chloroquinoline 1 with a range of β-keto-esters 2 under the optimized reaction conditions (Scheme 3 and Table 2).
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  The results depicted in Table 2 disclose that our protocol works well for a range of substituted β-keto-esters, affording high yields of the respective products 3. For example, β-keto-esters 2b-c, containing alkyl (t-Bu and Oct); 2d containing benzyl and 2e, containing phenethyl groups, afforded the expected products in excellent yields (Table 2, entries 2-5). Similarly, the reactions using alkynol derivatives 2f-h yielded the corresponding quinoline-triazoyl carboxylates 3f-h in high yields (Table 2, entries 6-8). Besides, 2-(phenylselanyl)ethyl 3-oxobutanoate 2i reacted smoothly with 4-azido-7-chloroquinoline 1, yielding the corresponding product 3i in 63% yield (Table 2, entry 9). Additionally, β-keto-ester derived from cholesterol 2j was efficiently reacted with 4-azido-7-chloroquinoline 1 affording satisfactory yield of product 3j (Table 2, entry 10). Finally, when the reaction was performed using ethyl benzoylacetate 2k, the corresponding product 3k was obtained in 85% in a 10:1 mixture of regioisomers (Table 2, entry 11). Unfortunately, the reaction using ethyl 4,4,4-trifluoroacetoacetate 2l gave only trace amounts of the desired product 3l, even after 48 h (Table 2, entry 12). All the synthesized 7-chloroquinoline-1,2,3-triazoyl carboxylates (3a-k) were characterized by analysis of their mass, 1H and 13C NMR spectra and the spectral data support and confirm the formation of the target compounds.

  The excessive production of reactive species by cellular respiration and other metabolic activities can cause damage to all cellular structures.16 Oxidative stress is critical to the etiology of many chronic and degenerative diseases such as cancer, cardiovascular diseases, diabetes and obesity,17 and the synthesis of compounds with antioxidant potential was increased in recent years.18 Considering the necessity of discovery of new therapies to prevent or combat the damages caused by the oxidative stress and the pronounced biological activities, including antioxidant properties of quinoline derivatives, the synthesis of this class of compounds with antioxidant potential has received attention from researchers worldwide.19 In this sense, after the synthesis and characterization of the 7-chloroquinoline-1,2,3-triazoyl-4-carboxilates 3, we turned our attention to evaluate the antioxidant activity of compounds 3a and 3k using different in vitro assays, since that these compounds were synthesized in high yields and derived from commercial β-keto-esters 2a and 2k.

  The thiobarbituric acid reactive species (TBARS) assay is often used to evaluate the ability of antioxidants in reducing the lipid peroxidation levels.20 Compound 3a reduced the lipid peroxidation levels in 24 and 41%, at the concentrations of 100 µmol L-1 and 500 µmol L-1, respectively (Figure 2b). On the other hand, as demonstrated in Figure 2a, compound 3k did not protect against lipid peroxidation induced by sodium nitroprusside (SNP).
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  In this way, our results suggest a pharmacological potential of this class of compounds since the compound 3a protects against the lipid peroxidation in TBARS assay. The lack of effect of the compound 3k, however, does not rule out the possibility of it be exerting antioxidant action by other mechanisms. Thus, other assays were performed to verify if 3k could act as an antioxidant in vitro.

  It is important highlight that studies have demonstrated that products of lipid peroxidation contribute to the mutagenic and carcinogenic effects.21 In fact, Shoeb et al.22 reported that the formation of 4-hydroxy-2-nonenal protein adducts in renal and colon cancer tissues has been related to the growth and progression of kidney and colon cancers. Thus, strategies focusing on manipulating the reactive species generation, lipid peroxidation and production of lipid electrophiles may be a viable approach for cancer prevention and treatment.

  Free-radical scavenging is one of the known mechanisms by which several compounds act as an antioxidant. Thus, to extend the knowledge of the antioxidant potential of compounds 3a and 3k, their nitric oxide (NO),23 2,2-diphenyl-1-picrylhydrazyl (DPPH)24 and 2,2-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS)25 radicals scavenging abilities were evaluated.

  As a result, the compound 3k, at concentrations equal to or higher than 50 µmol L-1, reduced the production of nitrite up to 41%, indicating its potential as a NO-scavenging agent. In contrast, analog compound 3a did not present this effect (Figures 3a and 3b). NO has been associated with a variety of pathological process including neurodegenerative, inflammatory and cardiovascular diseases.26 In this sense, the reduction of NO production has the potential to be beneficial as an approach to develop new therapies for these diseases.
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  The determination of DPPH and ABTS radicals scavenging activities are among the most common spectrophotometric methods used for the evaluation of in vitro antioxidant capacity.27 As showed in Figures 4a and 4b, the compounds 3a and 3k did not present scavenger activity of these radicals, suggesting that the mechanism by which compounds 3a and 3k display antioxidant action cannot be evaluated by theses assays.
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  It is well established that the antioxidant activity could be correlated with the reducing power.28 In this way, the ferric reducing antioxidant power (FRAP)29 assay was used to determine the reducing power of the compounds 3a and 3k. As can be seen in Figure 4c, our results revealed that they have no reducing power at the tested concentrations.

   

  Conclusions

  In summary, we describe herein our results on the organocatalytic approach to synthesize bifunctional hybrids containing 1,2,3-triazoyl-carboxylates and 7-chloroquinoline units. This class of compounds was synthesized in moderated to excellent yields by an enamide-azide cycloaddition reaction of 4-azido-7-chloroquinoline with a range of β-keto-esters in the presence of a catalytic amount of pyrrolidine (10 mol%). The preliminary biological assays shown that this class of compounds has the potential to act against the oxidative stress and our results corroborate with other studies in literature that revealed the antioxidant potential of other quinoline derivatives. Additional toxicological and pharmacological evaluations of these compounds are under studies in our laboratories.

   

  Experimental

  General remarks

  Proton nuclear magnetic resonance spectra (1H NMR) were obtained at 300 MHz on a Varian Inova 300 NMR spectrometer. Spectra were recorded in CDCl3 solutions. Chemical shifts are reported in ppm, with tetramethylsilane (TMS) used as the external reference. Data are reported as follows: chemical shift (d), multiplicity, coupling constant (J) in Hertz and integrated intensity. Carbon-13 nuclear magnetic resonance spectra (13C NMR) were obtained at 75.5 MHz on a Varian Inova 300 NMR spectrometer. Spectra were recorded in CDCl3 solutions. Chemical shifts are reported in ppm in reference to the solvent peak of CDCl3. Abbreviations to denote the multiplicity of a particular signal are s (singlet), d (doublet), t (triplet), qua (quartet), qui (quintet), dd (double doublet) and m (multiplet). Mass spectra (MS) were measured on a Shimadzu GCMS-QP2010 mass spectrometer. High resolution mass spectra (HRMS) were recorded on a Bruker Micro TOF-QII spectrometer 10416. Column chromatography was performed using a Merck silica gel (230-400 mesh). Thin layer chromatography (TLC) was performed using a 0.25 mm thick Merck silica sel GF254. For visualization, TLC plates were either placed under ultraviolet light or stained with iodine vapor or acidic vanillin.

  General procedure for the synthesis of 7-chloroquinoline-1,2,3-triazoyl carboxylates

  To a solution of 4-azido-7-chloroquinoline 1 (0.3 mmol, 0.061 g) in DMSO (0.3 mL), was firstly added the β-ketoesters 2a-k (0.3 mmol) and then the catalyst pyrrolidine (0.03 mmol. 0.021 g). The reaction mixture was stirred in an open vial at room temperature for 24 hours. After completion of the reaction, the crude product was purified by column chromatography on silica gel using a mixture of hexanes/ethyl acetate (5:1) as the eluent to afford the desired products 3a-k.

  Ethyl 1-(7-chloroquinolin-4-yl)-5-methyl-1H-1,2,3-triazole-4-carboxylate (3a)

  Yield: 0.085 g (90%); white solid; mp 128-130 °C; 1H NMR (CDCl3, 300 MHz) δ 9.15 (d, 1H, J 4.5 Hz, HetAr-H), 8.27 (d, 1H, J 1.9 Hz, HetAr-H), 7.60 (dd, 1H, J 9.0 and 1.9 Hz, HetAr-H), 7.48 (d, 1H, J 4.5 Hz, HetAr-H), 7.34 (d, 1H, J 9.0 Hz, HetAr-H), 4.50 (qua, 2H, J 7.1 Hz, OCH2), 2.49 (s, 3H, CH3), 1.47 (t, 3H, J 7.1 Hz, CH3); 13C NMR (CDCl3, 75 MHz) δ 161.10, 151.28, 149.88, 140.20, 139.34, 137.00, 136.76, 129.67, 128.93, 123.58, 122.09, 118.75, 61.15, 14.18, 9.44; MS m/z (relative intensity): 316 (7), 259 (15), 243 (17), 231 (19), 217 (45), 215 (100), 214 (22), 205 (16), 203 (19), 189 (28), 181 (27), 179 (27), 164 (26), 162 (80), 137 (15), 135 (44), 127 (44), 126 (27), 100 (20), 99 (65), 83 (30), 75 (15), 74 (14), 43 (25); HRMS calcd. for C15H14ClN4O2 [M + H]+: 317.0805; found: 317.0788.

  tert-Butyl 1-(7-chloroquinolin-4-yl)-5-methyl-1H-1,2,3-triazole-4-carboxylate (3b)

  Yield: 0.101 g (98%); white solid; mp 133-135 °C; 1H NMR (CDCl3, 300 MHz) δ 9.15 (d, 1H, J 4.5 Hz, HetAr-H), 8.26 (d, 1H, J 1.8 Hz, HetAr-H), 7.58 (dd, 1H, J 9.0 and 1.8 Hz, HetAr-H), 7.47 (d, 1H, J 4.5 Hz, HetAr-H), 7.34 (d, 1H, J 9.0 Hz, HetAr-H), 2.47 (s, 3H, CH3), 1.68 (s, 9H, 3CH3); 13C NMR (CDCl3, 75 MHz) δ 160.33, 151.30, 149.78, 139.61, 139.38, 137.80, 136.92, 129.61, 128.85, 123.67, 122.12, 118.77, 82.44, 28.13, 9.60; MS m/z (relative intensity): 344 (1), 215 (18), 163 (14), 57 (100), 41 (21); HRMS calcd. for C17H18ClN4O2 [M + H]+: 345.1118; found: 345.1095.

  Octyl 1-(7-chloroquinolin-4-yl)-5-methyl-1H-1,2,3-triazole-4-carboxylate (3c)

  Yield: 0.118 g (98%); yellow solid; mp: 70-72 °C; 1H NMR (CDCl3, 300 MHz) δ 9.15 (d, 1H, J 4.5 Hz, HetAr-H), 8.27 (d, 1H, J 2.0 Hz, HetAr-H), 7.58 (dd, 1H, J 9.0 and 2.0 Hz, HetAr-H), 7.48 (d, 1H, J 4.5 Hz, HetAr-H), 7.34 (d, 1H, J 9.0 Hz, HetAr-H), 4.43 (t, 2H, J 7.0 Hz, OCH2), 2.49 (s, 3H, CH3), 1.85 (qui, 2H, J 7.0 Hz, CH2), 1.50-1.29 (m, 10H, 5CH2), 0.88 (t, 3H, J 7.0 Hz, CH3); 13C NMR (CDCl3, 75 MHz) δ 161.22, 151.30, 149.84, 140.16, 139.31, 137.00, 136.78, 129.69, 128.93, 123.61, 122.07, 118.76, 65.35, 31.60, 29.06, 29.00, 28.55, 25.80, 22.46, 13.93, 9.53; MS m/z (relative intensity): 400 (2), 260 (25), 243 (21), 218 (23), 217 (30), 216 (64), 215 (37), 214 (20), 189 (23), 162 (30), 71 (26), 57 (62), 55 (23), 43 (100), 41 (46); HRMS calcd. for C21H26ClN4O2 [M + H]+: 401.1744; found: 401.1687.

  Benzyl 1-(7-chloroquinolin-4-yl)-5-methyl-1H-1,2,3-triazole-4-carboxylate (3d)

  Yield: 0.110 g (97%); yellow viscous liquid; 1H NMR (CDCl3, 300 MHz) δ 9.13 (d, 1H, J 4.5 Hz, HetAr-H), 8.25 (d, 1H, J 2.0 Hz, HetAr-H), 7.56 (dd, 1H, J 9.0 and 2.0 Hz, HetAr-H), 7.51 (dd, 2H, J 8.0 and 1.2 Hz, 2Ph-H), 7.46 (d, 1H, J 4.5 Hz, HetAr-H), 7.42-7.30 (m, 4H, 3Ph-H and HetAr-H), 5.46 (s, 2H, CH2Ph), 2.46 (s, 3H, CH3); 13C NMR (CDCl3, 75 MHz) δ 160.82, 151.24, 149.70, 140.42, 139.13, 136.89, 136.39, 135.21, 129.61, 128.80, 128.39, 128.31, 128.24, 123.51, 121.93, 118.71, 66.67, 9.48; MS m/z (relative intensity): 377 (0.72), 202 (7), 162 (8), 91 (100), 92 (8), 65 (8); HRMS calcd. for C20H16ClN4O2 [M + H]+: 379.0962; found: 379.0961.

  1-Phenylethyl 1-(7-chloroquinolin-4-yl)-5-methyl-1H-1,2,3-triazole-4-carboxylate (3e)

  Yield: 0.113 g (96%); yellow solid; mp: 63-65 °C; 1H NMR (CDCl3, 300 MHz) δ 9.13 (d, 1H, J 4.5 Hz, HetAr-H), 8.26 (d, 1H, J 2.0 Hz, HetAr-H), 7.58-7.51 (m, 3H, 2HetAr-H and Ph-H), 7.43-7.29 (m, 5H, 4Ph-H and HetAr-H), 6.23 (qua, 1H, J 6.6 Hz, OCH), 2.45 (s, 3H, CH3), 1.76 (d, 3H, J 6.6 Hz, CH3); 13C NMR (CDCl3, 75 MHz) δ 160.52, 151.31, 149.85, 141.07, 140.40, 139.31, 137.06, 136.77, 129.74, 128.95, 128.50, 128.01, 126.15, 123.63, 122.09, 118.77, 73.47, 22.29, 9.60; MS m/z (relative intensity): 392 (0.53), 272 (10), 203 (11), 106 (9), 105 (100), 79 (9), 77 (8); HRMS calcd. for C21H18ClN4O2 [M + H]+: 393.1118; found: 393.1139.

  Prop-2-yn-1-yl 1-(7-chloroquinolin-4-yl)-5-methyl-1H-1,2,3-triazole-4-carboxylate (3f)

  Yield: 0.072 g (73%); white solid; mp: 97-99 °C; 1H NMR (CDCl3, 300 MHz) δ 9.16 (d, 1H, J 4.5 Hz, HetAr-H), 8.27 (d, 1H, J 2.0 Hz, HetAr-H), 7.60 (dd, 1H, J 9.0 and 2.0 Hz, HetAr-H), 7.50 (d, 1H, J 4.5 Hz, HetAr-H), 7.33 (d, 1H, J 9.0 Hz, HetAr-H), 5.03 (d, 2H, J 2.4 Hz, OCH2), 2.60 (t, 1H, J 2.4 Hz, CH), 2.52 (s, 3H, CH3); 13C NMR (CDCl3, 75 MHz) δ 160.27, 151.33, 149.83, 140.91, 139.13, 137.06, 135.92, 129.78, 128.96, 123.52, 121.98, 118.79, 77.04, 75.49, 52.47, 9.58; MS m/z (relative intensity): 327 (7), 325 (23), 296 (21), 252 (21), 216 (38), 214 (93), 164 (33), 162 (100), 135 (51), 127 (43), 99 (59), 83 (33), 43 (36); HRMS calcd. for C16H12ClN4O2 [M + H]+: 327.0649; found: 327.0625.

  2-Methylbut-3-yn-2-yl 1-(7-chloroquinolin-4-yl)-5-methyl-1H-1,2,3-triazole-4-carboxylate (3g)

  Yield: 0.103 g (97%); white solid; mp: 61-63 °C; 1H NMR (CDCl3, 300 MHz) δ 9.16 (d, 1H, J 4.5 Hz, HetAr-H), 8.26 (d, 1H, J 2.0 Hz, HetAr-H), 7.58 (dd, 1H, J 9.0 and 2.0 Hz, HetAr-H), 7.48 (d, 1H, J 4.5 Hz, HetAr-H), 7.33 (d, 1H, J 9.0 Hz, HetAr-H), 2.70 (s, 1H, CH), 2.51 (s, 3H, CH3), 1.91 (s, 6H, 2CH3); 13C NMR (CDCl3, 75 MHz) δ 159.52, 151.31, 149.78, 140.51, 139.24, 136.97, 136.81, 129.68, 128.88, 123.57, 122.03, 118.75, 84.07, 73.15, 28.97, 9.57; MS m/z (relative intensity): 354 (4), 216 (17), 215 (26), 205 (14), 203 (35), 163 (12), 162 (34), 135 (14), 127 (13), 99 (20), 83 (11), 67 (100), 65 (21), 57 (14), 43 (19), 41 (44); HRMS calcd. for C18H16ClN4O2 [M + H]+: 355.0962; found: 364.0972.

  1-Ethynylcyclohexyl 1-(7-chloroquinolin-4-yl)-5-methyl-1H-1,2,3-triazole-4-carboxylate (3h)

  Yield: 0.050 g (41%); white solid; mp: 68-70 °C; 1H NMR (CDCl3, 300 MHz) δ 9.15 (d, 1H, J 4.5 Hz, HetAr-H), 8.27 (d, 1H, J 2.0 Hz, HetAr-H), 7.58 (dd, 1H, J 9.0 and 2.0 Hz, HetAr-H), 7.45 (d, 1H, J 4.5 Hz, HetAr-H), 7.33 (d, 1H, J 9.0 Hz, HetAr-H), 2.75 (s, 1H, CH), 2.49 (s, 3H, CH3), 2.40-2.33 (m, 2H, CH2), 2.15-2.06 (m, 2H, CH2), 1.84-1.70 (m, 6H, 3CH2), 1.64-1.56 (m, 1H, CH2), 1.48-1.36 (m, 1H, CH2); 13C NMR (CDCl3, 75 MHz) δ 159.51, 151.34, 149.91, 140.53, 139.40, 137.12, 137.03, 129.78, 129.00, 123.69, 122.16, 118.78, 83.08, 76.96, 75.16, 37.06, 24.98, 22.51, 9.68; MS m/z (relative intensity): 394 (0.15), 203 (10), 105 (100), 97 (11), 95 (12), 83 (15), 81 (35), 77 (11), 71 (14), 69 (58), 57 (29), 55 (24), 43 (24), 41 (23); HRMS calcd. for C21H20ClN4O2  [M + H]+: 395.1275; found: 395.1252.

  2-(Phenylselanyl)ethyl 1-(7-chloroquinolin-4-yl)-5-methyl-1H-1,2,3-triazole-4-carboxylate (3i)

  Yield: 0.089 g (63%); yellow solid; mp: 139-141 °C; 1H NMR (CDCl3, 300 MHz) δ 9.15 (d, 1H, J 4.5 Hz, HetAr-H), 8.28 (d, 1H, J 1.9 Hz, HetAr-H), 7.60-7.56 (m, 3H, 2Ph-H and HetAr-H), 7.41 (d, 1H, J 4.5 Hz, HetAr-H), 7.32-7.26 (m, 4H, 3Ph-H and HetAr-H), 4.64 (t, 2H, J 7.4 Hz, OCH2), 3.29 (t, 2H, J 7.4 Hz, SeCH2), 2.45 (s, 3H, CH3); 13C NMR (CDCl3, 75 MHz) δ 160.95, 151.37, 150.10, 140.58, 139.46, 137.31, 136.61, 133.06, 129.93, 129.95, 129.19, 128.83, 127.42, 123.66, 122.22, 118.80, 64.41, 25.17, 9.65; MS m/z (relative intensity): 472 (0.03), 216 (15), 215 (17), 184 (9), 181 (8), 157 (28), 155 (16), 154 (10), 135 (5), 127 (5), 99 (8), 78 (13), 77 (28), 75 (5), 74 (7), 65 (4), 51 (14), 44 (21), 40 (100); HRMS calcd. for C21H18ClN4O2Se [M + H]+: 473.0284; found: 473.0279.

  (3S, 8S, 9S, 10R, 13R, 14S, 17R)-10,13-Dimethyl-17-((R)-6-methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 1-(7-chloroquinolin-4-yl)-5-methyl-1H-1,2,3-triazole-4-carboxylate (3j)

  Yield: 0.094 g (48%); white solid; mp: 199-201 °C; 1H NMR (CDCl3, 300 MHz) δ 9.14 (d, 1H, J 4.5 Hz, HetAr-H), 8.27 (d, 1H, J 2 Hz, HetAr-H), 7.58 (dd, 1H, J 8.9 and 2.0 Hz, HetAr-H), 7.46 (d, 1H, J 4.5 Hz, HetAr-H), 7.33 (d, 1H, J 8.9 Hz, HetAr-H), 5.45 (d, 1H, J 4.9 Hz, CH), 5.03-4.94 (m, 1H, OCH), 2.65-2.49 (m, 5H, CH2 and CH3), 2.06-1.81 (m, 6H, 3CH2), 1.62- 0.86 (m, 29H, 6CH2, 5CH and 4CH3), 0.70 (s, 3H, CH3);13C NMR (CDCl3, 75 MHz) δ 160.66, 151.32, 149.86, 140.23, 139.37, 137.30, 137.08, 133.96, 129.76, 128.97, 123.65, 122.91, 122.13, 118.79, 75.15, 56.56, 56.01, 49.90, 42.18, 39.60, 39.39, 38.05, 36.92, 36.53, 36.06, 35.68, 31.81, 31.72, 28.13, 27.89, 27.72, 24.18, 23.72, 22.74, 22.47, 20.93, 19.24, 18.62, 11.76, 9.61; MS m/z (relative intensity): 371 (0,06), 288 (5), 147 (8), 145 (6), 107 (5), 105 (5), 95 (6), 93 (4), 69 (4), 66 (4), 55 (6), 44 (17), 39 (100); HRMS calcd. for C40H54ClN4O2 [M + H]+: 657.3935; found: 657.3877.

  Ethyl 1-(7-chloroquinolin-4-yl)-5-phenyl-1H-1,2,3-triazole-4-carboxylate (3k)

  Yield: 0.096 g (85%); pale white solid; mp: 124-126 °C. 1H NMR (CDCl3, 300 MHz) δ 8.92 (d, 1H, J 4.5 Hz, HetAr-H), 8.19 (d, 1H, J 2.0 Hz, HetAr-H), 7.54 (m, 2H, Ph-H), 7.35-7.16 (m, 6H, 3Ph-H and 3HetAr-H), 4.41 (q, 2H, J 7.1 Hz, OCH2), 1.36 (t, 3H, J 7.1 Hz, CH3); 13C NMR (CDCl3, 75 MHz) δ 160.49, 150.98, 149.79, 142.71, 139.76, 136.88, 130.36, 129.61, 129.55, 128.84, 128.39, 127.26, 124.42, 123.90, 122.13, 119.04, 61.44, 14.05; MS m/z (relative intensity): 377 (7), 304 (20), 293 (25), 292 (21), 278 (30), 277 (53), 276 (69), 275 (22), 264 (21), 242 (27), 241 (57), 240 (33), 204 (32), 161 (39), 145 (35), 135 (35), 118 (34), 105 (100), 99 (40), 89 (71), 77 (37); HRMS calcd. for C20H16ClN4O2 [M + H]+: 379.0962; found: 379.0924.

  Biological assays

  Chemicals

  DPPH and ABTS were purchased from Sigma (St. Louis, MO, USA). Compounds 3a and 3k were diluted in dimethyl sulfoxide (DMSO) and used at different concentrations (µmol L-1). All other chemicals were of analytical grade and obtained from standard commercial suppliers.

  Animals

  Male adult Swiss mice (25-35 g) were used to lipid peroxidation levels determination. The animals were kept on a separate animal room, in a 12 h light/dark cycle, at a room temperature of 22 ± 2 °C, with free access to food (Guabi, RS, Brazil) and water. The animals were used according to the guidelines of the Committee on Care and Use of Experimental Animal Resources, Universidade Federal de Pelotas, Brazil.

  Biochemical assays

  Lipid peroxidation levels

  Mice were euthanized and the liver tissue was rapidly dissected, weighed, placed on ice and homogenized in cold 50 mmol L-1 Tris-HCl, pH 7.4 (1/10, m/v). Homogenate freshly prepared was centrifuged at 2400 × g for 10 min to yield a pellet that was discarded and a low-speed supernatant (S1). This assay was carried out to determine if compounds 3a and 3k protect against lipid peroxidation induced by SNP in mice liver homogenate. TBARS levels were used as a measure of lipid peroxidation. An aliquot of 200 µL of S1 was added to the reaction: 50 µL of SNP (50 µmol L-1), 10 µL of compounds 3a or 3k (10-500 µmol L-1) and 30 µL of Tris-HCl (50 mmol L-1). Afterward the mixture was pre-incubated at 37 °C for 1 h. The reaction product was determined using 500 µL thiobarbituric acid (TBA, 0.8%), 200 µL sodium dodecyl sulfate (SDS, 8.1%) and 500 µL acetic acid (pH 3.4) with subsequent incubation at 95 °C for 2 h. TBARS levels were spectrophotometrically determined at 532 nm as described by Ohkawa et al.,20 using malondialdehyde (MDA, an end product of the peroxidation of lipids) as an external standard. Results were reported as percentage (%) of induced.

  NO scavenging activity

  NO scavenging activity of compounds 3a and 3k was measured according to the method of Marcocci et al.23 The compound 3a or 3k (10 µL) at different concentrations (10-500 µmol L-1) was mixed to 990 µL of SNP solution (25 mmol L-1). The reaction mixture was allowed during 2 h under light at 37 °C. An aliquot (250 µL) of the sample was removed and diluted in 250 µL of Griess reagent. After 5 min, the absorbance of the chromophore (formed during the diazotiation of nitrite with sulfanilamide and its subsequent coupling with naphthylethylenediamine) was measured at 570 nm. Results were expressed as percentage (%) of inhibition. Control group exhibit 0% of inhibition.

  DPPH radicals scavenging activity

  The ability in scavenging DPPH radicals was evaluated to determine the possible mechanism by which the compounds 3a and 3k exhibit antioxidant property, according to the method described by Choi et al.24 An aliquot of 10 µL of compound 3a or 3k at different concentrations (10-500 µmol L-1) was mixed with 1 mL of a methanolic solution of DPPH radical, resulting in a final concentration of 85 µmol L-1 DPPH. The mixture was left to stand for 30 min at room temperature in the dark and the absorbance was measured at 517 nm. In the control tube was added an aliquot of 10 µL of vehicle. The values were expressed as percentage (%) of control.

  ABTS radicals scavenging activity

  The determination of the ABTS radical scavenging ability of compounds 3a and 3k was performed to a better understanding of the antioxidant property of compounds, according to the method of Re et al.25 with some modifications. Primarily, the ABTS radical was generated by reacting 7 mmol L-1 ABTS solution in water with 140 mmol L-1 potassium persulfate in the dark for 12-16 h. In the day of the assay, the pre-formed ABTS radical solution was diluted in potassium phosphate buffer in a proportion of 1:88 (1 mL ABTS radical and 87 mL of 10 mmol L-1 potassium phosphate buffer, pH 7.0). Briefly, 1 mL of ABTS radical solution was added to tubes containing 10 µL of the compound 3a or 3k at different concentrations (10-500 µmol L-1) or vehicle (control). The mixture was incubated at 25 °C for 30 min in dark. The decrease in absorbance was measured at 734 nm. Results were expressed as percentage (%) of the control.

  Ferric reducing antioxidant power (FRAP) 

  The FRAP of compounds 3a and 3k was measured according to the method described by Stratil et al.29 with slight modifications. The compounds 3a or 3k (10-500 µmol L-1) and the FRAP reagent were added to each sample and the mixture was incubated at 37 °C for 40 min in dark. This assay determines the ability of compounds in reducing the ferric 2,4,6-tripyridyl-s-triazine complex [Fe3+-(TPTZ)2]3+ to an intensely blue colored ferrous complex [Fe2+-(TPTZ)2]2+ in acidic medium.30 The absorbance of the resulting solution was measured spectrophotometrically at 593 nm. Results were expressed as absorbance.

  Statistical analysis

  Data were statistically analyzed by one-way analysis of variance (ANOVA), followed by the Newman-Keuls test when appropriate. Data are expressed as means ± standard error of mean (S.E.M.).

   

  Supplementary Information

  Supplementary Information (Experimental procedures, biological assays details, 1H and 13C NMR spectra) is available free of charge at http://jbcs.sbq.org.br.
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    A glassy carbon electrode modified with a molecularly imprinted polymer (MIP) containing phenacetin recognition sites is introduced. The phenacetin-selective MIP was synthesised based on the electropolymerisation of pyrrole in a 1:1 (v/v) water/ethanol with HClO4 solution. The MIP-modified electrode showed higher recognition ability in comparison with a bare electrode for procaine and aminopyrine, reported to electrochemically interfere in the quantification of phenacetin in cocaine samples. In addition, the MIP was able to preconcentrate one of the intermediates of the phenacetin electrochemical oxidation, acetaminophen, indicating the possibility of monitoring phenacetin based on the acetaminophen oxidation. The acetaminophen oxidation peak is 15 times more detectable compared to the signal obtained by the non-molecularly imprinted polymer (NIP), and it occurs 450 mV below the phenacetin electrochemical oxidation signal. These achieved characteristics decrease the possibility of interference from other electrochemical reactions that may occur in the same potential range as phenacetin electrochemical process.

    Keywords: electrochemical sensor, molecularly imprinted polymer, cocaine samples, paracetamol, forensic application.

  

   

   

  Introduction

  Phenacetin [(Phen), N-(4-ethoxyphenyl)ethanamide, or p-acetophenetidide, Scheme 1] is of considerable commercial interest to the pharmaceutical industry because of its broad activity as an antipyretic and analgesic agent.1 Phenacetin was widely used in the form of an aspirin-phenacetin-caffeine ('A.P.C.') compound analgesic for the treatment of fever and pain. However, due to its carcinogenic and kidney-damaging properties,2-4 the U.S. Food and Drug Administration (USFDA) ordered the withdrawal of pharmaceutical formulations containing phenacetin in 1983. Despite this regulatory ban against the commercial use of phenacetin, it is a common adulterant found in seized samples of street cocaine5-8 due to its similar analgesic properties. Other pharmaceutical compounds are used as adulterants in illicit drugs such as cocaine, to potentiate their organoleptic effects or to mask the dilutions made by drug dealers in an effort to increase drug volumes and, accordingly, profits.
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  Since the compounds used to adulterate illicit drugs are individual to each drug dealer, like a fingerprint, the development of new analytical methods for the quantitation of cocaine adulterants is important not only from toxicological and clinical perspectives, but also forensically. Methods able to determine the geographical origins of seized samples may be useful for police intelligence purposes.9-11 Hence, suitable on-site analysis by a simple, rapid detection technique for phenacetin with high sensitivity and excellent selectivity is warranted. Based on these criteria, electrochemically modified sensors achieve all of these objectives.

  Molecular imprinting is a technique for producing highly chemically selective binding sites in a polymer matrix for specific molecular recognition, and can be easily used to fabricate electrochemical sensors.12-14 Molecularly imprinted polymers (MIPs), with excellent selectivity, can be focused as antibody-like molecular recognition elements.12-15 The technique typically involves the following three steps: (i) assembling a functional monomer around a template molecule in a solution containing a high percentage of cross-linker; (ii) polymerising the mixture to fabricate a stable polymer; and (iii) removing the template to afford the imprinted polymer, the recognition sites, or the recognition cavity.12,14 The MIPs offer a three-dimensional structure for the recognition of template molecules due to shape complementarity and the interactions between the template cavity and the functional monomers. As antibody-like elements, MIPs combined with chemical sensors can be stored for long periods and reused many times without loss of activity, as compared to biosensors. This stability is due to their highly cross-linked polymeric structures, which impart physical robustness, high mechanical strength, durability toward heat and pressure, and tolerance of extreme chemical environments.12,14

  MIPs can be powerful tools in the development of selective sensors. The formation of the proposed MIP sensor is based on the polymerisation of monomers in the presence of a target (or template) molecule. The template is then removed from the polymer network, leaving cavities to which the target can specifically rebind. Different types of polymers can be applied to molecular imprinting; for instance, polypyrrole, a polymer easily obtained through electrochemical reactions and with an almost constant conductivity in different media, was applied as the polymeric matrix for our MIP.16-19

  Polypyrrole is a well-studied material owing to its convenient preparation, high stability, and wide range of applications.16 One of the main advantages of this type of polymer is the possibility of fabricating MIPs using an electropolymerisation process, since this method of synthesis can simply and rapidly afford control over the thickness of the conductive polymer film grown at the surface of the transducer. Other types of electrosynthesised polymers based on molecular imprinting have been reported in the literature.16-18 An important advantage of polypyrrole compared with the other polymeric layers is that they can be electropolymerised under neutral conditions, which can be useful for the entrapment of biocatalysts and biomolecules.19

  This paper demonstrates a proof-of-concept for the use of a MIP to monitor phenacetin. The detection is based on the preconcentration of an intermediary species (acetaminophen) generated from phenacetin oxidation inside the specific cavities of the MIP. To the best of our knowledge, the application of MIPs with phenacetin recognition sites using the described preconcentration approach has not been reported. Nevertheless, there is a report that uses phenacetin as an imprinted molecule with methacrylic acid (via a chemical polymerisation) as the functional monomer and acoustic wave measurements, however, preconcentration feature it is not explored.15 We also demonstrate the electrochemical mechanism of the sensor response and the selectivity for phenacetin when compared to procaine and 4-dimethylaminoantipyrine (aminopyrine, Scheme 1) that are commonly found as adulterants of street cocaine samples seized by the police.7,11,20-22

   

  Experimental

  Reagents

  All chemicals were of analytical grade and used without additional purification. Solutions were obtained by dissolving the reagents in 1:1 (v/v) water/ethanol with 0.1 mol L-1 HClO4 as the supporting electrolyte. HClO4, NaNO3, KCl, and ethanol were obtained from Merck (Darmstadt, Germany). Pyrrole, phenacetin, methyl viologen, acetaminophen (or paracetamol), and procaine were obtained from Sigma-Aldrich (Steinheim, Germany). 4-(Dimethylamino)antipyrine was obtained from Alfa Aesar, a Johnson Matthey Company (Ward Hill, USA).

  Electrodes and instrumentation

  A µAutolabIII potentiostat (Eco Chemie, Utrecht, Netherlands) with built-in data acquisition software (GPES v. 4.9.007) was used for the electrochemical measurements. Homemade Ag/AgCl (saturated KCl)23 and platinum wires were used as reference and counter electrodes, respectively. Glassy carbon (GC) working electrodes were modified with a pyrrole-based MIP and a non-molecularly imprinted polymer (NIP).

  Scanning electrochemical microscopy (SECM) measurements were carried out using an Autolab PGSTAT 128N bipotentiostat (Eco Chemie) and a three-axis positioning system consisting of three joined stepper motors (SPI Robot Systems, Oppenheim, Germany). A platinum microelectrode with a radius of 12.5 µm was used as the tip, which was fabricated using a P-97 Flaming/Brown micropipette puller (Sutter Instrument Company, Novato, USA). The tip was positioned at 50 µm from the substrate using a 20 mmol L-1 methyl viologen solution as redox mediator. The deposition of the MIP and the NIP and the removal of phenacetin from the interior of the polymer were performed exactly as described below. For the analysis of phenacetin, the microelectrode was polarised at 1.2 V.

  Preparation of MIP and NIP electrodes

  The MIP and NIP were synthesised via the electropolymerisation of the pyrrole monomers. Prior to the electropolymerisation, the surface of the GC electrode was polished with an alumina suspension (1 µm, Alfa Aesar) on a microcloth polishing pad and was thoroughly washed with deionised water. The molecularly imprinted polypyrrole-modified electrode was fabricated by the electropolymerisation of pyrrole on the surface of the GC electrode in the presence of the template molecule (phenacetin) using cyclic voltammetry (CV) in the potential range between −0.60 and 1.80 V over five cycles (scan rate: 50 mV s-1). A 1:1 (v/v) water/ethanol solution containing 0.1 mol L-1 HClO4, 12.5 mmol L-1 pyrrole, and 25 mmol L-1 phenacetin was the solution used to polymerise the MIP with template molecules bonded to the recognition sites.

  After the electropolymerisation process, the bonded phenacetin was removed by immersing the modified electrode into 1 mol L-1 NaNO3 solution and using a potential cleaning program (five CVs between −0.6 and 1.8 V at a scan rate of 50 mV s-1). After this procedure, we obtained the MIP electrode containing phenacetin recognition sites. The NIP was prepared similarly to the MIP, except that the template molecule was not present during the electropolymerisation process.

  Electrochemical measurements

  Cyclic voltammetric measurements were carried out in 25 mmol L-1 phenacetin solution in 1:1 (v/v) water/ethanol medium containing 0.1 mol L-1 HClO4. For each analysis, 15 successive CVs were recorded in a potential range from −1.0 V to 1.8 V at a scan rate of 50 mV s-1. The evaluation of interference in the phenacetin electrochemical signal was performed using the same experimental conditions reported for phenacetin measurements, with each isolated interferent (procaine and aminopyrine) at a concentration of 25 mmol L-1.

   

  Results and Discussion

  The polymerisation of pyrrole, as described in Experimental section, can be performed by scanning the potential by CV using a GC electrode as a substrate in 0.1 mol L-1 HClO4 electrolyte in 1:1 (v/v) water/ethanol solution containing 12.5 mmol L-1 pyrrole and 25 mmol L-1 phenacetin (Supplementary Information, Figure S1). Two electrochemical processes are exhibited in both presence (Figure S1) and absence (data not shown) of a template molecule at 0.95 and 1.65 V vs. Ag/AgCl(sat. KCl), corresponding to the oxidations of pyrrole. After the first cycle, the oxidation currents decreased due to the coverage of the electrode surface by the polymer.

  To evaluate the recognition ability of the pyrrole/phenacetin MIP, the modified GC electrode containing the phenacetin incorporated in the polymer matrix during the electropolymerisation process was immersed in 1 mol L-1 NaNO3 solution and the potential was swept in the same potential window as used in the modification step for five consecutive cycles. This process removed the phenacetin from the polymeric matrix and created phenacetin recognition sites. The CV cleaning program was evaluated with the following results. Subsequent to the removal process, the modified electrode was placed in a solution of 25 mmol L-1 phenacetin in an appropriate supporting electrolyte. Figure 1 shows 15 CVs recorded under these conditions. Six peaks can be observed in the traces, four related to the oxidation process and the other two in the reduction scan. As shown by the arrows, the currents of all six peaks increase with the number of consecutive cycles recorded, indicating that some of the molecules present in solution or produced through chemical and electrochemical reactions can be accumulated inside the polymer.

  
    

    [image: Figure 1. (A) CVs obtained]

  

  The electrochemical behavior of phenacetin has been previously reported.24-26 It undergoes a series of reactions that can result in different products, including acetaminophen and p-benzoquinone. Scheme 2 shows the electrochemical and chemical reactions that occur during phenacetin oxidation.
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  Initially (step 1, Scheme 2), an intermediate species (b) is formed after phenacetin (a) undergoes a sequence of reactions involving loss of an electron, a proton, and a second electron. The intermediate species (b) suffers nucleophilic attack by water, forming ethanol (c) and N-acetyl-p-benzoquinone imine, also known as NAPQI (d). The oxidation of phenacetin to NAPQI is observed at 1.1 V (Figure 1A, peak A2). NAPQI can be reduced to acetaminophen (e), as shown in step 3, or through a series of chemical reactions, p-benzoquinone (h) can be formed. The peak at −0.64 V (Figure 1A, peak C2) corresponds to the reduction of NAPQI (d) to acetaminophen (e), whereas the other reduction peak at 0.22 V (Figure 1A, peak C1) can be attributed to the reduction of p-benzoquinone (h) to hydroquinone (i). This latter reaction, as shown in Scheme 2, is reversible, and the oxidation of hydroquinone to p-benzoquinone is observed in two steps at 0.38 and 0.58 V (Figure 1A, peaks A3' and A3, respectively). To complete the process, the peak at 0.8 V (Figure 1A, peak A1) corresponds to the oxidation of acetaminophen to NAPQI, which is also reversible. It is important to highlight that peak A1 only appears from the second cycle (Figure 1B), since acetaminophen is only formed after the first cycle, when NAPQI is electrochemically reduced.

  The same electrochemical behavior of phenacetin is observed when, instead of modifying the GC surface with the MIP, the electrode is coated with a NIP, which has no specific cavities and can be considered as the blank of the MIP. Figure 2 shows the CVs obtained with the NIP in the presence of phenacetin. It is important to state that to properly compare the NIP and MIP results, the NIP-coated electrode was also subjected to the process for the removal of the target molecule, even though phenacetin was not present in the polymer network.
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  The same six peaks observed with the MIP are observed with the NIP, indicating that the chemical and electrochemical processes described previously also occur with the NIP electrode. In the same way, the current increases as more CVs are registered, probably due to interstices formed within the polymer itself. However, this increment in current is not as significant as the one observed with the MIP. For instance, the oxidation peak of acetaminophen to NAPQI (peak A1) increases 26 times for the MIP and only 1.7 times for the NIP (with respect to the difference between the first and fifteenth cycles).

  The current increases for all six peaks for both MIP and NIP could be explained by the fact that, initially, phenacetin has to diffuse to the electrode surface through the polymer film so the electrochemical reaction can occur. During this process, some molecules can become trapped in the cavities of the polymer, creating a microenvironment where more molecules are retained and the reactions shown in Scheme 2 can occur. This results in an apparent increase in the concentration of these species. Thus, it can be said that, when using the MIP or the NIP, a preconcentration of the analyte is effected, since as more cycles are registered, the greater the peak current observed. However, apart from the interstices of the polymer itself, MIP cavities are formed by the molecular template (in this case phenacetin) which are more suitable for the accumulation of the target molecules and thus, result in higher currents.

  Both Figures 1 and 2 show that peak A1, which corresponds to the oxidation of acetaminophen to NAPQI, has a much higher current when compared to the oxidation of phenacetin to NAPQI (peak A2). This indicates that these sensors are more sensitive to the oxidation of acetaminophen, and therefore, lower concentrations of this specie could be detected. In addition, the potential of peak A1 is less positive than that of peak A2; other reactions are less likely to occur at the same potential as the oxidation of acetaminophen to NAPQI than at the potential where phenacetin is oxidised to NAPQI. In light of these results, an indirect analysis of phenacetin by measuring the current of acetaminophen oxidation could be performed, for which lower concentrations could be detected at a potential less suited to undesired reactions.

  A SECM experiment was conducted to evaluate the process of target molecule removal. The SECM technique is based on the measurement of the current of a microelectrode close to a substrate, and provides different kinds of information, such as reactivity, topography, and modifications of the substrate.27 The SECM was operated in the generator/collector mode27 so that the phenacetin being released from the polymer matrix and electrodeposited at the substrate (in this case, the GC electrode) could be detected with the microelectrode.

  Initially, the microelectrode has to be proximal to the electrode surface, which is placed into the reaction cell with its electroactive surface upwards. The microelectrode approximation is performed using a solution containing a redox mediator. In this experiment, a platinum microelectrode with a radius of 12.5 µm and methyl viologen as the redox mediator (MV2+) were used. At the beginning of the experiment, a bulk current was observed as a result of the reduction of the methyl viologen to a radical (MV+•).28 As the microelectrode approaches the substrate, the observed current increases due to the increase in methyl viologen concentration resulting from the reverse reaction (oxidation of MV+• to MV2+) taking place at the substrate. Since there is a correlation between the current measured by the microelectrode and its distance from the substrate,27 the microelectrode was positioned 50 µm from the substrate.

  Thereafter, with the MIP- or NIP-modified GC electrode, a 1 mol L-1 NaNO3 solution was added into the reaction cell and the CV cleaning program was applied to the substrate. The microelectrode potential was polarised at the potential of phenacetin oxidation (1.2 V).

  Figure 3 shows the microelectrode experimental results, and the inset shows the CVs obtained with the MIP-modified GC electrode. When the substrate was modified with MIP, the current recorded by the microelectrode was larger (in magnitude), indicating that more species from the polymeric layer modifying the substrate were being collected at the microelectrode. This current, in both results, becomes constant after 100 s (the duration of the first CV), thus indicating that most of the phenacetin present in the polymers is removed in the first cycle.
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  The stability of the film toward repeated sensing cycles of the film was evaluated. To accomplish this, the process of MIP electrodeposition, phenacetin removal from the polymer film, insertion of the sensor into the phenacetin-containing solution, and recording of 15 voltammetric cycles, as described in Experimental, was repeated four times. A standard deviation of 4% was observed.

  Finally, a study with three potential interferents was conducted: procaine, aminopyrine, and acetaminophen. These three species are commonly present as adulterants in cocaine29 and can be oxidised at potentials close to the phenacetin oxidation potential (see Figures 4, S2, and 5). An erroneous result if one or more of these compounds were present in the reaction medium could happen. The interference study was conducted as follows: an MIP was electrodeposited on a clean GC electrode and phenacetin was removed from the polymer cavities. Then, the potential interferent was added to the electrolyte at a concentration of 25 mmol L-1, along with phenacetin, and fifteen cycles were swept at 50 mV s-1 over the potential range −1.0 to 1.8 V. The results obtained were compared with three CVs obtained with each interferent on a clean GC electrode. Figure 4 shows the results for aminopyrine; the results for procaine and acetaminophen are provided in Figures S2 and 5, respectively.

  
    

    [image: Figure 4. CVs obtained]

  

  
    

    [image: Figure 5. CVs obtained]

  

  For both aminopyrine (Figure 4) and procaine (Figure S2), no oxidation current can be observed when the GC electrode is coated with the pyrrole/phenacetin MIP (voltammograms B in both Figures), showing that the MIP successfully blocked the approach of these species to the electrode surface, thus eliminating their potential interference.

  As expected, acetaminophen could be oxidised on the pyrrole/phenacetin MIP-modified electrode, as shown in Figure 5. Initially, we concluded that it is not possible to analyse phenacetin in the presence of acetaminophen. However, in the presence of this interferent, the first recorded cycle would display the individual currents for the oxidation of both phenacetin and acetaminophen to NAPQI. This would indicate an initial acetaminophen contamination because it would not normally be present until after the first voltammetric cycle. Although we cannot indirectly monitor the presence of phenacetin by the measurement of acetaminophen preconcentrated. Hence, if both compounds are present in the sample we will need to directly monitor phenacetin using its oxidation current signal at 1.2 V instead of the preconcentrated acetaminophen oxidation process.

   

  Conclusions

  We demonstrated the applicability of a polypyrrole/phenacetin MIP-modified GC electrode for monitoring phenacetin. A three-step procedure that included electropolymerisation in the presence of the template molecule, template removal, and electrochemical measurement was demonstrated, based on an intermediate species trapped in the polymeric matrix, acetaminophen, formed during the electrochemical oxidation of phenacetin. Based on this preconcentration measurement, we achieved increased detectability by a factor of 15 compared to the signal obtained with the NIP, and the signal was detected 450 mV below that of the phenacetin electrochemical oxidation, decreasing the possibility of interference due to other electrochemical reactions that occur in the same potential range of the phenacetin electrochemical process. Hence, this study shows the possibility of using this polypyrrole/phenacetin MIP-modified GC electrode for phenacetin detection/quantification, however, further studies are needed to evaluate the analytical features (limit of detection, limit of quantification, linear range, sensitivity) and the behavior of this sensor in real samples.

   

  Supplementary Information

  Supplementary information (cyclic voltammograms obtained during the modification process of a glassy carbon electrode surface with the pyrrole/phenacetin MIP; cyclic voltammograms obtained with a GC electrode uncoated and coated with pyrrole/phenacetin MIP in the absence and presence of procaine) is available free of charge at http://jbcs.sbq.org.br as PDF file.
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    A complete 22 experimental planning (two factors at two levels) with central point in quintuplicate was used to investigate the influence of the factors: chia and azuki flours on fatty acids composition of gluten-free chocolate cake. Both factors were significant, but chia flour presented greater influence on the results. Increased values of both factors contributed to improve contents of polyunsaturated fatty acids (380.96 g kg-1 of product), mainly n-3 series (70.25 g kg-1 of product), and provided more adequate nutritional indices. The principal component analysis and desirability function indicated the sample with higher level of both factors as the optimal region. This sample showed an increase in contents of alpha-linolenic acid (188.03%) and polyunsaturated fatty acids (18.16%) when compared to control formulation. The addition of chia flour can improve nutritional characteristics of food stuffs such as bakery products, especially their lipid composition.

    Keywords: Salvia hispanica L., alpha-linolenic, response surface methodology, principal components analysis, desirability function.

  

   

   

  Introduction

  Mankind has suffered lots of changes in all fields of life, such as education and job, and it has a deep reflection in eating habits. People search for products that do not need much time to prepare before eating. However, most of these foods are made of poor ingredients and they cannot offer essential nutrients for human body. In this context, food industries started developing enriched products using potential ingredients with nutritional properties.1-3

  The bakery products are the most consumed by population due to their practicality and good sensory acceptance. After bread, the cakes ready for consumption are considered the preferred products in this category.4 Nowadays, there are gluten free versions of these foods and they can be consumed by celiac patients, however, almost all of these products are totally made of rice flour, which is composed basically only of carbohydrates.5

  On the other hand, there are several kinds of potential ingredients which may be used to replace rice flour in gluten-free products, such as azuki and chia. Azuki (Vigna angularis) is a legume widely produced in Asia and generally used to make some kinds of sweets appreciated by Asiatic people.6 Chia (Salvia hispanica, L.) is an angiosperm plant from the mint family (Lamiaceae) characterized as a grain from tropical and subtropical climate, widely consumed in pre-Columbian America by the Aztecs, in the region that includes Mexico and Guatemala.7 Both grains, azuki and chia, are considered rich source of many essential nutrients. According to Zanqui et al.,8 chia presents high levels of total lipids, and the lipid fraction of this grain is considered a great source of polyunsaturated fatty acids, especially alpha-linolenic acid (LNA, 18:3n-3), and other lipophilic compounds such as tocopherols and phytosterols. According to Ratnayake and Galli,9 LNA is considered essential because it cannot be metabolized by the human body and must be consumed through the diet.

  Factorial design is an important chemometric tool which enables evaluating the contribution of each specific ingredient to several characteristics of the final product, using a smaller number of experiments, simultaneous analysis of many variables and their effects, reliability of the results, performance of the research in stages, an interactive process of inclusion of tests to the model, main variables selection, presentation of the process through mathematical models, and conclusions from qualitative results.10 Multivariate analysis enables extracting additional information when compared to the univariate analysis. The principal components analysis (PCA) allows the pattern recognition, the gathering of information, reduction of data dimensionality and also the organization of data into a simpler structure, easier to understand. This analysis is based on performing linear comparisons of the original variables. The principal components (PC) are orthogonal among each other and the explained variance decreases with increased PC number.11

  This study aimed at applying chemometric methods to investigate the influence of the factors: percentages of chia and azuki flour, added in gluten-free chocolate cake for the determination of fatty acid composition and nutritional aspects.

   

  Experimental

  Sampling

  The grains of azuki used in this study were cultivated in the region of Maringá-PR and purchased at the local market. Approximately 6 kg of grains were ground in a hammer mill to obtain homogeneous flour that was sieved using a 20-mesh sieve. Chia flour (Salvia hispanica, L.) used in this research was partially defatted, it is a byproduct of the cold-pressing process for lipid extraction. This ingredient was provided by the company Giroil Agroindústria Ltda. (Santo Angelo, Rio Grande do Sul, Brazil). The other ingredients were obtained in retail stores in Maringá.

  Experimental design

  A complete 22 experimental planning (two factors at two levels) with central point in quintuplicate was used to investigate the influence of both factors on the fatty acids composition of chocolate cake. The factors were: concentrations of azuki and chia flour, as shown in Table 1. The total of 100% of flour for each formulation was achieved with rice flour addition. The responses analyzed in this study were: sums of fatty acids from n-3 series, polyunsaturated fatty acids (PUFA), ratio of polyunsaturated by saturated fatty acids (PUFA / SFA), atherogenicity (IA) and thrombogenicity indices (IT) of fatty acids. A control cake (100% rice flour) was produced to be compared to experimental optimum point. The cakes were processed according to the recommendations of Gohara et al.12
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  Formulation processing

  All the ingredients were previously weighed individually. The rice flour, azuki and chia, at the respective percentage for each formulation, were mixed to obtain a homogeneous fraction (288.00 g kg-1 of the whole formulation); and egg white (87.00 g kg-1) was mixed to form a solid phase. The egg yolk (58.00 g kg-1), butter (58.00 g kg-1) and sugar (169.00 g kg-1) were homogenized in a bowl to form a cream. The mixture of flours, chocolate powder (80.00 g kg-1), cocoa powder (38.00 g kg-1), egg white, water (190.80 g kg-1), milk powder (21.20 g kg-1) and baking powder (10.00 g kg-1) were added slowly to the cream to form a homogeneous mass. The cake mass was transferred to a rectangular baking dish and baked in a conventional oven for 30 min at 200 °C, with subsequent cooling to room temperature (25 °C). The sequence of ingredients mixture and temperature conditions described above followed the process performed in previous study.13

  Total lipid extraction

  The total lipids were extracted according to Bligh and Dyer,14 using a mixture of the solvents: methanol, chloroform and water (final proportion 2:2:1.8, v/v/v).

  Fatty acid composition

  The first step to determine the fatty acid composition was the conversion of the lipids into fatty acid methyl esters (FAME), according to Hartman and Lago.15 The FAME were separated using a CP-3380 gas chromatograph (Varian, Walnut Creek, USA) fitted with a flame ionization detector and a CP 7420-select FAME fused-silica capillary column (100 m × 0.25 mm × 0.25 µm, cyanopropyl). The carrier gas was hydrogen at 1.4 mL min-1, the make-up gases were nitrogen at 30 mL min-1 and synthetic air at 300 mL min-1, and the flame gas was hydrogen at 30 mL min-1. The sample was injected in a split ratio of 1:100. The injector and detector temperatures were 235 °C. The column temperature was maintained at 165 °C for 4 min, increased to 185 °C at 4 °C min-1 and maintained for 5 min, and then increased from 185 to 225 ºC at 10 °C min-1 and maintained for 10 min. The retention times were compared with those of standard methyl esters (Sigma, St. Louis, USA). The fatty acids were quantified using tricosanoic acid methyl ester (Sigma) as an internal standard.16 The peak areas were determined with Star 5.0 software (Sigma, Santa Clara, USA). According to Joseph and Ackman16 (equation 1), correction factors of FAME for flame ionization detectors in individual fatty acids (FA) were used and their concentrations expressed in mg FA per kg-1 of food:

  
    [image: Equation 1]

  

  where Mx: X fatty acid mass in mg g-1 of sample; Mp: internal standard mass in milligrams; MA: sample mass in g; AX: X fatty acid area; Ap: internal standard area; FCT: theoretical correction factor; FCEA: methyl ester correction factor to fatty acid.

  The limits of detection (LOD) and quantification (LOQ) were estimated by triplicate analysis of diluted methyl arachidate standard solution (1.0 mg mL-1), considering the signal-noise ratio relative to the background signal as 3 and 10, respectively.17

  Nutritional quality indices of lipid fraction

  The atherogenicity index (IA) and thrombogenicity index (IT) were determined as IA = [(12:0 + (4 × 14:0) + 16:0)] / (MUFA + n-6 + n-3); and IT = (14:0 + 16:0 + 18:0) / [(0.5 × MUFA) + (0.5 × n-6) + (3 × n-3) + (n-3 / n-6)], according to Ulbricht and Southgate.18

  Statistical analysis

  All the analyses were done in triplicate. Fatty acid composition was demonstrated by the general average of the experiments repetitions (A: test 1; B: test 2; C: test 3; D: test 4 and E: tests 5, 6, 7, 8 and 9). Initially, the values of effects, interaction, and analysis of variance (ANOVA) were obtained. Afterwards, the whole variables had their normal and homogeneity of variance assessed through the combings. Then, the ANOVA among the groups was done for all the responses. Considering the independent variables effect on the responses, the response surface methodology was applied. The basic mathematic model used to adjust the data was (equation 2):

  
    [image: Equation 2]

  

  where Ŷi is the expected response; b0 is the constant term; b1 and b2 are the terms of the regression model and x1 and x2 are the levels of the independent variables.19

  The model's equations were arranged to a global response using a desirability function. The results obtained for the sums of fatty acids from n-3 series, polyunsaturated fatty acids, ratio of polyunsaturated by saturated fatty acids, atherogenicity and thrombogenicity indices were used to estimate the global response. This procedure involved a transformation of each response (Ŷi) estimated for an individual value of desirability (di), in which 0 ≤ di ≤ 1, according to Derringer and Suich.20

  If the objective or target T to the response Ŷi is a maximum value, then the equation 3 should be used:
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  If the objective or target to the response Ŷi is a minimum value then the equation 4 should be used:
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  where L and U are minimum and maximum limits, respectively.

  The convenience function is linear when the weight 'r' is equal to 1. If r > 1 there is more emphasis on targeting the closest value. Using 0 < r < 1 makes this less important.

  Individual values of desirability (di) were arranged through a geometric average to form a global desirability value (D), which will attend to satisfy all response simultaneously. This single value of D [0,1] gives a global assessment of convenience and the arranged response levels, and D will increase at the same time that the properties balance becomes more favorable.

  PCA consisted of the sums of fatty acids from n-3 series, PUFA, PUFA / SFA, IA and IT of fatty acids - loadings. For this analysis, the average values of the five different formulations (A: test 1; B: test 2; C: test 3; D: test 4; E: tests 5, 6, 7, 8 and 9) were used - scores. Averages were autoscaled, so that the whole variables showed the same weight. In this way, PCA bidimensional graphics were obtained.

  The formulation considered the best one by desirability assay was compared to the control cake. The Student's t-test was applied to analyze differences between the two different samples. All the statistical analyses were done using the software Statistica, version 8.0,21 adopting the 5% significance level for rejection of the null hypothesis (p < 0.05).

   

  Results and Discussion

  The total lipids contents for samples A, B, C, D, E and control were 73.50, 76.64, 75.57, 77.65, 76.43 and 59.50 g kg-1, respectively, according to previous study.12 This research showed that enriched gluten free cake presented good sensory acceptance, as well as great contents of nutrients, such as protein and lipids, mainly the formulation with higher contents of chia flour.12 Another previous study showed the great levels of essential minerals in all the formulations of cake, the minerals were Ca, Cu, Fe, K, Mg, Mn and Zn. The highest mineral contents were found in the formulations with the highest concentration of both flour (chia and azuki).13 In this present study, similar results were found for essential fatty acids, as shown below.

  Under the selected operation system, LOD and LOQ were estimated at 0.15 and 0.50 mg g-1 of total lipids, respectively.

  Gas chromatography allowed identifying and quantifying eighteen fatty acids and the major ones were: palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1n-9), linoleic acid (18:2n-6) and alpha-linolenic acid (LNA, 18:3n-3). All the formulations, mainly formulation with higher contents of chia, showed the prevalence of polyunsaturated fatty acids, which are involved with the smaller risk of cardiovascular diseases.9

  LNA presented the highest content value in all the formulations. This fatty acid plays important roles in metabolic processes. Through desaturases and elongases enzymes, LNA can be converted into other eicosanoid fatty acids from n-3 series (omega-3), such as eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic (DHA, 22:5n-3), which are very important for human health due to their anti-inflammatory properties.22,23

  These results were similar to those found for food products enriched with omega-3 using flaxseed grain, such as panettone,24 granola,25 food bars26 and cookies.27

  Table 2 presents the conditions of the complete 22 factorial model with central point in quintuplicate, applied to the tests, as well as the values obtained for the sums, ratio, and nutritional indices of fatty acids.
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  The regression coefficients for each one of the models, their confidence intervals and coefficients of determination (R2) of the responses applied to the response surface methodology are presented in the Table 3. Values close to 1 indicate a good correlation between experimental and predicted data.28 Pagamunici et al.29 found coefficients of determination of 0.85 for instrumental data vs. sensory analysis as a function of time, and the models were well fitted. In this study, the values were greater than 0.60, which means that the linear model explained more than 60% of the data variability. The residual plots for each response showed normality, and homogeneity of variance was explained satisfactorily.
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  The limits of confidence intervals for the first-order term (x2) for the sum of polyunsaturated fatty acids, PUFA / SFA ratio, IA and IT showed values with opposite signs (Table 3). All the values are possibly within a confidence interval, therefore it is possible that this value is zero. This fact demonstrates that there was a linear correlation between the variables, so there is no statistical evidence to keep this term in the model. Nevertheless, its permanence was preferred to preserve the mathematical hierarchy.10

  The effect values can be obtained by regression coefficients values (effects are twice the coefficients). Data from Table 3 show that the main effects of the two factors (chia and azuki) were positive for fatty acids from n-3 series, PUFA and the PUFA / SFA ratio, and they were negative for IA and IT. These data enable us to estimate that greater concentration of chia and azuki may increase contents of n-3 series fatty acids and PUFA. This increase was also found for hamburgers in studies performed by Souza et al.30 All the experimental models did not present interaction effects for the responses analyzed and were removed.

  Tables 4 and 5 show the results obtained by ANOVA for each factor studied in the model response. The factor chia most influenced the increased levels of fatty acids from n-3 series, PUFA and PUFA / SFA, with contributions of 99.43, 54.78 and 47.83%, respectively (Table 4).
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  The values of F-test (Table 5) demonstrate the significance of coefficients of regression and lack of fit. According to data from Table 4, the lack of fit of the model was not significant for the models.

  The effects may be better observed in the response surface models (Figure 1). Surfaces of n-3 series fatty acids, PUFA and PUFA / SFA ratio clearly show the positive effect caused by increasing the factors, mainly the factor chia. On the other hand, surfaces of IA and IT show a negative effect. These nutritional indices are associated with the presence of lauric (12:0), myristic (14:0), palmitic (16:0) and stearic (18:0) fatty acids which are more related to the increased incidence of coronary diseases when compared to monounsaturated fatty acids, especially oleic (18:1n-9) and the series omega 3 and 6. Souza et al.31 and Silva et al.32 found low values of IA and IT for sacha inchi nut and perilla oil, respectively, emphasizing the direct correlation between the lowest ratio and an attenuated risk of coronary disease.
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  Figure 2 presents PCA. The principal components 1 and 2 (PC1 and PC2) were selected due to their statistical significance (p < 0.05). PC1 explained 55.51% of data variance, and loadings indicated a positive contribution of the contents of n-3 series fatty acids (0.9012), total PUFA (0.9865) and PUFA / SFA ratio (0.9724), which characterized samples C and D (formulations with higher contents of chia). A negative contribution of IA (–0.9377) and IT (–0.9866) was observed on PC1, which characterized formulations A and B (formulations with lower contents of chia).
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  PC2 was responsible for 17.11% of the data variance, and there was the separation of sample E on the upper region of the graph, which involves the 5 replicates of the central point (tests 5, 6, 7, 8 and 9). These formulations present the intermediate values for n-3 series fatty acids, PUFA and PUFA / SFA ratio. Increased PUFA and n-3 in the cake formulations are associated with the high contents of alpha-linolenic fatty acid in the chia.8

  Figure 3 shows the desirability function for the following constrictions: maximum value of fatty acids from n-3 series, total PUFA and PUFA / SFA ratio (equation 3); and minimum value of IA and IT indices (equation 4). The highest levels of chia and azuki flours were described as a point of major desirability (test 4). The higher concentrations of the factors studied were determinant for greater composition of fatty acid, such as higher contents of PUFA and fatty acids from n-3 series. The nutrient with the greatest increase was the alpha-linolenic fatty acid whose content in test 4 was 153.28% bigger than in test 1, corroborating with results found by Souza et al.30
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  According to the Institute of Medicine,33 the contribution of alpha-linolenic fatty acid to the dietary reference intakes were determined for adults (1.6 g day-1), using a portion of 60 g of cake (equivalent to one slice). The values were 12.63, 13.94, 19.07, 20.46 and 16.70%, for formulations A, B, C, D and E, respectively. The greatest contribution was presented by formulation D, which has the highest level of both factors chia and azuki flour.

  Table 6 shows fatty acid composition of optimum experimental point by desirability function (formulation D) and of control product. Both samples presented the same fatty acids, however, there were some significant differences in contents of butyric acid (4:0), capric acid (10:0), lauric acid (12:0), heptadecanoic acid (17:0), oleic acid (18:1n-9), linoleic acid (18:2n-6) and arachidic acid (20:0). The main difference was observed for alpha-linolenic acid, which increased 188.03% in optimum formulation when compared to control cake. As a result, PUFA contents also showed an increase in the optimum formulation (18.16%). Furthermore, atherogenicity index and thrombogenicity index showed lower values for optimum point when compared to control cake (21.57% IA and 41.18% IT, respectively).
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  Conclusions

  Chemometric methods were very useful for improvement of fatty acids composition of gluten-free chocolate cake. Factor chia flour presented higher contribution for increasing n-3 series and polyunsaturated fatty acids, as well as nutritional indices. The models analyzed were significant and allowed obtaining the response surfaces. Principal components analyses distinguished samples with higher contents of chia flour. The formulation with higher contents of chia and azuki flour was considered as a point of greatest desirability. This formulation presented higher levels of n-3 fatty acid and PUFA, and lower indices of atherogenicity and trombogenicity than control cake. The addition of grains with high nutritional value is a great alternative to increase nutrients contents in food products, especially bakery ones.

   

  Acknowledgements

  To Capes, CNPq and Araucária Foundation for the financial support and for the scholarship offered. To Universidade Estadual de Maringá for the resources and technologies availability to this research development.

   

  References

  1. Paula, L. N.; Souza, A. H. P.; Moreira, I. C.; Gohara, A. K.; Oliveira, A. F.; Dias, L.; F.; Acta Sci., Technol. 2014, 36, 707.

  2. Souza, A. H. P.; Costa, G. A. N.; Miglioranza, L. H. S.; Furlaneto-Maia, L.; Oliveira, A. F.; Acta Sci., Health Sci. 2013, 35, 125.

  3. Fuchs, R. H. B.; Ribeiro, R. P.; Matsushita, M.; Tanamati, A. A. C.; Bona, E.; Souza, A. H. P.; LWT - Food Sci. Technol. 2013, 54, 440.

  4. Osawa, C. C.; Fontes, L. C. B.; Miranda, E. H. W.; Chang, Y. K.; Steel, C. J.; Food Sci. Technol. 2009, 29, 92.

  5. Lee, A. R.; Ng, D. L.; Zivin, J.; Green, P. H.; J. Hum. Nutr. Diet 2007, 20, 4230.

  6. Shi, Y. In National Cooperating Symposium of Reproduction and Selection for Edible Legume Germplasm Resources and Identification of Agronomic Characteristics, 1st ed.; Long, L.; Lin, L.; Xushen, H.; Shi, Y., eds.; Science Publishing House: Beijing, 1988, pp. 9.

  7. Ayerza, R.; J. Am. Oil Chem. Soc. 1995, 72, 1079.

  8. Zanqui, A. B.; Morais, D. R.; Silva, C. M.; Santos, J. M.; Chiavelli, L. U. R.; Bittencourt, P. R. S.; Eberlin, M. N.; Visentainer, J. V.; Cardozo-Filho, L.; Matsushita, M.; J. Braz. Chem. Soc. 2010, 55, 192.

  9. Ratnayake, W. M.; Galli, C.; Ann. Nutr. Metab. 2009, 55, 8.

  10. Neto, B. B.; Scarminio, I. S.; Bruns, R. E.; Como Fazer Experimentos: Pesquisa e Desenvolvimento na Ciência e Indústria, 2ª ed.; Editora da Unicamp: Campinas, 2001.

  11. Correia, P. R. M.; Ferreira, M. C.; Quim. Nova 2007, 30, 481.

  12. Gohara, A. K.; Souza, A. H. P.; Zanqui, A. B.; Souza, N. E.; Visentainer, J. V.; Matsushita, M.; Acta Sci., Technol. 2014, 36, 537.

  13. Gohara, A. K.; Souza, A. H. P.; Rodrigues, A. C.; Stroher, G. L.; Gomes, S. T. M.; Souza, N. E.; Visentainer, J. V.; Matsushita, M.; J. Braz. Chem. Soc. 2013, 24, 771.

  14. Bligh, E. G.; Dyer, W. J.; Can. J. Biochem. Physiol. 1959, 37, 911.

  15. Hartman, L.; Lago, R. C. A.; Lab. Pract. 1973, 22, 475.

  16. Joseph, J. D.; Ackman, R.; J. Am. Oil Chem. Soc. 1992, 75, 488.

  17. Analytical Methods Committee; Analyst 1987, 112, 199.

  18. Ulbricht, T. L. V.; Southgate, D. A. T.; Lancet 1991, 338, 985.

  19. Souza, A. H. P.; Gohara, A. K.; Rodrigues, A. C.; Ströher, G. L.; Silva, D. C.; Visentainer, J. V.; Souza, N. E.; Matsushita, M.; Food Chem. 2014, 158, 315.

  20. Derringer, G.; Suich, R.; J. Qual. Technol. 1980, 12, 214.

  21. StatSoft, Inc.; Statistica:Data Analysis Software System v. 8.0; StatSoft Inc., Tulsa, 2007.

  22. Martin, C. A.; Almeida, V. V.; Ruiz, M. R.; Visentainer, J. E. L.; Matsushita, M.; Souza, N. E.; Visentainer, J. V.; Rev. Nutr. 2006, 19, 761.

  23. Simopoulos, A. P.; Mol. Neurobiol. 2011, 44, 203.

  24. Zanqui, A. B.; Bastiani, D.; Souza, A. H. P.; Marques, D. R.; Gohara, A. K.; Matsushita, M.; Monteiro, A. R. G.; Rev. Virtual Quim. 2014, 6, 968.

  25. Souza, A. H. P.; Gohara, A. K.; Pagamunici, L. M.; Visentainer, J. V.; Souza, N. E.; Matsushita, M.; Acta Sci., Technol. 2014, 36, 157.

  26. Pagamunici, L. M.; Souza, A. H. P.; Gohara, A. K.; Souza, N. E.; Gomes, S. T. M.; Matsushita, M.; Cienc. Agrotecnol. 2014, 38, 270.

  27. Pagamunici, L. M.; Gohara, A. K.; Souza, A. H. P.; Bittencourt, P. R. S.; Torquato, A. S.; Batiston, W. P.; Gomes, S. T. M.; Souza, N. E.; Visentainer, J. V.; Matsushita, M.; J. Braz. Chem. Soc. 2014, 25, 219.

  28. Pujari, V.; Chandra, T. S.; Process Biochem. 2000, 36, 31.

  29. Pagamunici, L. M.; Souza, A. H. P.; Gohara, A. K.; Silvestre, A. A. F.; Visentainer, J. V.; Souza, N. E.; Gomes, S. T. M.; Matsushita, M.; Food Sci. Technol. 2014, 34, 127.

  30. Souza, A. H. P.; Gohara, A. K.; Rotta, E. M.; Chaves, M. A.; Silva, C. M.; Dias, L. F.; Gomes, S. T. M.; Souza, N. E.; Matsushita, M.; J. Sci. Food Agric. 2015, 95, 928.

  31. Souza, A. H. P.; Gohara, A. K.; Rodrigues, A. C.; Souza, N. E.; Visentainer, J. V.; Matsushita, M.; Acta Sci., Technol. 2013, 35, 757.

  32. Silva, C. M.; Zanqui, A. B.; Souza, A. H. P.; Gohara, A. K.; Chaves, M. A.; Gomes, S. T. M.; Cardozo-Filho, L.; Souza, N. E.; Matsushita, M.; J. Braz. Chem. Soc. 2015, 26, 14. 

  33. Institute of Medicine; Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids; The National Academies Press: Washington, DC, 2005.

   

   

  Submitted: July 13, 2015.

  Published online: September 18, 2015.

   

   

  
    *e-mail: mmakoto@uem.br

  





  DOI: 10.5935/0103-5053.20150245

  ARTICLE

  
    Santos JLO, Leite OD, Vieira ADM, Jesus DS, Kamogawa MY. Use of a Digital Image in Flow Analysis: Determination of Nitrite and Nitrate in Natural Waters. J. Braz. Chem. Soc. 2016;27(1):70-76

  

  
    Use of a Digital Image in Flow Analysis: Determination of Nitrite and Nitrate in Natural Waters

  

   

   

  Jorge Luís O. SantosI; Oldair D. LeiteII*; Anete D. M. VieiraII; Djane S. JesusIII; Marcos Y. KamogawaIV

  IInstituto de Química, Universidade Federal da Bahia, Salvador-BA, Brazil

  IIUniversidade Federal do Oeste da Bahia, Barreiras-BA, Brazil

  IIIInstituto Federal de Educação, Ciência e Tecnologia da Bahia, Salvador-BA, Brazil

  IVEscola Superior de Agricultura Luiz de Queiroz, Universidade de São Paulo, Piracicaba-SP, Brazil

   

  
    A webcam is proposed as the detector in a flow system with multicommutation, and the feasibility of the approach is demonstrated in the determination of nitrate and nitrite in natural waters. The typical transient signal inherent to the flow system was obtained using a digital video and quantified by ImageJ software. The linear dynamics range for nitrite and nitrate determinations were 0.2 to 2.0 mg L-1 NO2− and 1.0 to 10.0 mg L-1 NO3−, with relative standard deviation < 2% for both analytes. The limits of detection were 0.01 and 0.04 mg L-1 for nitrite for nitrate, respectively, and the sampling rate were 80 and 103 h-1 for nitrite and nitrate, respectively. The use of webcams has a high potential for analysis in the visible region of the electromagnetic spectrum, and the proposed strategy constitutes a promising alternative to traditional absorbance measurements that depend on conventional equipment. The webcam detection system is attractive, especially in relation to field analysis.

    Keywords: webcam, flow analysis, video digital, transient signal, nitrate, groundwater.

  

   

   

  Introduction

  The interest in the nitrite and nitrate determination in waters is due to the toxicological effects of these ions. Excessive ingestion by infants may result in the oxidation of hemoglobin to methemoglobin, reducing oxygen transport to the tissues.1 Nitrites are also precursors of N-nitrosamines, compounds known for their potential carcinogenic and teratogenic actions.2

  These species should be monitored, and several analytical methods have been developed highlighting the spectrophotometric methods with the Griess reaction. These methods are mostly chosen due to their simplicity, ruggedness and detection limits.3 To minimize sample and reagent consumption, increase the sampling rate and improve analytical precision, analytical flow systems have been proposed.4-7

  Flow analysis systems exploiting multicommutation provide a powerful alternative to enhance the versatility of flow-based procedures, with the advantage of minimizing both reagent consumption and waste generation,8-10 a portable setup may even be developed.11,12

  For spectrophotometric flow-based determinations of nitrite and nitrate in conventional spectrophotometers, portable spectrophotometers13 and LED-based photometers have been used.14

  Recently, colorimetric methods using digital images have been reported. In most of these methods, the images are captured by digital devices such as digital cameras, webcams or scanners, and the digital images are treated by a custom-built software.15-17

  In this regard, the following method was proposed: determining the ascorbic acid concentration using a scanner for image acquisition and color parameters (RGB) to calculate the analytical response,15 the relation (equation 1) was used, where I0 and I are the intensities of the blue component (B) of the digital images obtained from the blank solution and the standard solution, respectively. The standard or sample solutions were placed into transparent bottles positioned on the scanner.

  
    [image: Equation 1]

  

  Andrade et al.17 propose a digital image-based flow-batch analyzer for determination of AlIII and CrVI in natural waters, using a webcam as a detector and RGB parameters to calculate the analytical response. The analytical figures of merit were similar to those of conventional procedures, demonstrating the webcam’s potential as a detector. In both applications, the images were acquired with the static solutions inside a flask or chamber.

  In flow systems, the data acquisition of the analytic signal usually has a transient peak shape. Evaluating the shape of the recorded transient signal is important for system optimization and monitoring analysis, and evaluating the transient peak shape of the flow systems is important for system optimization, as it provides relevant information, including the dispersion coefficient, mixing conditions, mean residence time, carry over and the presence of spurious signals (e.g., bubbles or the Schlieren effect).18

  The aim of this work was to develop a multicommuted flow system that used a webcam as a photometric detector, allowing the acquisition of the transient analytical signal. This system was applied to nitrite and nitrate determination in groundwater.

   

  Experimental

  Reagents and solutions

  All solutions were prepared with double-distilled and deionized water (18.0 MΩ cm) and chemicals with analytical grade quality.

  The 1000 mg L-1 tartrazine (λ = 422 nm), Porceau 4R (λ = 507 nm) and bright blue (λ = 603 nm) were prepared by direct dissolution of the clean dried substances (BASF, Germany) in water.

  Reference solutions (0.025-1.0 mg L-1 NO2- and 0.10-5.0 mg L-1 NO3-) were prepared by dilution of 1000 mg L-1 stock solutions prepared from NaNO2 and NaNO3 (Merck, USA). The nitrite stock solution was treated with a few drops of chloroform and standardized against potassium permanganate.4 The reagent (R) was 2.0% (m/v) sulphanilamide plus 0.1% (m/v) N-1-naphthylethylenediamine dihydrochloride (NED) solution, also 0.5 mol L-1 in phosphoric acid. The carrier stream was 0.5% (m/v) Na2B4O7 plus 0.3% (m/v) Na2EDTA buffer solution with pH adjusted to 7.25 with HCl. Cadmium fillings were copperized19 and packed into a glass tube (6 cm long, 3 mm internal diameter, i.d.) retained by glass wool.

  Sample preparation and reference method

  Groundwater samples were collected from wells in Barreiras-BA, Brazil. The samples were filtered through 0.45 µm cellulose membrane filters before analysis.20

  The reference method was the one proposed by the American Public Health Association (APHA),21 which is based on the Griess reaction; it was performed in batches, using the 800 XI model Femto spectrophotometer (São Paulo, Brazil).

  The multicommuted flow analyzer

  The multicommuted flow system comprised a model IPC-4 peristaltic pump (Ismatec, Switzerland) equipped with TygonTM pumping tubes, three-way 161T031 solenoid valves (NResearch, USA), polyethylene tubing (0.8 mm i.d.) and acrylic confluence connectors. System control and data acquisition were performed with a Pentium 2.1 GHz microcomputer equipped with a commercial electronic interface (National Instruments, USA) and a lab-made electronic circuit similar to that previously described.22 The software was developed in Labview 7.0 and the Windows XP operating system.

  The multicommuted flow system (Figure 1) was operated according to the valve-switching course in Table 1. The manifold comprised 04 three-way solenoid valves: one valve for each managed solution (V1, V2, and V4) and one for nitrite or nitrate determination (V3).

  
    

    [image: Figure 1. Flow diagram]
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  The system operation started with all valves switched off, and the carrier solution was pumped through V1, V2 and V3 towards the flow cell, while S was recycled by V2. For nitrite determination, the V1 and V2 valves were simultaneously switched on for 5 s, and the B1 reactor was filled with the sample solution (Step 1). In the next step, the V4 valve was switched on, and the sample zone received the Griess reagent at the y confluence point; sample aliquots were intercalated with the reagent, as described in Steps 2 and 3 (Table 1). This sequence was repeated until the B2 reactor was filled (0.45 mL) with the binary string (5 sampling cycles). In the final step, all valves were switched off, and the sample zone was transported to the flow cell, allowing the nitrite determination (Step 4).

  For nitrite and nitrate determination, the V3 valve was switched on for 10 s, directing the flowing sample through the cadmium column (Step 5). In the meantime, the V1, V2 and V3 valves were switched on for 10 s, and the B1 reactor and cadmium column (CR) were filled with the sample solution (Step 6). During this step, the nitrate ions were converted to nitrite. Steps 7 and 8 were analogous to the determination of nitrite (in Steps 2-4), and the obtained signal (Step 9) was proportional to the concentration of nitrate plus nitrite. All measurements were based on digital image analysis and carried out in triplicate.

  Parameters such as sample and reagent volume, carrier and sample flow rate, mixing coil length and number of sampling cycles were evaluated using a single-variable optimization procedure. The NED and sulphanilamide concentrations were evaluated by a central composite design (Table 2).
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  Digital images sensor

  A Leadership© (Brazil) brand webcam (5.0 Mega model) with a (charge-coupled device) CCD sensor was used to capture the digital images. The webcam was configured to capture 24-bit digital images (16.7 million colors) at a rate of 30 frames s-1 and 640 × 480 pixels of spatial resolution.23 The images were captured and stored as AVI files using the software provided by the webcam manufacturer.

  For digital image acquisition, the flow cell (70 µL inner volume) was positioned in front of the webcam. To avoid the influence of stray environmental light, the webcam and flow cell were placed inside a polystyrene box (21 × 30 × 18 cm) and illuminated with a white 5 W fluorescent lamp (Figure 1), as suggested elsewhere.24

  For each determination, a video file with 90 s of recording was created, and, using JPG Converter® software, one image was extracted for every second of the video file, meaning 90 image files were automatically saved in JPEG format. These files were subsequently regrouped with ImageJ software,25 using the stack image tool. With the images in a stack, the oval tool was used to select an area of 9500 pixel2 in the observation window of the flow cell (Figure 2). Automatically, the RGB values in the selected area were acquired for all images in the stack. In this process, it was necessary to use a plugin developed in Java.
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  A mathematical approach aiming at a linear relationship between the proposed RGB-based value and the analyte concentration was already described.26 This model used the concept of an RGB-based value associated with a vector (ν) of the color value. The RGB-based value was calculated by equation 2, where R2s-b, G2s-b and B2s-b are the differences in the mean values of the RGB components between the sample or standard solution and the blank solution.

  
    [image: Equation 2]

  

  The detection and quantification limits were estimated as LD = 3Sb/β and LQ = 10Sb/β, respectively, where Sb is the standard deviation of the blank solution’s data and β is the angular coefficient of the analytical curve.

  Analytical figures of merit, such as detection and quantification limits, linearity and the correlation coefficient of the analytical curve were considered for the dyes in solutions containing red, green and blue components. This was done in order to compare detector performances for the webcam and the conventional detector, a model 800 XI spectrophotometer (Femto, São Paulo, Brazil).

   

  Results and Discussion

  Webcam detector optimization

  The dye solutions were deliberately used to evaluate the performance of the webcam detector, as the maximum wavelengths were distributed in the visible spectrum (507 nm for red dye, 422 nm for green and 630 nm for blue).

  Figure 3 shows the transient signals recorded for increasing concentrations of red, green and blue dyes, using the spectrophotometer and the webcam. For both techniques, a linear regression between the analytical responses and the concentrations was observed, this is shown in Table 3.
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  Analysis of Table 3 reveals that the webcam detection method yielded analytical curves with high slopes and good linear regression coefficients for all different colors of solution. Coefficients of variation (n = 10) of 1.4%, 1.8% and 1.6% were obtained for 400 mg L-1 solutions of red, green and blue, respectively.

  Multicommuted flow system

  To optimize the flow system, parameters such as sample and reagent volume, number of sampling cycles, reactor lengths and flow rates were evaluated, and the tested range and selected values are shown in Table 4.
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  The best concentrations determined by the experimental design of sulphalamide and NED were 2.3% and 0.12%, respectively, and the regression coefficient was 0.9989, showing the good mathematical model adjustment (Figure 4).
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  The reagent volume per determination was 175 µL, and the total waste generation was about 2.2 and 3.2 mL for nitrite and nitrate, respectively. The sampling rate was 103 h-1 for nitrite and 80 h-1 for nitrate.

  Analytical application

  The transient signals and linear calibration graphics are shown in Figures 5 and 6, respectively, for nitrite and nitrate. The optimized conditions are presented in Table 4. Under the proposed conditions, the dynamic ranges were 0.2 to 2.0 mg L-1 NO2- and 1.0 to 10.0 mg L-1 NO3-. The linear behavior was described by the equations 3 and 4.

  
    [image: Equations 3 and 4]
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  The coefficients of variation (relative standard deviation, RSD) were estimated at 0.62% and 1.34% for 10 measures corresponding to solutions of 0.6 mg L-1 NO2- and 6.0 mg L-1 NO3-, respectively. At a 99.5% confidence level, the detection limits were estimated as 0.01 mg L-1 NO2- and 0.04 mg L-1 NO3-.

  Groundwater samples were spiked with 0.6, 1.2 and 1.6 mg L-1 NO2- and 3.0, 6.0 and 8.0 mg L-1 NO3- and analyzed by the proposed method. The results are shown in Table 5.
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  Recoveries ranged from 96.9% to 109.2% for nitrite and 100.0% to 103.2% for nitrate, similar values to those obtained by reference methods NBR 1261927 and APHA 4500-NO3 I.21

  Figure 7 shows the results of the determination for nitrite and nitrate in groundwater samples employing both the proposed procedure and the reference. The excellent correlation demonstrates the accuracy of the new procedure and proves the viability the webcam detector.

  
    

    [image: Figure 7. Comparison of webcam]

  

   

  Conclusions

  The proposed flow procedure is robust and very easy to operate, and it has a great potential in analysis to detect the visible region of the electromagnetic spectrum. In addition, since this characteristic can dispense a wavelength selector, it could be exploited to reduce cost and simplify instrumentation methods for measurements in the visible region. The procedure was implemented with inexpensive instrumentation by exploiting the multicommutation approach and using a webcam as an analytical detector. Low reagent consumption and minimal waste generation offer additional advantages. The method is simple, rapid and inexpensive, and it was successfully applied for the determination of nitrite and nitrate in water samples.
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    Dielectric characterization has been applied as a convenient tool for evaluation of transport and polarization mechanisms in soft materials. In this work, we have explored the study of charge transport mechanisms in alginate hydrogel containing neomycin-loaded liposomes. For comparison, drug release kinetic was evaluated by using UV-Vis spectrophotometry and electrical impedance spectroscopy (EIS) at different external direct current (DC) polarization (100 mV and 1 V). The charge transfer resistance (Rct) was proportional to DC electrical stimulation and inversely to the amount of released neomycin. Optical and electrical measurements confirmed the dependence of neomycin release under influence of electrical potentials. The kinetic profile of these systems was described by zero-order model. In addition, the Korsmeyer-Peppas model also suggested a diffusion mechanism based on super case II transport (non-Fickian). These results encouraged the use of EIS as a “dark" spectroscopy technique, since EIS is effective for studies of release kinetics controlled by DC external electrical excitation.

    Keywords: controlled release, hydrogel, alginate, liposomes, impedance spectroscopy.

  

   

   

  Introduction

  Hydrogels are semi-solid materials soluble in polar solvent with potential application in the development of new controlled release systems.1 Therapeutic use of hydrogels is associated with diverse applications such as ophthalmic ointments,2 wound healing for venous ulcers3 and treatment for skin infections.4 A variety of synthetic and natural molecules, extracted from animals, plants or algae serves as a basis for gel preparation.5

  Alginate (Alg), an anionic polysaccharide isolated from brown seaweed with linear structure containing homopolymeric blocks of guluronate and mannuronate residues, has been extensively used in the pharmaceutical industry for production of natural ointments. Alg is an electro-responsive polymer due to the presence of ionizable groups (–COOH) and counterions (Na+ and Ca+), with an important role during ion exchange process.6-8

  The advantages of Alg, viz., high solubility in polar solvents, biodegradability and non-toxicity9 contribute to development of new promising controlled release systems for antibacterial applications.10 In addition, the association between liposomes (Lipo) and Alg hydrogel improves the controlled release of resulting systems.11 Lipo are nanometric spherical lipid vesicles with different properties, viz., varying size, number of lipid layers, lipid constitution, biocompatibility and different routes of administration.12

  Neomycin (Neo) is a well-known antibiotic with effective action against Gram-negative bacteria, such as Klebsiella pneumoniae, Escherichia coli and Pseudomonas aeruginosa.13,14 The system composed by Neo-loaded Lipo could be considered as an ideal model for development of topical formulations.

  In general, drug release kinetic profile is evaluated by different methods such as UV-Vis spectrophotometry,15 fluorescence spectrometry16 and high performance liquid chromatography.17 On the other hand, electrochemical impedance spectroscopy (EIS) is an alternative and effective method applied in the study of drug release and hydrogel swelling behavior. EIS is also applied in the study of dielectric behavior and relaxation processes in soft materials, such as polymers.18,19 Furthermore, the analysis of the alternating current (AC) response of the materials using equivalent electric circuit models allows the evaluation of diverse parameters such as charge transfer resistance (Rct), double electric layer, bulk resistance and others.20

  In this study, we analyzed NeoLipoAlg systems at zero direct current (DC) external excitation and under influence of two external applied potentials (100 mV and 1 V). Neo release kinetic profiles from LipoAlg system under influence of electrical potentials were monitored using the alternative viewpoint of the EIS. For comparison, the amount of the drug released was also evaluated using an optical conventional technique.

   

  Experimental

  Materials

  Neomycin trisulfate salt hydrate, L-α-phosphatidylcholine (PC), cholesterol (CHOL), sodium alginate, chloroform and methanol were purchased from Sigma Aldrich. Deionized (DI) water was obtained from a Sinergy Millipore System.

  Preparation of NeoLipoAlg system

  Liposomal colloidal solution was synthesized using a mixture of PC:CHOL (7:1 m/m) dissolved in chloroform:methanol (9:1 v/v) solution. Subsequently, the solvent mixture was removed under reduced pressure during 5 min at 37 ± 1 °C at 80 rpm. After that, the resulting dried thin lipid film was hydrated with 5 mL of 10 mmol L-1 Neo aqueous solution. Resulting sample was sonicated for 5 min at 15 kHz (UNIQUE DES500) in order to obtain large unilamellar vesicles (LUV). Finally, 1 mL NeoLipo solution was added to 300 mg of Alg to obtain a homogeneous mixture of hydrogel (NeoLipoAlg system).

  Particle size and zeta potential measurements

  Size distribution and zeta potential of NeoLipo samples were determined by photon correlation spectroscopy (Zetasizer Nano ZS90, Malvern Instruments) with a laser wavelength of 633 nm at a fixed angle of 90° at 25 °C. All measurements were performed in triplicate.

  Calculation of drug entrapment efficiency

  Drug entrapment efficiency (%EE) of the liposomes was evaluated after ultracentrifugation at 8,792 g for 1 h. Subsequently, the supernatant was diluted with DI water (1:10 v/v). The drug content was evaluated by UV-Vis spectroscopy at λ = 282 nm and calculated as follows:

  
    [image: Equation 1]

  

  NeoLipo and Neounl represent the amount of the drug encapsulated and non-encapsulated in the liposomes, respectively.

  UV-Vis measurements

  Neo calibration curve was performed using eight different concentrations (1.0 to 10 mmol L-1) dissolved in DI water. Subsequently, the samples were analyzed by UV-Vis spectrophotometer (FEMTO 800) at fixed wavelength (λ = 282 nm).

  The experiments were performed using two parallel stainless steel electrodes (area of 59 mm × 19 mm) connected to an external high-voltage source measurement unit (Model 237, Keithley). Experiments were performed at zero DC excitation and under influence of two external DC voltage (100 mV and 1 V). Aliquots of 2 mL were collected during 1 h with intervals of 5 min and, after each removal, 2 mL of fresh DI water were replenished carefully to keep the total volume. The amount of drug released was calculated according to the following equation:

  
    [image: Equation 2]

  

  Neo absorbance (NeoAbs) corresponds to the difference between optical absorption of NeoLipoAlg and LipoAlg. The calculation of difference excludes the interference of hydrogel absorption on measurement of UV-Vis absorption.

  Drug release kinetic models

  Five mathematical models (Table 1) were applied to analyze drug release mechanism, as follows: zero-order, first-order, Higuchi, Korsmeyer-Peppas and Baker-Lonsdale. These models are applied to systems which present a porous polymers composition, loaded hydrophilic drugs and pharmaceutical forms in general including spherical geometry.21
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  The values for the parameters present for each equation were determined by linear or non-linear least squares fitting methods. A regression analysis was performed and the best fittings were calculated based on correlation factors as r2.

  Morphological analysis under influence of electrical potentials

  A homemade apparatus composed of a Petri plate, two parallel stainless steel electrodes (area of 59 mm × 19 mm) and a power supply for electro-stimulation was used to stimulate the drug release. The morphology and behavior of gel at unstimulated condition and under influence of external electric potentials (100 mV and 1 V) were evaluated using an optical microscope (CKX31, Olympus). The images were captured using a high-resolution digital camera (CCD) and analyzed by ImageJ software (NIH Image).

  Dielectric impedance measurements

  Dielectric measurements were performed using two parallel stainless steel electrodes (area of 59 × 19 mm) into a beaker containing 50 mL DI water placed inside a Faraday cage. Analyses were carried out at neutral and stimulated (100 mV and 1 V) conditions using an external high-voltage source measurement unit (Model 237, Keithley).

  The experiments were carried out using a PGSTAT 128N Autolab potentiostat/galvanostat (Metrohm). The impedance spectra were recorded in a frequency range from 0.1 to 105 Hz with AC voltage of 10 mV. In addition, the standard deviation is approximately 5% for all measurements. The collected data were recorded during 1 h with interval of 10 min. Results are shown in terms of cumulative percentage release as a function of time, as follows:

  
    [image: Equation 3]

  

  where Ni is the cumulative amount of Neo released from LipoAlg and Nd is the total amount of Neo loaded into LipoAlg.

  Statistical and data analysis

  Statistical and data analysis were carried out using Prism software (version 5, GraphPad). The paired t-test (one-tailed) was used considering p values less than 0.05 as statistically significant. The graphical representation was obtained using OriginPro software (version 8, OriginLab).

   

  Results and Discussion

  Particle size and zeta potential analysis

  Three independent samples of Lipo and NeoLipo systems were analysed. Dynamic light scattering measurements indicated significant differences in the diameters of Lipo (125.80 ± 4.32 nm) and NeoLipo (132.10 ± 5.25 nm) samples. Zeta potential values also showed differences (p = 0.012) in the electrical double layer of Lipo (–1.59 ± 0.12 mV) compared to NeoLipo system (–1.06 ± 0.02 mV). The differences observed for zeta values could be attributed to the presence of non-encapsulated drug22 or electrostatic interactions with liposomes,23 since Neo has a positive charge.

  Drug entrapment efficiency and kinetics profile determination

  The maximum absorbance (λmax = 282 nm) was used to evaluate %EE. The value of r² in the calibration curve is nearly 1 (r2 = 0.999). Results demonstrated a drug entrapment efficiency of 92.5%. The polymer dissolution is involved with two transport processes as solvent diffusion and chain disentanglement.24 The excess of solvent results in increase of dissolution degree associated with subsequent swelling of hydrogel. Moreover, drug release can be improved during electrical stimulation of the hydrogel.7,25,26

  In the order to elucidate the release mechanism, the data were fitted considering the correlation coefficient (r2) and the release rate constant (k) for unstimulated and estimulated conditions (Table 2).
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  As observed in Table 2, r2 for zero-order for all three conditions (unstimulated, 100 mV and 1 V) ranged from 0.9957, 0.9928 and 0.9937, respectively, demonstrating that drug release followed zero-order kinetics. It is noteworthy to mention that this model is applied to several pharmaceutical forms involving hydrophilic drugs and a constant release from polymer matrices independent of time.27,28 However, the electrical stimulation suggested an influence in the polymer, demonstrating a higher amount of drug release in 100 mV and 1 V compared to unstimulated condition.

  The correlation coefficient (r2) for Korsmeyer-Peppas equation also presented good correlation for all three conditions (0.9728, 0.9890, and 0.9967, respectively). Considering our drug delivery system, which has spherical geometry, a limiting n value of 0.45 corresponds to a Fickian diffusion of the drug. The n values from 0.45 to 0.85 indicate a diffusion-dependent drug mechanism and considering the erosion of the polymer matrix. The n values > 0.85 are associated with previous description and may indicate that the drug-release is controlled by multiple process. The n value higher than 1, which may be regarded as super case II transport (non-Fickian model)29 was observed for all NeoLipoAlg conditions (n = 1.07). This mechanism involves the superposition of swelling, relaxation and dissolution of the polymer. The log% cumulative release under electrical potentials was higher than unstimulated condition (Supplementary Information Figure S1d). The statistical differences were observed for electrically stimulated systems compared to unstimulated condition (p < 0.0001).

  A recent report demonstrated the relationship between drug release and external applied potentials.7 On the other hand, no significant differences were observed between the responses of the NeoLipoAlg under electrical potentials (p = 0.4991). The similarity in release profiles between stimulated conditions suggests that 100 mV is sufficient to increase the amount of drug released at NeoLipoAlg system. Other models have no better correlation coefficients than the models discussed above.

  Morphological analysis under influence of electrical potentials

  Optical and electrical experiments were performed to evaluate gel morphology and behavior at unstimulated and under electrical stimulated conditions. The gel motion was proportional to the applied potential (Figures 1 and 2). NeoLipoAlg system (Figure 1) revealed strong motion in comparison with neat Alg (Figure 2). The presence of amine groups in the Neo molecule promote a better ion exchange contributing to the increase of electrical conductivity.30
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  Electrochemical impedance spectroscopy analysis

  The Nyquist plot (–Z" vs. Z') of the three NeoLipoAlg conditions are shown in Figure 3. In general, the plots present two well-defined regions: a semicircle at high frequencies and non-vertical spike at lower frequencies. The semicircle formation is associated with the bulk effect of electrolytes whereas a non-vertical spike can be attributed to the polarization of the electrode-electrolyte interface. Since Alg and Neo are highly conductive, the semicircle formation was not fully formed. The bulk resistance was obtained from the intersection of the high frequency impedance semicircle with the real axis (Z').29,30
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  We observed that a reduction in the real part of the impedance varies inversely with values of external DC polarization. Real values of impedance (Z') are lower due to the higher rate of Neo release (Z' 1 V < Z' 100 mV < Z' unstimulated condition). It was observed that gradual decrease in the magnitude of impedance with increasing time resulted in a reduction of characteristic semicircle in the Nyquist diagram. The bulk electrical response was dependent on the amount of dispersed analytes.31

  Equivalent circuit

  Detailed information about impedimetric spectra can be obtained using equivalent circuit. Impedimetric results were fitted using a modified Randles circuit (Figure 4), which consists of ohmic resistance of the solution (Rs) assigned to the ion migration in the solution (bulk resistance). Rct is associated with resistance for electric current transportation in the electrode/solution interface. The capacitance of the double layer (Cdl) represents the ability to store charge in the electrode and constant phase element (Cpe) introducing additional mechanisms that contributes with a depressed semicircle response such as diffusion.32,33
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  Fitted curves exhibited an excellent agreement with experimental impedance plots. Parameters calculated from the fitting are shown in Table S1. As explained before, a notable Rct decrease was observed for all experiments and the impedimetric response of NeoLipoAlg at 100 mV and 1 V was more pronounced than at unstimulated condition. In addition, the obtained response can be explained by different conditions of the interaction between the polymer and water resulting in degradation, passive diffusion and electric induction of the drug.8,34

  The impedimetric response of NeoLipoAlg at unstimulated condition in a period of 1 h has no statistical significance if compared to an external excitation of 100 mV (p = 0.0966). Significant Rct values (p = 0.01401) are observed at high potential values (1 V). The Rct curve showed a similar behavior during the first 20 min for all analyzed systems (Figure 5).
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  NeoLipoAlg resistances at 100 mV and 1 V were significantly reduced (p = 0.0032 for both conditions) compared to the unstimulated condition, which means that the resistivity decreases while the capacitance increases.

   

  Conclusions

  The electro-responsive property of the gel contributed to its induced movement and drug controlled release. The drug release kinetic profile was characterized as a superposition of both Fickian diffusion and case-II transport. The degree of drug release was directly dependent on the electro-stimulation. Our results suggest that EIS can be an additional tool to monitor the drug release from polymers in aqueous solution. The solubility, swelling, electro-responsiveness and diffusion of the drug through the hydrogel matrix contributed to a gradual drug release with potential use for in vivo applications.
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    This paper presents methodologies for monitoring the quality of methyl cotton biodiesel in biodiesel/diesel blends using mid-infrared spectroscopy (MIR) and chemometrics tools. The first method relates to the construction of multivariate control charts with the aim of qualitatively monitoring the samples according to the Brazilian specification for biodiesel in the biodiesel/diesel blends (7.00 ± 0.5% v/v of biodiesel). The second concerns the construction of partial least squares (PLS) to determine the content of the biodiesel in the biodiesel/diesel blend. The PLS model was validated from multivariate figures of merit according to the guidelines of ASTM E1655-05 and IUPAC. The results from both methods were satisfactory for both qualitative and quantitative monitoring. Therefore, the proposed methodologies for monitoring the quality of biodiesel in biodiesel/diesel blends are fast, practical, economical and efficient and can be used by industries and service stations.
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  Introduction

  The search for alternatives to oil use increases the importance of commercial production of biofuels.1 Among the biofuels, biodiesel has stood out for being a renewable fuel derived from vegetable oils, animal fats or waste, and can be a total or partial surrogate of mineral diesel.

  Thus, in 2005, this fuel was introduced to the Brazilian energy matrix2 and the addition of 7% (v/v) to diesel oil has now become mandatory.3 Therefore, due to the requirement of this blend, analytical control of the biodiesel content blended with diesel is critical. Biodiesel production in Brazil can use various feedstocks (any oilseed and animal fats) and various alcohols (usually methanol or ethanol), provided that the final product meets the specifications of the National Agency of Petroleum, Natural Gas and Biofuels (ANP).4 Thus, the choice of raw material depends on the availability, cost and production technology.5 In this perspective, considering that about 50-90% of biodiesel production costs is due to the raw material used, the use of oils derived from waste has been excelled, as this decreases the cost of production.6,7 Therefore, cottonseed oil becomes a viable oilseed because it is a waste of cotton production. Moreover, it is the third most commonly used raw material in biodiesel production in Brazil and the country is the fifth largest producer of cotton.8

  Diverse methodologies for the study of the quality of biodiesel in biodiesel/diesel blend are designed, involving various techniques and combined with some types of chemometric tools. Among such techniques are near infrared spectroscopy (NIR)9 and mid-infrared spectroscopy (MIR),10,11 high-performance liquid chromatography (HPLC),12 mass spectrometry with electrospray ionization (ESI-MS)13 and others.14,15 However, most studies have been developed with respect to soybean biodiesel, or to separate the produced biodiesel from different sources. No studies to monitor the quality of this biofuel in blends with diesel using multivariate control charts or regression partial least squares (PLS) methodologies from MIR spectroscopy data have been found.

  In this context, this paper presents multivariate methodologies for the identification and quantification of methyl cotton biodiesel content in biodiesel/diesel blends using mid-infrared spectroscopy.

  Brief description of multivariate control charts based on NAS

  Control charts consists of charts that monitor some important feature of a quality control process. The charts based on net analytical signal (NAS) allow separate control, but simultaneous analysis of the quality of the analyte of interest and its mother, who is not modeled by either of these two (noise/waste).16

  The basis for the development of control charts is shown in Figure 1, in which a sample spectrum (vector r) is divided into three different contributions: the NAS vector (rNAS) for monitoring the analyte of interest, the interference vector (rint) and the residual vector (rres). The contributions related to the analyte of interest (biodiesel in the case of this study) are modeled by the NAS vector; the contributions of the matrix (diesel) are modeled by interference vector and the contributions that were not modeled by NAS and interference vectors correspond to the residual vector.17 From the statistical limits calculated for each contribution/vector, it is possible to determine whether a sample is within the quality compliance or not. Thus, a sample is considered under control, i.e., within quality specifications, if it is within all the calculated limits; otherwise, if it protrudes from at least one of the thresholds, the sample is considered out the quality specifications (out of control). Limits of NAS chart are calculated from the standard deviation of the mean NAS and the 95% confidence limit. The interference projection vectors are calculated for the spectra of the interfering area, as shown in Figure 1. The distance of this projection relative to the ellipse center provides the distance value D, which is used to compute the threshold of the interference chart 95% reliability. The limits of the residual chart are calculated based on the χ2 statistics of the sum of squares of the residual vector of the calibration samples.16 The equations for calculating the boundaries of three charts can be found in the literature.16-18
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  Brief description of PLS

  Partial least squares regression (PLS) is a chemometric tool that is widely used in multivariate calibration in various fields of science. In the PLS modeling, both the matrix of independent variables X and the dependent variables Y are represented by scores and weights according to equations 1 and 2.

  
    [image: Equation 1 and 2]

  

  where X is the matrix of data (measurement instrument), Y is the vector response (concentration, for example), T and U are the scores for the two data matrices, P and Q are the respective weights, E and F are the respective residues, or matrices containing the part that is not modeled. The relationship between the two data arrays X and Y can be obtained by correlating the scores of each block, to obtain a linear relationship described in equation 3.
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  where U is a matrix containing the properties of all samples (in this case, the concentration), b is a vector containing the model parameters, T is a response matrix (spectra) for the calibration samples, and E is a matrix representing the spectrum of the noise and model errors.19

  In this process, the choice of the number of latent variables is necessary, which is usually done by using a so-called cross-validation procedure based on the lowest prediction error. Evaluating the reliability of the constructed model for the validation can be done according to ASTM E1655-0520 or by figures of merit such as: accuracy, linearity, selectivity, sensitivity, analytical sensitivity, limit of detection, limit of quantification, signal to noise ratio, and test to systematic error (bias), including confidence ellipse.

   

  Experimental

  Biodiesel production

  Ten lots of diesel-free biodiesel used in sample preparation was ceded by Transpetro S/A. The cottonseed oil, used in the biodiesel synthesis was acquired by Triângulo Alimentos S/A industry. To obtain biodiesel, 30 g of methyl alcohol, 1 g of KOH and 100 g of oil in a molar ratio (1:6) were used. Methyl alcohol-KOH manual agitation was used until complete homogenization, forming the potassium methoxide. The oil was added to the methoxide for 80 min at room temperature and stirred using a magnetic stirrer. At the end of the reaction, there was phase separation in which the glycerin was removed and the biodiesel was washed with hot water to remove impurities. The biodiesel drying step was carried out using a rotary evaporator for 1 h at 78 rpm and 80°C.

  Sample preparation

  For the construction of control charts, the following samples divided into five sets were prepared, I: 10 diesel samples free of biodiesel; II: 20 samples under control (6.5-7.5%, v/v) used in the calibration set which were used to determine the limits of statistical control charts (this variation of concentration was chosen due to variation in the volume allowed by Resolution 50 ANP,21 i.e., 0.5% v/v the percentage of biodiesel in the blend); III: 10 samples under control (6.5-7.5%, v/v) used in the validation set, we used to determine the statistical limits of the charts; IV: 16 biodiesel samples whose concentrations are below the allowed and ranged from 0.5 to 6.0% (v/v); V: 12 samples with biodiesel content is above specified and varied 8.0-14.0% (v/v). The weight measurements were performed on an analytical balance (Sartorius, BP211D model). The solutions were homogenized on a vortex shaker (Phoenix, AP56 model). From the weight and density values of biodiesel and diesel the volume/volume relations were determined. In the construction of the PLS model, samples were prepared by adding biodiesel to ten lots of diesel fuel in a concentration range of 1.00% to 30.00% (v/v). Samples concentrations of 1 to 10% (v/v) were prepared in increments of 0.25%, 10 to 25% (v/v) in increments of 0.75% and after 25% (end of calibration curve) increments of 0.25% (v/v). The samples used for calibration (46 samples) and prediction (27 samples) were prepared on the model so that the prediction concentrations were different concentrations of the calibration.

  Acquisition of spectral data

  The MIR spectra were obtained in five replications in the region of 4000 cm-1 to 600 cm-1 using the SpectrumTwo model spectrometer (Perkin Elmer) with the horizontal attenuated total reflectance (HATR) ZnSe crystal attachment (Pike Techonologies). Control charts for the pre-processing of data were made by first derivative. For the PLS model, baseline treatment was applied by the baseline function in the regions 1850-2570 cm-1 and 3200-4000 cm-1. To execute the multivariate procedures, MATLAB software version 6.1 (Mathworks Inc.) and PLS_Toolbox, version 3.5 (Eigenvector Research) were used.

   

  Results and Discussion

  Figure 2 shows the MIR spectra of diesel and methyl cotton biodiesel. The diesel spectrum has substantial absorption bands corresponding to characteristic vibrational modes of normal alkanes. There are three significant absorption spectral regions: (i) the region between 2840 cm-1 and 3000 cm-1 attributed to axial deformation vibration of C–H bond of methyl and methylene groups; (ii) intermediate intensity bands in the region of 1300 cm-1 to 1500 cm-1 derived from the angular deformation vibration of the C–H bond of methylene and methyl group; and (iii) low intensity band, which is relevant in the region of 720 cm-1, resulting from the asymmetric angular deformation vibration of C–H deformations of methylene grouping. When analyzing the spectrum of biodiesel, in addition to the characteristic vibrational modes of methyl groups and methylene, two strong bands are observed: (i) stretching of C=O bonds in the region 1700 cm-1 to 1750 cm-1 and (ii) axial vibrations in the region of C=O bond 1100 cm-1 to 1300 cm-1.22
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  For control charts, various mathematical treatments were tested. The best result was obtained using the first derivative because showed better performance in the correct classification of samples. The derivative was performed to remove baseline effects and to emphasize the spectral differences in each sample. The intervening space was built from the decomposition by principal component analysis (PCA) of the spectra of 10 samples of pure diesel (group I). Three principal components (PC) were chosen, which explained 100.00% of the variance. The statistical limits were calculated from the vectors NAS, interference and residual, arising from the decomposition of the spectra of the calibration samples (group II).

  It can be observed in Figure 3 that the most intense signals is the interference vector (diesel) for being the largest percentage component in the blend, i.e., much higher than the concentration of the analyte of interest, biodiesel. The regions in which the NAS vectors have higher intensities than the interference vectors are in 1760-1730 cm-1 and 1000-1300 cm-1. These regions refer to absorptions due to C=O and C–O bands stretching present in the biodiesel, respectively. Moreover, it is observed that the residual vectors have low intensity demonstrating that small amount of the spectral signal is not modeled by the NAS and interference vectors.
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  The vector NAS (biodiesel) is directly proportional to analyte concentration. Figure 4 shows the NAS vector in relation to the percentage of biodiesel in samples under control (groups II and III) and out of control (group IV: content below 6.5% and group V: content above 7.5%). The good linearity observed in Figure 4 demonstrates the linear relationship between the NAS vector and the concentration of biodiesel.
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  After the spectral decomposition step, the confidence limits were calculated for each chart using only samples under control. The upper limit (NASsuperior) was 0.0048 and the lower (NASinferior) was 0.0039. The limits obtained for interference chart (Dlimit,95% = 10.8597), showed values higher than those found for the other charts. This is because these vectors have a much higher intensity than the NAS vectors. In relation to the residual limit (Qα), the value found was 4.4733 × 10-5, considering that this determination was from samples under control, and that these samples that are not modeled by NAS and interference vectors are very small spectral parts, it was expected that the limits found for these charts were much lower than those found for the NAS and interference charts.

  Figure 5 shows the control charts obtained for the calibration (group II) and validation (group III) samples. The first sample of the calibration set was erroneously classified as out of control because it came out of limit of residual chart. A possible explanation for this is that may have occurred an unexpected variation in the spectrometer signal or even an error in the preparation of this sample. However, all other samples were considered correctly as under control.
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  Figure 6 shows the multivariate control chart for the samples out of control because they have less than 6.5% (group IV) and more than 7.5% (group V) of biodiesel. The group IV values were below the lower limit, while group V samples show NAS values above the upper limits, as expected due to the property of the NAS to be proportional to the concentration of the analyte of interest in the sample. Thus, all samples of groups IV and V were properly monitored as out of control, demonstrating that this methodology is effective for the monitoring of quality biodiesel in biodiesel/diesel blends.
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  The PLS model was built using three latent variables which explained 99.96% and 99.99% of the variance of blocks X and Y, respectively. The presence of outlier was evaluated by Q residuals versus leverage, and it was found that no sample was considered an outlier. After this evaluation, it was shown that the number of samples used in the construction of the PLS model was in accordance with the guidelines of ASTM E1655-05.20

  The fit of the model (Figure 7a) was evaluated by correlating the reference values and the values calculated by the model of the calibration and prediction sets. It was found that both sets (calibration and validation) showed low dispersion with respect to the expected values, i.e., regression coefficient (R) greater than 0.99. However, the value of R alone was not sufficient to confirm linearity, meaning that it is also necessary to analyze the plot of residuals for calibration and prediction samples. Thus, the Figure 7b shows that the proposed models exhibit linear behavior, since the distribution of residuals follows a random pattern.
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  Table 1 shows the results of figures of merit for the PLS model. The accuracy of the model was evaluated in terms of root mean square error of calibration (RMSEC), root mean square error of cross validation (RMSECV) and root mean square error of prediction (RMSEP). Low error values indicate that the values estimated by the PLS model have good agreement with the reference values. The model also has a value of RMSEP below 0.1%, which is within the allowed by the standard NBR 15568.23
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  However, the evaluation of the model accurately from just the RMSEP value comprises all kinds of errors, both systematic and random. Thus, another way to compare the actual values and the predicted values is from the elliptical joint confidence region (EJCR) with respect to intercept and slope obtained from the regression of actual and projected values. Thus, it is observed in Figure 8 the point (1.0) lies inside the EJCR showing that the actual and predicted values do not present a significant difference with 95% confidence, that is, the absence of systematic errors.24,25
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  The presence of systematic errors was also evaluated according to the t test described by ASTM E1655-05.20 The results in Table 1 show that the calculated value t (tcalculated = 1.3750) is smaller than the critical value (tcritical = 2.0210) with 95% confidence, which indicates that the influence of the systematic errors can be negligible, i.e., the values predicted by the PLS model essentially provide the same average result as the actual values.20

  Sensitivity was estimated as 0.10% (v/v)-1 (Table 1). This parameter expresses an increase in the signal fraction when the concentration of the analyte of interest has a high value for one unit.26 The inverse of the analytical sensitivity value, shown in Table 1, can be interpreted more clearly because of the direct relationship with the concentration. According to this value, the PLS model is able to distinguish differences among samples with concentration in the range of 0.02% (v/v).

  The selectivity parameter had a value of 0.26, indicating a significant overlap of the is a need for highly selective methods to perform the analysis, multivariate methods are employed in the construction of models from non-selective signals, where the application effectively selects information extracted from these data.27 Moreover, a major advantage of the PLS is its ability to determine the analyte of interest, even in the presence of interferents, since these are present in the calibration.

  By evaluating the limit of detection and the limit of quantification of the PLS model (Table 1), it was verified that the PLS model could detect amounts of biodiesel in diesel above 0.08% (m/m), while for the quantification, the model could not determine values lower than 0.25% (m/m). As the concentration of biodiesel in the proposed PLS model ranges from 1.00% to 30.00% (m/m), the model is effective at detecting and quantifying biodiesels in diesel blends at concentrations higher than 0.25% (m/m).

   

  Conclusion

  The methodology developed from MIR spectroscopy data combined with chemometric tools enables the monitoring of methyl cotton biodiesel content in both the qualitative and quantitative aspects. Control charts can improve the quality of diagnoses, once out of control samples are easily identified in relation to the amount of biodiesel in the blend. It is simple, fast and can be developed for on-line monitoring sensors, requiring only the MIR spectra of samples under control and blank samples to build the charts. The development of the PLS model derived from data MIR blends of biodiesel/diesel fuel was also successful, indicating that the methodology can be applied to the quantification of methyl cotton biodiesel blended with diesel in the range of 1.00 to 30.00% (v/v). Validation of the PLS model was performed according to ASTM E1655 and Brazilian and international validation guides. The model developed is simpler than that proposed by ABNT NBR 15568, with the creation of a single curve for the concentration range of 1.00 to 30.00% (v/v) and without the use of solvents, as well as being within the error permitted by this standard. Therefore, regulators and supervisory bodies to control the biodiesel content in blends with diesel can use this methodology.
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    The aim of this study was to evaluate the antimicrobial activity of bio-oil (obtained by pyrolysis of biomass: soybean oil, eucalyptus sawdust and coffee grounds) added to the blend B10 (diesel and biodiesel). The bio-oil is compatible to diesel oil and it contains promising compounds that can exhibit antimicrobial activity during fuel storage. We evaluated the antimicrobial activity of bio-oil added to diesel oil B10 by determining the minimum inhibitory concentration at different concentrations (0-10%) using oil-deteriorating microorganisms for 10 days at 30 °C. Bio-oil was separated from the aqueous phase by solid phase extraction using ultrapure water and sodium hydroxide. The aqueous phase containing the solubilized compounds of bio-oil was characterized by comprehensive two-dimensional gas chromatography with time-of-flight mass spectrometric detection. Minimum inhibitory concentration in the range of 0.25% to 4% was observed for the tested inocula. The chromatographic analysis of both extracts allowed the identification of several oxygenated compounds, which the majority of the analytes consisted of phenolic compounds, followed by ketones.

    Keywords: antimicrobial, bio-oil, phenolic compounds, diesel, biodiesel, blend.

  

   

   

  Introduction

  Oil and coal are responsible for most power generated in the world. However, in view of the limitation of these fossil energy sources and the environmental issues involved, the search for new renewable energy sources is becoming more intense. For this reason, there is great interest in the exploitation of biomass energy for producing liquid fuels for transportation sector.1 The biomass consists of a natural resource comprising all organic material capable of being transformed into energy. One process used for this transformation is through pyrolysis, the heat-mediated decomposition of organic matter in the absence of oxygen, generating solid, gaseous and fluid products, such as the widely explored bio-oil. This product is particularly promising for being a biofuel that can be used as a component in the formulation of diesel oil.2,3

  Another form of biomass energy, however, resulting from transesterification, is biodiesel. In Brazil, law 11.097 made the addition of biodiesel to diesel oil mandatory, and since then biofuel is effectively part of the national energy matrix. The addition of biodiesel to diesel, at variable proportions, is called diesel oil B, currently used at 7% (B7).

  During the storage of fuels (diesel oil, gasoline, biodiesel, and blends thereof), there can be favorable conditions for microbial growth, for example, the presence of free water in the storage tanks. This can result from air condensation or an ineffective sealing of the system. Once water is accumulated in the tank, microbial growth sets in, leading to the formation of a biological mass at the fuel-water interface. As a direct consequence the product is deteriorated, the system equipment is clogged and the walls of tanks and pipes are corroded. The latter occurs due to acids released during the metabolism of these microorganisms.4-6 Preventive measures to avoid these problems (Associação Brasileira de Normas Técnicas, ABNT NBR 15.512:2014)7 have been suggested, e.g., water drainage and periodic cleaning of the tanks. Although these physical measures to control contamination, chemical measures are more effective in the eradication of microorganisms. In some cases, the use of antimicrobial products (biocides) is indicated, i.e., organic or inorganic chemical compounds which, when added to fuels, can control and eliminate microbial contamination.5 However, this practice is not legal in Brazil, since there are many doubts in oil and petroleum sector concerning their use in fuels.

  It is a great challenge for research and industry to find a compound with the ability to inhibit microbial growth without affecting the fuel quality and characteristics. Bio-oil meets these demands, since tests with diesel engines were successful.8 In addition, some studies indicate the presence of antimicrobial activity for being phenolic compounds-rich, thus representing an alternative preservative.9-12

  The aim of this study was to evaluate the antimicrobial potential of bio-oil when added to B10 blend (diesel and biodiesel) with oil-deteriorating microorganisms and to characterize bio-oil soluble compounds in the aqueous phase by two-dimensional gas chromatography with time-of-flight mass spectrometry (GC×GC/TOF MS) detection, to identify the compounds responsible for the antimicrobial action.

   

  Experimental

  Bio-oil

  Bio-oil used was produced as described by Cataluña et al.8 using a fixed bed reactor, immobilized with a 1:1:1 (v/m/m) mixture of soybean oil, coffee grounds and eucalyptus sawdust, using the binders calcium hydroxide [Ca(OH)2] and sodium hydroxide (NaOH) in an inert argon atmosphere at a heating rate of 10 °C min-1 from room temperature to 700 °C, maintaining this temperature for 15 min.8

  Fuels

  The following fuels were used: low sulfur content (50 ppm) diesel oil (diesel A) and biodiesel, 80% soy and 20% tallow (v/v), provided by Ipiranga Produtos de Petróleo S/A (Porto Alegre, RS, Brazil), and Granol Indústria Comércio e Exportação S/A (Porto Alegre, RS, Brazil), respectively. In the laboratory, biodiesel (B100) was blended with diesel oil to prepare a 10% (v/v) biodiesel blend (B10). The blend was sterilized by vacuum filtration through membrane pores (0.22 µm, Millipore, Merck), using a sterilized Büchner flask, autoclaved for 15 min at 121 °C and 1 atm. Thereafter, the fuel was stored in vials sterilized in the same way and then hermetically sealed. To avoid photo-oxidation, the vials were protected from light with aluminum foil and stored at room temperature.

  Microorganisms

  In this study we used oil-deteriorating microorganisms isolated from diesel and biodiesel storage tanks in Brazil. These species are included in the bacteria and mycology collection of the Laboratory of Fuel and Biofuel Biodeterioration (Universidade Federal do Rio Grande do Sul, RS, Brazil).13-15 The studied microorganisms were a filamentous fungus (Paecilomyces variotii) isolated from biological sludge obtained from fuel storage tanks;15 a yeast (Candida silvicola) isolated from a diesel oil tank;13 and a bacterium (Bacillus pumilus) previously isolated from sediment resulting from biodiesel centrifugation.

  Preparation of inoculum from the isolated microorganisms

  The inoculum of the filamentous fungus Paecilomyces variotii was prepared from 7 days old cultures on agar-malt agar in inclined tubes in an incubator at 29 ± 1 °C, by adding 2 mL sterile saline (0.85%) and 2 mL of surfactant (Tween 80) at 0.01%. The inoculum for the yeast Candida silvicola was obtained from yeast grown in agar-malt in slanted tubes by adding 2 mL of sterile saline solution (0.85%). Inoculum of the bacterium Bacillus pumilus was prepared from Petri culture containing Luria-Bertani agar after 24 h of incubation at 30 °C. Spores and cells were counted in a Neubauer chamber, and the suspension in each flask had a final concentration of 105 spores or cells mL-1.15

  Preparation of uncharacterized inoculum

  Uncharacterized inoculum was prepared according to American Society for Testing and Materials (standard practice ASTM E1259).16 Briefly, 2% of blend B10 (previously filtered and sterilized) was added to 100 mL Bushnell-Haas mineral medium in an Erlenmeyer flask, which was then inoculated with 5 mL of microbiological sludge from a contaminated tank. The flask was incubated in an orbital shaker (CIENTEC CT-712, Belo Horizonte, MG, Brazil) at 30 °C and 200 rpm for 7 days. The final cell concentration in the bottles was 105 colony-forming unit (CFU) mL-1.

  Evaluation of antimicrobial activity

  After sterilizing B10, the blend was enriched with different concentrations of bio-oil (0% to 10%) to evaluate the minimum inhibitory concentration (MIC). The experiment was carried out in sterilized 15 mL glass vials, using an aqueous and an oily phase. The composition of the aqueous phase varied according to the microorganism; the bacterium was grown on Luria-Bertani medium and the fungus on malt broth. For the uncharacterized inoculum we used Bushnell-Haas mineral medium.17 After sterilization of the culture media, 2 mL of this medium and 2 mL of different concentrations of blends of bio-oil and B10 were added to each glass flask. The experiment was carried out in quadruplicate. Finally, the inoculum was added at a concentration of 105 spores or cells mL-1 prepared as described above and the flasks were sealed with sterile cotton and placed in an incubator at a temperature of 30 °C for 10 days.

  Analyses

  Evaluation of the minimum inhibitory concentration

  The MIC was determined by the broth dilution method (single dilution series), where the biofilm formation and the turbidity of the media in the flask were observed by naked eye.16

  Solid phase extraction of bio-oil

  For the characterization of the soluble bio-oil compounds in the aqueous phase, which possibly contribute to its antimicrobial effect, solid phase extraction (SPE) was performed. Samples were prepared by two procedures. First, a test tube was filled with 0.5 mL of bio-oil and 5 mL of ultrapure water. The solution was stirred and the separation of phases awaited. Then, the aqueous phase was collected, and was passed through a solid-phase extraction cartridge of octadecyl-bonded silica (C18; Agilent Technologies; 500 mg per 3 mL), which was previously prepared by adding 4 mL methanol under vacuum in a Büchner flask and washed with 20 mL of ultrapure water. After preparing the cartridge, the samples were percolated in sequential fractions of 1 mL (total of 5 mL). After drying the cartridge, the analytes were eluted with 5 mL of dichloromethane (DCM) and 5 mL of chloroform. In parallel, the same procedure was performed with 1 mol L-1 NaOH solution instead of ultrapure water. The extracts were transferred to a beaker containing DCM for solubilization. After evaporation of the solvents, the samples were chromatographically analyzed. The procedures were performed in duplicate.

  Analysis of chromatographic extracts

  Analyses were performed with two-dimensional gas chromatography with time-of-flight mass spectrometry (GC×GC/TOF MS), using a Pegasus-IV system (LECO Corporation, MO, USA) equipped with a liquid nitrogen quad-jet modulator and a CTC CombiPAL Autosampler. The columns used in the first and second dimensions were: a DB-5 column (5% phenyl, 95% dimethylpolysiloxane, length 60 m, inner diameter 250 µm, phase thickness 0.25 µm), and a DB-17 column (50% phenyl, 50% dimethylpolysiloxane, length 2.15 m, inner diameter 180 µm, phase thickness 0.18 µm; Agilent Technologies, J & W Scientific, Agilent, CA, USA). The carrier gas was helium under a constant flow rate of 1 mL min-1 and the sample injection volume was 1 µL. The injection temperature was 280 °C and the samples were injected in splitless mode. The temperature program of the first column was set to begin at 40 °C for 1 min at a heating rate of 3 °C min-1 until reaching the final temperature of 300 °C. The compounds were identified using software ChromaTOF version 3.32 (LECO Corporation, MO, USA), as described by Cataluña et al.8

   

  Results and Discussion

  The different concentrations of bio-oil in blend B10 were evaluated for antimicrobial activity for 10 days and the results of the MIC are listed in Table 1.

  
    

    [image: Table 1. Percentage values]

  

  After 10 days of incubation with the filamentous fungus Paecilomyces variotii, the MIC rose from 2% to 4%, which was also clearly inhibitory for the yeast Candida silvicola (Figures 1a and 1b, respectively).

  Figure 1a shows the formation of biomass at the water-oil interface, which is characteristic of the development of filamentous fungus, due to the set of hyphae (vegetative fungal structures). The growth of fungus Paecilomyces sp. was evaluated in other diesel blends and biodiesel B5, B10 and B20, and in pure biodiesel by Bücker et al.15 Cazarolli et al.18 also evaluated the oil-deteriorating capacity of this microorganism, but in the presence of pure soybean biodiesel (B100), biomass formation was clearly observed at the water-oil interface.18 No growth was observed in the reagent flask at a concentration of 4% bio-oil (Figure 1a). Probably, in the flask containing the mixture at a concentration of 3% bio-oil, the fungus tolerated the presence of bio-oil compounds. However, at a concentration of 4%, growth was inhibited and also eradicated. It is possible to indicate that for Paecilomyces variotii the minimum inhibitory concentration was 4% after 10 days of incubation.
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  Candida sp. has often been cited for its ability to degrade products derived from diesel oil, kerosene, lubricating oil, and biodiesel.13,15,19,20 The species C. silvicola was therefore tested in this experiment. The MIC was measured by the turbidity of the aqueous medium (Figure 1b). As for P. variotii, MIC for C. silvicola was 4%.

  In our assessment, after 10 days of incubation the MIC for the oil-deteriorating bacterium Bacillus pumilus was 1% (Figure 1c and Table 1). Species of the genus Bacillus are characterized as Gram-positive, forming endospores and are strict or facultative aerobes.21 Spore-forming are known to be more resistant than non-spore-forming species.

  For the uncharacterized inoculum, MIC was 0.25% (Figure 1d and Table 1). These results were lower than for groups of microorganisms evaluated separately. The use of an uncharacterized inoculum has been recommended by ASTM E125916 for antimicrobial assessments of fuels. Uncharacterized inoculum was collected from tanks contaminated with microorganisms, which was assumed to be an oil-deteriorating microbial population. No survey investigated which species were actually present, but the results indicated that bio-oil components at a concentration of 0.25% were effective to inhibit the microbial population. These results suggested that the microbial community used in this evaluation was highly sensitive to bio-oil components.6,15 It must be remembered that the uncharacterized inoculum has different microorganisms with different capabilities of growing under limited conditions, so it might be suggested that the microorganisms present in this consortium could compete among them for energy source, leading to the decrease of viable microorganisms.

  The bio-oil used in this study resulted from pyrolysis of the biomass of soybean oil, eucalyptus sawdust and coffee grounds.8 The use of GC×GC/TOF MS characterization of the compounds found in crude bio-oil allowed the identification of the following chemical classes: ketones, alcohols, ethers, phenols, aliphatic and aromatic hydrocarbons, and nitrogen compounds. The most-represented compounds were ketones and nitrogen. The compounds from the aqueous phase were SPE-extracted to analyze the compounds of bio-oil that were solubilized in aqueous media and had antimicrobial activity, since the microorganisms developed in the oil-water interface or in the aqueous phase.

  Table 2 shows the results for the SPE extract obtained with ultrapure water and NaOH by GC×GC/TOF MS (Figure S1 and S2 of Supplementary Information section, respectively). The compounds were tentatively identified when the similarity between the sample and library spectra was greater than 750 and after a detailed analysis of the spectra. In total, 278 peaks were tentatively identified with ultrapure water, and the largest class contained ketones (56 compounds), followed by nitro compounds (48 compounds). The results for the use of 1 mol L-1 NaOH solution to extract the compounds from the aqueous phase of bio-oil are also shown in Table 2.
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  The results showed a total number of tentatively identified compounds of 178, i.e., 100 compounds less than when ultrapure water was used for extraction. The major class contained phenols, most represented both with regard to the number of compounds (72) and the area (78.6%). Comparing these results with those of extracted with ultrapure water, it was found that the latter was more effective than NaOH solution with regard to the largest number of compounds extracted for all classes (Table 2).

  Specific isomer structural assignment is not possible in the absence of authentic standards. It is only possible to determine the number of carbons in the side chain but not the exact position of it. Tables 3 and 4 shows the tentatively identified phenolic compounds, their molecular formula and area %.
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  However, with regard to the percentage of extracted phenolic compounds, the extraction efficiency of SPE with NaOH was higher than with water. The results suggested that the presence of phenol may be related to fungal growth inhibition, since the oxygenated compounds, including phenolic compounds, are concentrated in the aqueous phase by affinity. Similar results were obtained by Mohan et al.11 in an assessment of the antifungal capacity of bio-oil resulting from pyrolysis of sawdust and its lignin-rich fractions obtained by extraction with ethyl-acetate. These authors observed that the extract, which contained more phenolic compounds, had a greater fungicidal effect on the fungi tested than pure bio-oil.

  Several studies suggested the efficacy of phenolic compounds derived from lignin as antimicrobial agents.11,22,23 In many cases, bio-oil was tested as an alternative wood preservative, in view of its growth-inhibiting capacity of oil-deteriorating microorganisms.9,11,24 Also the insecticidal activity of pyrolysis bio-oils from coffee grounds has previously been studied.12 Probably the different components of most biomass materials, lignin rich sawdust and coffee grounds, can synergistically produce a potent bio-oil antimicrobial. Further tests are required to identify which biomass material produce the bio-oil with the strongest antimicrobial activity.

  The hydroxyl (−OH) groups of phenolic compounds were described for their inhibitory action, since these groups can interact with the cell membrane and break the structures thereof, causing leakage of intracellular components.25,26 Active groups such as hydroxyls (−OH) promote electron movement in the membrane, acting as electron exchangers and causing a reduction in the electron gradient across the membrane. This process causes the collapse of the proton-driving force and the decrease of adenosine triphosphate (ATP) and ultimately leads to cell death.27 Similarly, Farag et al.28 reported that these hydroxyl groups can easily connect to the active site of enzymes altering the cellular metabolism of microorganisms. The above modes of action illustrate the importance of phenolic compounds and their hydroxyl groups in the antimicrobial activity.28

  Oliveira et al.29 studied phenolic extracts and their antifungal effect on the Aspergillus flavus and observed that the development of the filamentous fungus was inhibited by the action of the extracts.29 Aside from the filamentous fungi, yeasts were also inhibited in studies conducted by Kim et al.30 by thymol, a phenolic essential oil found in oregano.30 The same compound was tested on Saccharomyces cerevisiae, in which a minimum inhibitory concentration of 128 µg mL-1 of thymol was found.31

  Compared with the MIC values for fungi, the bacterium Bacillus pumilus responded to a lower concentration of bio-oil, being more susceptible to the presence of phenols. Possibly this was due to the cellular makeup. The cell wall of Gram-positive bacteria consists of a thick peptidoglycan layer containing teichoic and lipoteichoic acids and proteins associated with this cytoplasmic membrane and layer, while the fungi have a fundamentally different cell wall and cell membrane from that of bacteria and other eukaryotes. Both structures (cell membrane and cell wall) are vital for the cell and their disruption can lead to cell death.21

  The differences between the cell envelopes of the different microorganisms may have influenced the values of MIC. Phenolic compounds, known to destabilize the cytoplasmic membrane of microorganisms, may have affected the bacterial membrane more effectively than that of the fungus evaluated in this test, with a consequently lower value of MIC of bio-oil.32

  The endospores in Gram-positive bacteria are characterized by different coating layers that are rigid and highly resistant to several physical and chemical elimination methods, including phenolic compounds. The endospores are mostly eliminated by exposure to high temperature for a long time. In this study, it was observed that bacterium B. pumilus was not resistant to the phenols, with relatively low MIC (0.5%), compared to that of fungus. Most likely, the bacteria were probably unable to form spores in this environment under these conditions.

  Walsh et al.33 investigated the antibacterial activity and the action mechanisms of two phenolic compounds and found leakage of components through the cell membrane of the bacteria Escherichia coli and Staphylococcus aureus, i.e., both Gram-negative as well as Gram-positive bacteria were affected by the action of phenolic products.33 Dong et al.34 observed inhibition of gram-positive bacteria (S. aureus and Listeria monocytogenes) when using phenolic extract from bio-oil of corn stover residue (lignin-rich). However, in the tests using E. coli O157:H7 and Salmonellaenteritidis, both Gram-negative, no antimicrobial action of the phenolic extract was observed.34

   

  Conclusions

  Depending on the challenge organisms used, inhibition ranges of 0.25 to 4% were observed for bio-oil added to mixture B10. The major class of compounds from both extracts (with ultrapure water and NaOH solution) was that of phenols followed by ketones. However, ultrapure water extracted a greater diversity of compounds than NaOH (278 vs. 178 compounds, respectively).

  In Brazil, the diesel and biodiesel (in its pure form) must comply with physical and chemical specifications established by the National Agency Petroleum, Natural Gas and Biofuels (ANP) and the mandatory percentage is the blend B7 (7% of biodiesel in petrol diesel). The use of biocides as agents to control microbial contamination in fuel storage tanks is still a relatively unknown option for the oil sector in Brazil, with many questions to be clarified. Which biocide is better in a particular case? What concentration should be used? How can a particular phase (oil, interface or aqueous) be treated? How long is the preservation time? How should the aqueous phase from biocide treated diesel and biodiesel tanks be safely discarded?6 In case of the bio-oil from pyrolysis be recognized with the antimicrobial properties, it is important and desirable that its addition to the fuel does not cause any reaction that compromises characteristics as ignition, lubricity and flammability. Effects on emissions, filterability and corrosion potential to other fuel distribution components have to be evaluated, as well.

   

  Supplementary Information

  Supplementary data (bidimentional and tridimentional color diagram of the extract with H2O GC×GC/TOF MS and with NaOH GC×GC/TOF MS) are available free of charge at http://jbcs.sbq.org.br as PDF file.

   

  Acknowledgements

  The authors are indebted to the Brazilian Council for Scientific and Technological Development (CNPq) and the Brazilian Federal Agency for Support and Evaluation of Graduate Education (CAPES) for funding this project.

   

  References

  1. Santos, F. A.; Queiróz, J. H.; Colodette, J. L.; Fernandes, S. A.; Guimarães, V. M.; Rezende, S. T.; Quim. Nova 2012, 35, 1004.

  2. Minkova, V.; Marinov, S. P.; Zanzi, R.; Bjornbom, E.; Budinova, T.; Stefanova, M.; Lakov, L.; Fuel Process. Technol. 2000, 62, 45. 

  3. Chum, H. L.; Overend, R. P.; Fuel Process. Technol. 2001, 71, 187.

  4. Bento, F. M.; Beech, I.; Gaylarde, C.; Englert, G.; Muller, I.; World J. Microbiol. Biotechnol. 2005a, 21, 135.

  5. Passman, F. J.; Int. Biodeterior. Biodegrad. 2013, 81, 88.

  6. Zimmer, A.; Cazarolli, J.; Teixeira, R. M.; Viscardi, S. L. C.; Cavalcanti, E. S. H.; Gerbase, A. E.; Ferrão, M. F.; Piatnicki, C. M. S.; Bento, F. M.; Fuel 2013, 112, 153.

  7. http://www.abntcatalogo.com.br/norma.aspx?ID=322742, accessed in September 2015.

  8. Cataluña, R.; Kuamoto, P.; Petzhold, C.; Caramao, E.; Machado, M. E.; Silva, R.; Energy Fuels 2013, 27, 6831.

  9. Meier, D.; Anderson, B.; Irbe, I.; Chirkova, J.; Faix, O.; Prog. Thermochem. Biomass Convers. 2001, 2, 1550.

  10. Mourant, D.; Yang, D.-Q.; Lu, X.; Roy, C.; Wood Fiber Sci. 2005, 73, 542.

  11. Mohan, D.; Shi, J.; Nicholas, D. D.; Pittman Jr., C. U.; Steele, P. H.; Cooper, J. E.; Chemosphere 2008, 71, 456. 

  12. Bedmutha, R.; Bookera, C. J.; Ferrante, L.; Briens, C.; Berruti, F.; Yeunga, K. K. C.; Scott, I.; Conn, K.; J. Anal. Appl. Pyrolysis 2011, 90, 224.

  13. Bento, F. M.; Gaylarde, C. C.; Int. Biodeterior. Biodegrad. 2001, 47, 107.

  14. Meyer, D. D.; Beker, S. A.; Bücker, F.; Peralba, M. C. R.; Frazzon, A. P. G.; Osti, J. F.; Andreazza, R.; Camargo, F. A. O.; Bento, F. M.; Int. Biodeterior. Biodegrad. 2014, 95, 356.

  15. Bücker, F.; Santestevan, N. A.; Roesch, L. F.; Jacques, R. J. S.; Peralba, M. C. R.; Camargo, F. A. O.; Bento, F. M.; Int. Biodeterior. Biodegrad. 2011, 65, 172. 

  16. http://www.astm.org/Standards/E1259.htm accessed in September 2015.

  17. Bushnell, C. D.; Haas, H. F.; J. Bacteriol. 1941, 41, 654.

  18. Cazarolli, J. C.; Guzatto, R.; Samios, D.; Peralba, M. C. R.; Cavalcanti, E. H. S.; Bento, F. M.; Int. Biodeterior. Biodegrad. 2013, 95, 364.

  19. Bento, F. M.; Englert, G. E.; Gaylarde, C. C.; Muller, I. L.; Mater. Corros. 2004, 55, 577.

  20. Miranda, R. C.; de Souza, C. S.; Gomes, E. B.; Lovaglio, R. B.; Lopes, C. E.; Sousa, M. F. V. Q.; Braz. Arch. Biol. Technol. 2007, 50, 147.

  21. Harvey, R. A.; Champe, P. C.; Fisher, B. D.; Microbiologia Ilustrada, 2ª ed.; Artmed: Porto Alegre, 2008.

  22. Mazela, B.; Waste Manage. 2006, 27, 461.

  23. Kim, K. H.; Jeong, H. S.; Kim, Y. J.; Han, G. S.; Choi, I. G.; Choi, J. W.; Chemosphere 2012, 89, 688.

  24. Suzuki, T.; Doi, S.; Yamakawa, M.; Yamamoto, K.; Watanabe, T.; Funaki, M.; Holzforschung 1997, 5, 214.

  25. Lai, P. K.; Roy, J.; Curr. Med. Chem. 2004, 11, 1451.

  26. Xu, J.; Davidson, P. M.; Zhong, Q.; J. Agric. Food Chem. 2013, 61, 12720.

  27. Ultee, A.; Bennik, M. H. J.; Moezelaar, R.; Appl. Environ. Microbiol. 2002, 68, 1561.

  28. Farag, R. S.; Daw, Z. Y.; Hewedi, F. M.; El-Baroty, G. S. A.; J.Food Protect. 1989, 52, 665.

  29. Oliveira, I.; Sousa, A.; Valentão, P.; Andrade, P. B.; Ferreira, I. C. F. R.; Ferreres, F.; Bento, A.; Seabra, R.; Estevinho, L.; Pereira, J. A.; Food Chem. 2007, 105, 1018.

  30. Kim, J.; Campbell, B.; Mahoney, N.; Chan, K.; Molyneux, R.; May, G.; Biochem. Biophys. Res. Commun. 2008, 372, 266.

  31. Bi, X.; Guo, N.; Jin, J.; Liu, J.; Feng, H.; Shi, J.; Xiang, H.; Wu, X.; Dong, J.; Hu, H.; Yan, S.; Yu, C.; Wang, X.; Deng, X.; Yu, L.; J. Appl. Microbiol. 2010, 108, 712.

  32. Chapman, J. S.; Int. Biodeterior. Biodegrad. 2003, 51, 133.

  33. Walsh, S. E.; Maillard, J. Y.; Russel, A. D.; Catrenich, C. E.; Charbonneau, D. L.; Bartolo, R. G.; J. Hosp. Infect. 2003, 55, 98.

  34. Dong, X.; Dong, M.; Lu, Y.; Turley, A.; Jin, T.; Wua, C.; Ind. Crop. Prod. 2011, 34, 1629.

   

   

  Submitted: July 01, 2015.

  Published online: September 29, 2015.

  FAPERGS/CAPES has sponsored the publication of this article.

   

   

  
    *e-mail: sabrinabeker@gmail.com

     

     

    Supplementary Information

    
      [image: Figure S1]

    

    
      [image: Figure S2]

    

  





  DOI: 10.5935/0103-5053.20150255

  ARTICLE

  
    Nezhadali A, Es'haghi Z, Bahar S, Banaei A, Shiran JA. Selective Separation of Silver(I) Ion Through a Bulk Liquid Membrane Containing 1,1'-(1,3-Phenylene)bis(3-allylthiourea) as Carrier. J. Braz. Chem. Soc. 2016;27(1):99-108

  

  
    Selective Separation of Silver(I) Ion Through a Bulk Liquid Membrane Containing 1,1'-(1,3-Phenylene)bis(3-allylthiourea) as Carrier

  

   

   

  Azizollah NezhadaliI*; Zarrin Es'haghiI; Shahriyar BaharI; Alireza BanaeiI; Jafar Abbasi ShiranII

  IDepartment of Chemistry, Payame Noor University, 19395-4697 Tehran, Iran

  IIDepartment of Chemistry, Faculty of Sciences, University of Guilan, P.O. Box 41335-1914, Rasht, Iran

   

  
    The competitive bulk liquid membrane transport of six metal cations from an aqueous source phase (SP) containing Ag+, Pb2+, Cu2+, Zn2+, Co2+ and Ni2+ through an organic membrane phase (MP) facilitated by 1,1'-(1,3-phenylene)bis(3-allylthiourea) as a carrier into an aqueous receiving phase (RP) was studied and compared. Fluxes and selectivities for competitive metal cation transport have been determined in a variety of source solution pH and membrane solvent types. The obtained results showed that the carrier is selective for Ag+ cation. The effect of different experimental conditions that affect the transport efficiency were studied and optimized. In the optimum condition, the transport of a 5 × 10-4 mol L−1 solution of Ag+ cations was observed 92.3 ± 5.3% after 4 h in the presence of equimolar concentrations of other metal cations. A possible application of this carrier system and transport process for separation and recovery of Ag+ cation from real samples has also been examined.
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  Introduction

  Nowadays, rapid industrial development and the diversified character of the world economy led to handle with the large volumes of different types of wastewaters. Wastewaters are a potential source of organic and metal pollutants and discharging them into the environment without prior treatment is a serious problem of concern. Furthermore, the presence of metal ions in wastewater might inhibit biodegradation of organic pollutants which are present in the wastewater.1 Separation of metal ions is not only a very incident event in biological systems as well as in large scale industrial applications.2 Therefore, separation and removal of metal ions from industrial effluents is of interest in recovering the metal ions as well as for abating the environmental pollution problems.3 Silver is one of the most ancient metal used in the production of jewellery, coins, tableware, alloys and arts. Also, it is used in the manufacture of electrical apparatus, light sensitive device, mirrors, electroplating and photographic materials, dental amalgams and burn creams.4-6 Different separation techniques have been used for separation and recovery of this precious and toxic metal ion from industrial water such as solvent extraction,7-9 adsorption,10-12 cloud point extraction13-15 and membrane separation.16-19 The main properties of membrane separations are expressed as simultaneous removal and recovery of pollutants and materials in a single unit, simple in concept and operation, easy to scale-up, non-equilibrium mass transfer, high selectivity, high fluxes, reusability and low energy consumption; make them ideal for industrial applications.20 Among other membrane separation techniques, liquid membrane transport includes processes incorporating liquid-liquid extraction and membrane separation in one continuously operating device. Liquid membrane system involves an organic liquid membrane which is an immiscible with the two aqueous source phase (SP) and receiving phase (RP) that serves as a semipermeable barrier between these two aqueous phases. The mechanism of the extraction is basically the same as that of the liquid-liquid extraction except that the transport process is governed by kinetic rather than equilibrium parameters, under non-equilibrium mass transfer.21 In this method, solute species dissolve in the membrane and diffuse across the membrane due to an imposed concentration gradient.22 The efficiency and selectivity of transport across the membrane not only depends on the solubility and diffusion coefficient of solute in the membrane, but also enhances by the presence of a mobile complexation agent in the membrane which reacts rapidly and reversibly with the solute to form a complex. The best carrier is a compound that formed remarkably stable and selective complexes and the rate of the transport increases with the increase of stability constant of complexes.23,24

  Unquestionably, design and synthesis of the reagents for the formation of remarkably stable and selective complexes with metal cations is very significant in the efficient transport of cations through the liquid membrane system in a range of industrial and analytical applications. The interaction of the ligand and metal cation not only depends on the nature of the metal cation, but also depends on the number, distance and orientation of the donor atoms of the ligand that are structurally accessible to the complexed cation.25-27 A large number of synthetic ionophores such as podands, cryptands, crown ethers and Schiff base ligands are known which transport metal ions selectively across liquid membrane in various configurations and applied in separation science.28-30 However, the development of selective techniques for the separation and recovery of transition and post transition heavy metal cations is a challenging task.31,32

  In this present study, we studied the competitive bulk liquid membrane transport of six metal cations involving Ag+, Pb2+, Cu2+, Zn2+, Co2+ and Ni2+ with 1,1'-(1,3-phenylene)bis(3-allylthiourea) as a carrier using chloroform (CHCl3), dichloromethane (DCM), 1,2-dichloroethane (1,2-DCE) and nitrobenzene (NB) as an membrane phase (MP). When DCM was used as an MP, a good transport selectivity has been observed for silver(I) cation over several other cations. The influence of different experimental conditions such as pH of the SP, type of the MP, carrier concentration in the MP, concentration of picric acid in the SP, type and concentration of stripping agents in the RP, stirring rate and time was investigated. Also, a possible application of this carrier-facilitated transport system to separation and recovery of Ag+ cation from real and industrial samples was examined.

   

  Experimental

  Reagents and materials

  All chemicals and reagents used in this study were commercially available grade and were purchased from either Aldrich (Saint Louis, MO, USA) or Merck (Darmstadt, Germany). CHCl3, DCM, 1,2-DCE and NB with highest purity were used as liquid membrane. Nitrate salts of silver, lead, copper, cobalt, nickel and zinc were the highest purity and used without any further purification. The stock solutions of metal ions were prepared by direct dissolution of proper amount of nitrate salts of them in 1% nitric acid solution. The fresh standard and working solutions were obtained daily by appropriately diluting of the stock solutions with deionized water. The pH of aqueous solutions was adjusted by the buffering of aqueous SP and RP.

  Instrumentation

  All UV-Vis spectra were recorded on a computerized double-beam 1601pc Shimadzu spectrophotometer (Tokyo, Japan) using two matched 1 cm quartz cells. In a typical experiment, 2.5 mL of ligand solution (1.0 × 10-5 mol L-1) in acetonitrile was placed in the spectrophotometer cell and the absorbance of the solution was measured. Then a known amount of the solution of Ag+ ions in acetonitrile (1.0 × 10-4 mol L-1) was added stepwise using a 10 µL Hamilton syringe. The electronic absorption spectra of solution were measured after each addition at 270 nm. The Ag+ ion solution was continually added until the desired metal to ligand mole ratio was achieved.

  The infrared (IR) spectra were recorded with Shimadzu IRPrestige-21 FTIR instrument (Tokyo, Japan) in the solid state as KBr discs. The determinations of the metal ion concentrations were performed on a GBC Sens AA flame atomic absorption spectrometer (Victoria, Australia) equipped with D2 lamp background correction and hollow cathode lamps at respective wavelengths as radiation sources. An air-acetylene flame atomizer was used for all atomic absorption measurements under the recommended instrumental conditions for each metal ion. The pH measurements were made with a Metrohm 744 digital pH meter (Herisau, Switzerland) using a combined glass-calomel electrode.

  Ligand preparation

  The preparation of ligand containing nitrogen and sulfur donor atoms was performed as described in the previous work.33 In a typical procedure, 2 mmol of allyl isothiocyanate was added dropwise to a stirred ethanol solution of 1 mmol of 1,3-phenylenediamine. The reaction mixtures were heated at 50-60 °C for about 30 min and the mixture was kept at room temperature for 24 h. Then, the final product was filtered and washed with ethanol, recrystallized from ethanol:water (1:1) to give corresponding dithiourea, which was used as a suitable carrier in the transport experiments.
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  Bulk liquid membrane transport 

  Transport measurement was performed in a 'U' shape glass cell34 in which the SP (5 mL) and RP (5 mL) were separated by an MP (10 mL) (Figure 1). The inner dimension of the transport apparatus was 10 mm diameter × 150 mm depth. The SP containing an equimolar mixture of metal nitrate salts (1.0 × 10-3 mol L-1) and picric acid (1.25 × 10-3 mol L-1) was buffered at pH 5 using CH3COOH/CH3COONa buffer solution and placed in one limb of the 'U' cell. The MP contained 6.0 × 10-4 mol L-1 of carrier which was placed at the bottom of the 'U' shape cell. The RP containing a concentration of 5.0 × 10-3 mol L-1 of thiourea was buffered at pH 3 using HCOOH/HCOONa buffer solution and placed in the other limb of the 'U' cell. The MP was magnetically stirred by a Teflon-coated magnetic bar. All transport experiments were carried out at ambient temperature and after each experiment, both aqueous phases were analyzed for determination of metal content by flame atomic absorption spectroscopy. A similar transport experiment was also performed in the absence of the carrier as a reference, and no leakage of metal ions from SP into the RP was observed. To check the reproducibility, all measurements were carried out in duplicate.
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  Results and Discussion

  Study of complexation between 1,1'-(1,3-phenylene)bis(3-allylthiourea) and Ag+

  Selective transport of metal cations by carrier-mediated liquid membrane depends on the nature of the ligand used as a carrier in the membrane.35,36 The investigations have established that the kind, number, distance and orientation of the donor atoms of the ligand that are structurally accessible to the complexed cation can affect the transport selectivity and efficiency.25-27 In the preliminary experiment, we tested the ligand ability for the competitive transport of Ag+ cation among some other metal cation such as Pb2+, Cu2+, Zn2+, Co2+ and Ni2+ from SP into the RP through DCM organic solvent as a MP. It was found that the ligand has the desired ability to transport Ag+ cations against its concentration gradient through bulk liquid membrane. In order to investigate the complexation process between 1,1'-(1,3-phenylene)bis(3-allylthiourea) and Ag+ cations, the spectrophotometric titration was utilized and the complexation procedures were analyzed in acetonitrile at 25 °C due to the absorbance alteration which occurs with the cation to ligand ([M]/[L]) ratio conversion. The electronic absorption spectra of ligand (1.0 × 10-5 mol L-1) without and in the presence of Ag+ (1.0 × 10-4 mol L-1) ions are exhibited in Figure 2. As can be seen, absorbance of the acetonitrile solution of ligand at wavelength of 270 nm decreased with the addition of Ag+ ions to the solution. On the other hand, the observed spectral evolution involved the formation of a well-defined isobestic point at around 250 nm, indicating the presence of one absorbing complex compound between ligand and Ag+ ions. The mole ratio method was also used for estimation of the stoichiometry of the Ag+-ligand complex and a typical mole-ratio plot is represented in Figure 3. The obtained results show that the slope of the curve changes at 1:1 [M]/[L], that indicate the stoichiometry of the complex formed between ligand and Ag+ cation is 1:1.
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  In addition, the Fourier transform infrared (FTIR) spectrophotometric technique was also applied to study the possible complexation reaction between Ag+ and ligand. The FTIR spectra of the ligand and Ag+-ligand complex are shown in Figure 4.
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  Effect of pH of the SP on transport efficiency

  Reported literatures in recent years is a conformation of achievable high enrichment factor for the liquid membrane transport technique with making a small pH difference between SP and the acidic RP.37 When the transport mechanism has benefit from proton pump or pH gradient, pH difference leads to back diffusion of protons from the RP into the SP.38 On the other hand, when a legating agent has used to transport a specific metal cation, pH can alter the conditional stability constant of the resulting metal complex.24 Hence, pH is a dominant factor in the separation of metal cation using liquid membrane transport. The effect of pH on the competitive transport of six-metal cations from SP at a pH ranges of 4-6.5 into acidic RP (pH 3) was investigated and the results are given in Table 1. It was found that maximum Ag+ cation transport occurs at pH 5 of the SP. It seems that at lower pH values of the SP, the efficiency of silver transport decreased due to a subtraction in the hydroxide concentration for exchanging proton with Ag+ or slow partition coefficients of the Ag+ at the source/membrane phases interface. In other words, at higher pH values of the SP, the efficiency of Ag+ transport decreased probably due to the complex formation of Ag+ ion with hydroxide ion.
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  Effect of solvent on transport efficiency

  Choosing the right organic membrane solvent is the prime issue in establishing transport efficiency.39 The physicochemical properties of solvents play noticeable roles in solute-solvent and solute-solute interactions in solutions. The log Kf value for the formation of the cation-ligand complex in the organic membrane, the diffusion path length and diffusion coefficients of all mobile species in the unstirred boundary layers depend on the organic membrane solvent nature.40 The thickness of boundary layers is a function of the viscosity of the solvent and the partitioning of the cations into the organic membrane should be affected by the dielectric constant of the solvent.41,42 The selected solvent should be immiscible with the water, has low viscosity and volatility and at the same time it must have a suitable polarity related to an optimal value of the association constant of the complex.43,44 The results of the competitive transport of six-metal cations from an aqueous SP through CHCl3, 1,2-DCE, DCM, and NB containing the ligand are given in Table 2. As shown, the transport efficiency of Ag+ ion by carrier is varied in order: DCM > CHCl3 > 1,2-DCE > NB. DCM has the lowest viscosity (η = 0.39 mPa s) compared to the CHCl3 (η = 0.58 mPa s), 1,2-DCE (η = 0.73 mPa s) and NB (η = 1.62 mPa s) which leads to increase the rate of the Ag+ transport in the organic MP. In addition, the solvating ability of a solvent plays a fundamental role in complexation reactions between metal cations and ligands. As expected, due to the low donor number (DN) of DCM (DN = 1.0) compared with those of CHCl3 (DN = 4.0) and NB (DN = 4.4), the competition between solvent and the ligand for the metal cation decrease which leads to an increase in the stability of the formed complex between the Ag+ and the ligand. Also, the lower dielectric constant of DCM (ε = 8.93) compared to the 1,2-DCE (ε = 10.66) and NB (ε = 34.80) possibly end up in stabilization of the ion-pair in the organic phase which results in a better transport rate in this liquid membrane.
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  Effect of the ligand concentration on transport efficiency

  Carrier-facilitated transport system is a coupled transport process that combines a chemical coupling reaction with a diffusion process. In this system, the solute has first reacted with the carrier to form a solute-carrier complex, which then diffuses through the membrane to finally release the solute at the permeate side. Carrier is a water-immiscible complexation agent which dissolved in the MP and reacts selectively, rapidly and reversibly with the desired solute to form a complex. Hence, the efficiency and selectivity of transport across the MP might be markedly enhanced by the presence of a carrier in the MP. In this study, the effect of the concentration of ligand as a suitable carrier in the MP on the transport efficiency of Ag+ cations was investigated in the concentration range (5.0 × 10-5 to 1.0 × 10-3 mol L-1) of ligand and the results are presented in Figure 5. It is seen that the percentage of Ag+ cation transport increases with an increase in ligand concentration in the MP and 6.0 × 10-4 mol L-1 of ligand is much more effective in the efficient transport of Ag+ ions. The ligand concentration over this amount had no considerable effect on the transport efficiency. Therefore, the ligand concentration was fixed in 6.0 × 10-4 mol L-1 at the subsequent experiments.
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  Effect of picric acid in the SP on transport efficiency

  To maintain electroneutrality and solute uphill pumping, many carrier-facilitated membrane systems require a coupling ion to be counter- or co-transported along with the solute ion. Since the coupling ion must also enter and cross the organic phase, it is bound to influence transport efficiency. Transport efficiency affected by several parameters such as anion hydration free energy anion lipophilicity, and anion interactions with the solvents. It seems that anion hydration free energy is the major determinant.20 Christensen et al.45 shows that transport rate of K+ with dibenzo-18-crown-6 as a carrier, decreased in the following order: picrate > PF6- > ClO- > IO4- > BF4- > I- > SCN- > NO3- > Br- > BrO3- > Cl- > OH- > F- > acetate > SO4-. This order is almost identical to that for increasing anion hydration free energy and demonstrates the strong correlation between anion hydration and transport efficiency: larger anions are more easily dehydrated and thus more readily enter the membrane to facilitate transport.

  The results of the competitive transport of six metal cations from SP through DCM containing the ligand showed that the nitrate ion is not a suitable counter anion to accompany the ligand-Ag+ complex into the MP. Therefore, we used picric acid as counter ion in the SP to increase the Ag+ cation transport into the MP. The role of the picric acid may be to aid the transport process by providing a soft, polarizable and weakly hydrated counter ion in the membrane on proton loss to the aqueous phase, giving rise to charge neutralization of the Ag+ ion being transport through ion pair or adduct formation.32,46 The influence of the concentration of picric acid on the transport efficiency of Ag+ cation was investigated and the results are presented in Figure 6. As can be seen, the efficiency of the Ag+ cation transport increases sharply with increasing picric acid concentration up to (1.25 × 10-3 mol L-1), and further increase in the concentration of picric acid caused a decrease in the percentage transport of the Ag+ ion. This behavior maybe caused due to the competition of picric acid with Ag+ ion for transport through the liquid membrane system.

  
    

    [image: Figure 6. Effect of picric]

  

  Effect of striping agent type and its concentration in the RP on transport efficiency

  In the preliminary experiments, it was found that the permeability of the membrane system for Ag+ cation is extremely dependent on the nature and composition of the stripping agent used in the RP. As it is observed in Table 3, among the different stripping agents used in these experiments, thiourea, with the increased complexing ability towards Ag+ cation, acts as the most suitable receiver for the release of Ag+ cation from the MP into the RP.
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  The influence of the concentration of thiourea in the RP on the transport efficiency of Ag+ was also evaluated and the results are shown in Figure 7. According to the obtained results, the optimum concentration of thiourea in the RP was found to be 5.0 × 10-3 mol L-1. It should be noted that in the absence of the stripping agent on the RP, the Ag+ cation transports only 39% into the RP. Thus, 5.0 × 10-3 mol L-1 thiourea concentration was used for further experiments.
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  Effect of time on transport efficiency

  The time required for maximum transport of Ag+ cation through the bulk liquid membrane was inspected under the experimental conditions. The results demonstrated the acceptable transport of Ag+ cation from the aqueous SP into the RP and maximum transport of Ag+ cation was achieved in about 4 h. Therefore, further experiments were carried out for a period of 4 h.

  Effect of stirring rate on transport efficiency

  In order to explore the effect of stirring speed on the Ag+ transport, several transport experiments were performed with different stirring speeds (100-600 rpm) and the results are presented in Figure 8. As can be seen, the transport efficiency of Ag+ ions through the MP augments with acceleration of stirring speed which reveals that diffusion was the rate limiting step in the transport of Ag+ from the SP to RP. The transport efficiency increases at lower stirring speeds (100-400 rpm) and then it is nearly constant at higher stirring speeds (500-600 rpm).
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  Recommended mechanism

  The Ag+ ion is transported from the SP into the RP via a DCM membrane with the simultaneous counter-transport of proton. Movement of the charge species through the hydrophobic organic membrane is accomplished by the presence of the host ligand, ion paired with picrate ion as a suitable counter ion. The picrate ion not only neutralizes the charged Ag+-ligand complex, but also induces a more lipophilic character to the Ag+ complex so that it can be readily extracted into the MP. During the complexation process of Ag+ ion with the ligand on the source side of the membrane, the ligand splits off protons into the SP and the formed complex diffuses across the membrane. On the other side of the membrane, the release of the Ag+ ion into the RP occurs via the formation of complex between Ag+ ion and thiourea as a stripping agent. At this moment, the ligand associates with proton from the RP and the free ligand diffuse back across the membrane and cycle start again. A schematic diagram of this mechanism is shown in Scheme 2.
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  Limit of detection

  The blank determination was performed using bulk liquid membrane system at optimum condition of experiments. The blank value was 0.12 ± 0.18 mg L-1 of Ag+ for 5 replicates experiment and the limit of detection (calculated as 3 times of the standard diviation) was 0.54 mg L-1 of Ag+ ion.

  Real water analysis

  Three real environmental water samples, including ground, river and tap water spiked with an equimolar mixture of six metal cations as nitrate salts (5.0 × 10-4 mol L-1) separated using this membrane system under the optimal conditions of the experiments. Tap water and ground water were collected from Payame Noor University of Ardabil (Iran), and river water was collected from the Baliqly Chay River in Ardabil (Iran). The results are given in Table 4. It is obvious that Ag+ is successfully transported and purified using this membrane system. In addition, to show practical utilization of this bulk liquid membrane system, it was used for recovery of Ag+ ions from silver plating and photographic waste solutions. The composition of each waste solution is given in Table 5. The obtained results indicate that only silver is transported, which shows the selectivity and efficiency of this bulk liquid membrane system for silver recovery.
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  Conclusion

  The present study demonstrates that the 1,1'-(1,3-phenylene)bis(3-allylthiourea) is an excellent carrier for selective transport of Ag+ cation. The results of the competitive bulk liquid membrane transport of Ag+, Pb2+, Cu2+, Zn2+, Co2+ and Ni2+ metal cations using this ligand in various organic membranes showed that the rates of the cation transport are strongly influenced by the nature of the organic solvent. The efficiency of the method depends on effective parameters such as pH of the SP, carrier concentration, concentration of picric acid as counter anion, type and concentration of stripping agent, stirring rate and transport time. At the optimum conditions of transport experiments, the proposed method was triumphantly used for the separation of (5.0 × 10-4 mol L-1) Ag+ from real water samples in the presence of equimolar concentration of some other metal cations and found that the recoveries for tap, river and ground water after 4 h were 92.3 ± 5.3, 89.2 ± 8.5 and 83.2 ± 4.8%, respectively. Also, this bulk liquid membrane system was successfully utilized for recovery of Ag+ ions from silver plating and photographic waste solutions.
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    It is well known that selectivity of molecularly imprinted polymers (MIPs) depends on adequate choice of functional monomer before the experimental synthesis. Computational simulation seems to be an ideal way to produce selective MIPs. In this work, we have proposed the use of semi-empirical simulation to obtain the best monomer able to strongly interact with ciprofloxacin. Twenty functional monomers were evaluated through semi-empirical quantum chemistry method and three MIPs were synthesized using the monomers acrylamide (M5), acrylic acid (M4) and 1-vinylimidazole (M16), yielding the maximum adsorption capacities of 282.0, 223.8 and 202.5 µmol g−1, respectively, as predicted by the computational simulation. From competitive adsorption studies in the presence of structurally similar compounds, the MIP synthesized with acrylamide was found to possess higher specific selectivity factors (S) if compared to non-imprinted polymer (NIP), thus indicating good recognition selectivity for the ciprofloxacin.

    Keywords: molecularly imprinted polymers, antibiotic, adsorption isotherm.

  

   

   

  Introduction

  Ciprofloxacin (CIP) is an antibiotic that belongs to the second-generation of the fluoroquinolone chemical group. It has been used for the prophylaxis and treatment of diseases of the skin, urinary tract, respiratory tract and gastrointestinal infections. The drug can also be used as food additives for mass gain promotion.1 Similarly to other antibiotics, CIP can cause serious side effects to human health, including nausea, vomiting, diarrhea and dizziness as well as the emergence and spread of drug-resistant bacterial strains and the possible induction of cancer.2 Ciprofloxacin is excreted from the body via urine and feces, in which more than 75% is unmetabolized. Bearing in mind its side effects to human health, concerns about drug residues entering the food chain and/or potable water and contributing to bacterial resistance has been increasingly evidenced, mainly if one considers the increase of world population, agricultural practices and food production.3,4 The presence of antibiotics residues in groundwater, tap water and surface water has already been reported, which justifies the growing interest in developing new and efficient procedures for treatment of water containing pollutants.5-7 Processes based on adsorption are certainly considered to be the most effective, inexpensive and simplest for the removal of pollutants from aqueous media in comparison to chemical precipitation and electrolysis.8-10 Indeed, the availability of a wide range of commercial adsorbents when associated to required properties for solid phase extraction, including high surface area, quick adsorption kinetics, high adsorption capacity and high reusability, make the solid phase extraction extremely attractive for the removal of organic pollutants from aquatic environments.11 However, the selectivity also plays an important role in adsorption processes, which is extremely dependent on the chemical nature of the adsorbent. In this sense, MIPs have attracted considerable attention over the past decade for the development of more selective adsorption processeses.12 MIPs are artificially synthesized macromolecular materials in the presence of template molecules, which establish specific interactions with functional monomers. After polymerization and further removal of template from the polymeric matrix, the resulting material will leave cavities complementary in shape and size of the target molecule.13 As has been well documented in literature,14-17 the selectivity of MIPs depends on adequate choice of the functional monomer and, in this sense, the most common approach for attaining this task is through the synthesis of several MIPs with different monomers. Obviously, this approach is considered to be expensive and time-consuming, which justifies the use of computational simulation to overcome these drawbacks. Computational simulation makes possible to quantify and predict the properties that describe the binding process. Thus, it has been considered a very interesting tool for choosing the most suitable materials for the adsorption process, saving time and chemical resources.18-23

  Some published studies with focus on the application of MIPs for CIP determination in food (milk, egg and chicken), urine and water samples have been reported.24-28 However, most of them refer to the application of MIP as adsorbent in complex matrices, but a theoretical study through computational simulation approach, as well as important competitive adsorption studies for assessing the selectivity of MIPs and adsorption isotherm studies, are still few exploited.

  According to the aforementioned, this work deals with semi-empirical quantum chemistry approach to study twenty pre-polymerization reaction possibilities for CIP. In order to check the efficiency of computational simulation as an outstanding tool for MIPs preparation, especially in choosing the adequate monomers, three MIPs with different monomers were synthesized and compared among them regarding the selectivity and adsorption capacity. The polymers were also characterized through scanning electron microscopy (SEM) and textural data.

   

  Experimental

  Chemical structure of molecules

  Geometry optimizations and energy calculations were performed to determine the best interaction between CIP and those monomers commonly cited in literature for MIP preparation. The monomers are shown in Table 1 and were named as M1 to M20.
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  The chemical structure of CIP is shown in Figure 1.
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  To optimize the choice of the best monomer, the computer simulation was carried out with six interfering molecules: norfloxacin (NOR), nalidixic acid (NAL), amoxicillin (AMX), tetracycline hydrochloride (TCL), chloramphenicol (CLR) and uric acid (URC), which chemical structures are also shown in Figure 1.

  Platform and software

  The simulation was performed using a desktop PC running Microsoft Windows XP Professional operating system (Microsoft Corp., Redmond, Washington, USA), configured with a 1.6 GHz Pentium Dual-Core (Intel, Santa Clara, California, USA), CPU 2140 processor having 4 GBytes of double data rate type three synchronous dynamic random-access memory (RAM DDR3).

  The molecules were generated and minimized using the program HyperChem 8.0.5 (Hypercube, Inc., Gainesville, Florida, USA). The software package OpenEye (under academic license, OpenEye Scientific Software, Inc., Santa Fe, New Mexico, USA) was used for simulations, which contain: VIDA 3.0.0, that allowed to check possible errors in the bonds between atoms, post calculation analysis and representation; OMEGA2, that generate conformers of molecules; and SZYBKI 1.2.2, which provides more stability for the molecule.

  The entire process was scripted, automated and executed using Autolt 3.3.6.0, a freeware BASIC-like scripting language, which uses the scripts to automate repetitive processes during modeling, and MMH with Mopac2009,29 a semi-empirical quantum chemistry program based on Dewar and Thiel’s neglect of diatomic differential overlap (NDDO) approximation with parameterization method 6 (PM6) using experimental and ab initio data. This program simulates the association-free energies (E) interaction in vacuo, according to equation 1.

  
    [image: Equation 1]

  

  where EAB represents the total energy of a system containing one molecule and one CIP molecule, subtracting the free energy of each molecule individually one with energy EA, and one monomer molecule with energy EB.30

  Computational design

  Before simulation, the structure of the selected molecules were initially optimized using molecular mechanics assisted model building and energy refinement (AMBER) force field, with the steepest descents algorithms converging at 0.1 kJ mol−1 in 720 as maximum cycles, designed in zwitterion mode and saved as program database (PDB) file containing information about their composition and atoms positions.

  All molecules were energy minimized using SZYBKI (OpenEye Scientific Software, Inc., Santa Fe, New Mexico, USA), and OMEGA (OpenEye Scientific Software, Inc., New Mexico, USA) was used to obtain possible stable conformers to take into account molecule flexibility. The resulting set of conformers for TPL and monomers was saved in an office saved search (OSS) format file containing information about partial charges assigned to each atom and their spatial coordinates. Then the molecules were analyzed by MMH using two kinds of minimization keywords: the former am1 efmmok t = 3d xyz, for minimizing every single molecule by the semi-empirical quantum chemistry method before calculating the complex interaction; and the latter am1 efmmok t = 3d geo-ok int, used for minimizing every single cell of the complex ligand-target.31

  The parameters chosen in the MMH program were: number of random structure cells, in this case, 100; the binding energies values of hydrogen bonds, aromatic, electrostatic, hydrophobic, van der Waals forces, and dipole–dipole interactions, were obtained up to a maximum distance of 4 Å from any molecule; the temperature was kept at 298 K and the convergence energy at 0.001 kJ mol−1. Once the run completed, a file with all summarized statistical results together with the molecule files containing the docked structures was generated. Computation times, thermodynamic properties, association energies (EAB, kJ mol−1), and association-free energies (E, kJ mol−1) were taken as the main results to study the binding of the complex ligand-target.

  From the result of the interaction of CIP with twenty functional monomers designed in Table 1, the monomers which gave the highest ratio CIP/interfering molecule of the binding score, smallest score and intermediate score were selected for the polymer preparation. The main driving force that we observed for the binding was the electrostatic interaction between the molecules, especially regarding the dipole moment and the hydrogen bond. In this sense, the C−N group of the M8 compound (acrylonitrile) displayed both properties at the same time, which explains the largest interaction energies observed for all molecules related to CIP.

  Syntheses of MIPs

  All syntheses were performed within a 25 mL thick-walled glass tube, in which 0.1 mmol of CIP (≥ 98.0%, Fluka, St. Gallen, Switzerland), 0.4 mmol of monomer chosen after simulation, 3.2 mmol of ethylene glycol dimethacrylate (EDGMA) and 0.1 mmol of azobisisobutyronitrile (AIBN; all monomers and reagents from Sigma-Aldrich, St. Louis, Missouri, USA) were dissolved in 7.0 mL of acetonitrile (high-performance liquid chromatography grade, J.T. Baker Chemical Company, Phillipsburg, New Jersey, USA). The mixture was sonicated for 5 min and degassed with nitrogen for 10 min. The tube was sealed with plastic film and considering that CIP decomposes under UV irradiation, thermal polymerization was chosen in this work, at 60 ºC for 24 h.

  The resulting polymer was ground in a mortar. The particle size was controlled by passing the polymer through an 80 mesh sieve. The polymer was washed using a Soxhlet extractor with a mixture of methanol and acetic acid (9:1, v/v) to remove the CIP from polymeric matrix. The solvent was replaced daily and analyzed. The washing step was finished when CIP was no longer quantified in the solvent. Non-imprinted polymer (NIP) were prepared similarly, without CIP, and treated identically. All polymers were dried at 70 ºC and kept in this condition prior to use.

  Characterization of MIPs

  The textural data were determined for the three MIPs synthesized with acrylic acid (M4), acrylamide (M5) and 1-vinylimidazole (M16). The average pore sizes of the polymers were estimated by the Barrett-Joyner-Halenda (BJH) method, based on nitrogen sorption experiments using a Quantachrome Nova 1200e automatic instrument (Boynton Beach, Florida, USA). The specific surface areas were determined from sorption isotherms according to the Brunauer-Emmett-Teller (BET) method. Prior to the analyses, the polymers were dried at 80 ºC for 6 h.

  Scanning electron microscopy images were determined only for the polymer synthesized with the acrylic acid due to its better adsorption property towards the CIP. A SEM using a FEI Quanta 200 (Phillips, Amsterdam, North Holland, The Netherlands) at an accelerating voltage of 30 kV was used for obtaining the images. Prior to the analyses, the polymer was coated with a thin layer of gold-palladium alloy, using a Bal-Tec MED 020 equipment, in order to minimize charging under the incident electron beam.

  Adsorption studies

  Batch rebinding experiments were carried out at 298 K ± 1% by adding 50 mg of MIP or NIP in contact with 5.0 mL of different concentrations of CIP, ranging from 0.1 to 2 mmol L−1, under pH 3.5 in acetonitrile-water (50:50, v/v) medium. The mixture was stirred during 120 min and centrifuged for 10 min at 4000 rpm. The supernatant was filtered with a membrane of 0.45 µm (Millipore, Merck, Darmstadt, Hesse, Germany) and analyzed by high-performance liquid chromatography (HPLC). The maximum adsorption capacity (M) was calculated to evaluate the binding properties of the MIP. The adsorption experiments data were further adjusted using Freundlich (FR), Langmuir (LA), Redlich-Peterson (RP), Langmuir-Freundlich (LF), Dubinin-Raduskevich (DR), Toth (TO) and Temkin (TK) models.32,33

  Competitive adsorption experiments were performed for assessing the selectivity of MIP towards the CIP in comparison to NIP. The experiments were performed in the same experimental conditions of the batch rebinding experiments. Binary solution containing CIP and structurally similar compounds (NOR, NAL, AMX, TCL, CLR or URC) were stirred with MIP or NIP. Firstly, the adsorbate partition coefficient (Kp, mL g−1) was determined according to equation 2:34

  
    [image: Equation 2]

  

  where Q is the concentration of compounds per gram of polymer (mg g−1) and C is the final concentration of compounds in the supernatant (mg mL−1). The selectivity of one molecule vs. another is called separation factor (α). This is defined in the equation 3 and correspond to the ratio of the two partition coefficients KP(CIP) and KP(INT) for ciprofloxacin and interfering (INT) compounds, in the MIP or NIP, respectively.34

  
    [image: Equation 3]

  

  In order to compare the imprinting effects of compounds to the distribution coefficient countered for each compound, the imprinting factor (I) was determined as described by equation 4.

  
    [image: Equation 4]

  

  From the obtained imprinting factor, the specific selectivity factor (S) for the MIP in regard to NIP was calculated by equation 5.35 This equation allows a real estimation of the imprinting effect on the selectivity.

  
    [image: Equation 5]

  

  HPLC analysis

  Concentrations of CIP were determined using a Pro Star HPLC chromatographic system (Varian, Palo Alto, California, USA) equipped with a ternary pump model 230, fluorescence detector model 360 and an auto sampler with an automated injection system model 400. The sample was analyzed on Luna C18 column (5 µm, 250 × 4.60 mm) from Phenomenex (Torrance, California, USA). The chromatographic separation was based on literature data,35 using isocratic elution with a solution of 0.02 mol L−1 H3PO4 and acetonitrile (80:20, v/v) at a flow rate of 1.2 mL min−1. The excitation and emission wavelengths were 280 and 480 nm, respectively. Standard solutions to obtain the external calibration curve were prepared by dilution in the mobile phase, obtaining final concentrations ranging from 0.01 to 1 mg L−1.

   

  Results and Discussion

  Molecular modeling

  The free energy of association between molecules and the monomer was calculated in vacuo as shown in Figure 2.

  
    

    [image: Figure 2. Results]

  

  The monomer M8 (acrylonitrile) has been the most suitable for synthesis of the MIP for CIP due to its high free energy. Despite this finding, this monomer was not chosen for the MIP synthesis due to its better interaction with the other interfering compounds, mainly the uric acid. This behavior is in agreement with those previously published.36 The monomer M9 (ethylene glycol dimethacrylate) was considered to be the one that showed the lowest free energy of association with CIP. Thus, this monomer was not chosen for the synthesis either. The results herein obtained were somewhat expected, since the monomers containing electronegative atoms, such as nitrogen and oxygen, would favor the formation of monomer-ciprofloxacin complex, taking into account the chemical structure of CIP.

  To validate theoretical results, three MIPs for CIP were synthesized. The monomer M4 (acrylic acid) was used, which presented the second maximum binding energy for CIP, the better ones compared with interferences; the M5 (acrylamide), that belongs to the intermediate energy region and similar free energy for CIP and interfering molecules; and M16 (1-vinylimidazole), that belongs to the minimal affinity region and lower free energy than all interfering molecules.

  Characterization of MIPs

  As it is well documented in literature, the adsorption process is greatly dependent on the surface area of adsorbent. Table 2 shows the values of surface area for the three MIPs and respective NIPs (M4, M5 and M16).
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  It was observed that both MIPs and NIPs showed much larger surface area in comparison to another MIPs previously synthesized for CIP. Yan et al.,24 synthesized an MIP for ciprofloxacin using 2-hydroxyethyl methacrylate as monomer and methanol:water (4:1, v/v) as porogenic solvent, having a specific surface of 291 m2 g−1. The synthesis of MIPs on the surface of magnetic carbon nanotubes for CIP extraction in eggs, using methacrylic acid as monomer and dimethyl sulfoxide (DMS) as porogenic solvent, has been reported. This material showed a specific surface area of 182.7 m2 g−1. The lower surface area of these previously reported materials as compared with the present study may be explained probably due to differences among the monomers and porogenic solvent used in the syntheses. In addition to these findings, MIPs showed only a slightly larger surface area with respect to the corresponding NIPs. Therefore, any differences of CIP adsorption onto MIP and NIP would not be attributed to the morphological features, but most likely due to imprinted sites created during polymer synthesis.

  Figure 3 shows the SEM images of polymers synthesized with acrylic acid as monomer. As observed, both MIP and NIP revealed a rough surface with aggregated particles in the shape of microspheres. This morphological feature is of paramount importance in adsorption processes, which makes the mass transfer of molecules towards polymer surface easier and, as a consequence, adsorption capacity higher. A more detailed observation of morphological features of polymers made possible to infer that the surface of MIP and NIP is formed from irregular voids located between clusters of the microspheres (macropores > 50 nm diameter) or from the interstitial space of a given cluster of microspheres (mesopores, 2-50 nm diameter), or even within the microspheres themselves (micropores < 2 nm = 20 Å radius).34 The latter one could correspond to the selective cavities. The presence of micropores in the MIP was confirmed from BET experiments. The obtained value was 14.91 Å, which is within the range expected to MIP pore size, as indicated in Figure 3. In order to verify whether the cavity ascribed to the micropores (14.91 Å) corresponds to the selective size of CIP molecule, a computational modeling by a quantum mechanical geometry optimization calculation, using density functional theory (DFT), was carried out to estimate the size of the molecule taking into account the electronic structure. The region defining the molecule was considered as the region where the total electronic density has a value greater than 0.00001 e Å-3. The value of the major axis length of CIP yielded the value of 14.29 Å, being very close (difference of only 4.3%) to the experimental BET results. This result suggests that MIP synthesized with acrylic acid can be considered as a nanosize selective material, suggesting that this material can be successfully used for the extraction of trace amounts of CIP. It is worth to emphasize that using the DFT, we have herein used the Perdew-Burke-Ernzerhof parametrization of the generalized gradient approximation (GGA-PBE) exchange-correlation functional, with a polarized double-zeta basis set. The program used was SIESTA. The chosen cut-off for the electron density (10-5 e Å-3) is close to the experimental uncertainty of the most sophisticated X-ray measurement techniques, and thus, it is expected to accurately describe the size of the molecule inside the cavity, and if this cut-off is further decreased, the change in the size is in the fourth digit of the molecule size, in Å.
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  Adsorption studies

  The pH and solvent composition (expressed in %H2O in acetonitrile) has an important role on the CIP adsorption. The pH was included in the experimental design due to pH dependence of the CIP molecule. The experimental assays for this optimization study were performed by stirring a standard solution of 0.15 mmol L−1 CIP in presence of 50 mg of each MIP during 60 min (Figures 4a and 4b).
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  As observed, the best adsorption of CIP was achieved between pH 2.0 and 3.5 using 50% of water for all MIPs investigated. Furthermore, since the MIP synthesized with acrylic acid showed the best results for adsorption of CIP, further experiments were carried out at pH 3.5 and 50% of water.

  The influence of contact time on the CIP adsorption onto MIP is illustrated in Figure 5. It was clearly observed that the equilibrium time was achieved in 120 min, indicating a quick mass transfer of CPI towards the surface of MIP. Thus, for further experiments this time was used.
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  Isotherms of adsorption for MIP are shown in Figure 6. The equation parameters and the underlying thermodynamic assumptions of these isotherms often provide some insight into both the adsorption mechanism and the surface properties and affinity of the adsorbent.

  The parameters of isotherms as well as the regression coefficient (R2) and mean square of residuals (σ) are shown in Table 3. The FR isotherm is an empirical model that can be applied to non-ideal adsorption on heterogeneous surfaces as well as multilayer sorption. The LA isotherm is the most widely applied adsorption isotherm and predicts a constant monolayer adsorption capacity. The RP isotherm incorporates features of both the LA and FR. At low concentrations, the RP isotherm approximates to LA isotherm and at high concentrations its behavior approaches that of the FR isotherm. The derivation of the TK isotherm assumes that the decrease in temperature of adsorption is linear rather than logarithmic, as implied in the FR equation. The TO isotherm has proven useful in describing sorption in heterogeneous systems. It assumes an asymmetrical quasi-Gaussian energy distribution with a widened left-hand side. The LF isotherm considers the case of a molecule occupying two sites.32,33 The equations for these isotherms are shown in Table 3.
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  The choice of the better isotherm model that best fits the data to determine the parameters were performed taking into account a higher R2 and lower σ. As can be observed from Table 3, the models that presented the best adjustments were LA and LF isotherm. The similarity among them was somewhat expected, once the parameter β, which means the heterogeneity of binding sites, was very close to one for LF isotherm. Therefore, we can assume that LA adsorption model explains the adsorption of CIP onto MIP. It is worth emphasizing that the maximum adsorption capacity (M) obtained from the LA model for MIPs were very close to the experimental data (Figure 6), which confirms once again the best adjustment of this model to the experimental isotherm. Among the studied polymers, MIP synthesized with acrylic acid was found to possess the highest M. These findings corroborate the computational simulation, which confirms its outstanding capacity for predicting the best retention capacity of the polymer.

  Selectivity

  In order to evaluate the formation of selective cavities in the MIP, competitive adsorptions in batch using molecules with similar structure to the CIP were performed. The same experiments were carried out by using the NIP. A similar adsorption profile of CIP and those interfering molecules indicate the presence of undesirable cross-reactivity in the MIP. Thus, for this study, the interfering molecules of the simulation were selected. The selectivity of CIP was evaluated and the respective MIP and NIP adsorption capacities are shown in Table 4, using the equations 3, 4 and 5. As can be seen in Table 4, the obtained values for imprinting factors (I) for CIP were higher when compared with the ones achieved for structurally similar molecules, which indicates that MIP has higher molecular recognition to CIP with respect to NIP. In addition, the specific selectivity factor (S) was higher than one in all cases, as a consequence of the existence of molecular memory in the imprinted polymer with selective size (14.91 Å), tridimensional shape and specific binding interaction. The obtained S of 1.31 Å for the binary system ciprofloxacin-norfloxacin also demonstrates the good selective adsorption of CIP by the MIP even in the presence of very structurally similar molecule.
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  Conclusions

  This study described the use of theoretical calculation for the pre-selection of a suitable functional monomer able to interact with large organic compounds, ciprofloxacin in the current study, in obtaining a highly selective molecularly imprinted polymer. In addition to the obtained selectivity, the MIPs synthesized showed greater surface area in comparison to other MIPs previously published in literature. The results achieved by computational are in agreement with the ones obtained by experimental adsorption data. MIP synthesized with acrylic acid was found to possess the highest adsorption and selectivity for ciprofloxacin in the presence of structurally similar compounds with respect to NIP. From the SEM images and textural data, we have also demonstrated that the high selectivity of MIP was not attributed to the morphological features. These findings show once again that the best and highest selective adsorption of CIP on the MIP synthesized with acrylic acid, as predicted by the computational simulation, depend, in fact, on the selective binding sites created during polymer synthesis. For final remarks, the theoretical calculation can be exploited for obtaining molecularly imprinted polymers, saving time and reducing the costs of synthesis.
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    Methods for the development and validation for determination of iron and zinc in human serum and hair samples by graphite furnace atomic absorption spectrometry (GF AAS) were performed. Solubilization was immediate by manual agitation in both samples with a 10 mL volume sample plus deionized water. Optimum pyrolysis and atomization temperatures were obtained by pyrolysis and atomization temperature curves in both matrices. For serum samples, the best temperatures were 1400 and 2500 °C (Fe) and 700 and 1600 °C (Zn), respectively. For hair samples, the best temperatures were 1000 and 2400 °C (Fe) and 800 and 1600 °C (Zn), respectively. Permanent modifiers and zirconium presented best the results for Zn in both matrices and for Fe in serum. Permanent modifier Nb was best for hair Zn. Serum and hair values were in agreement with the certified values for analytes and certified samples. The determined values for serum Fe and hair certified samples were 1.40 ± 0.2 and 114 ± 18 mg L-1, respectively. For Zn certified reference materials (CRMs), the certified samples values were 1720 ± 32 µg L-1 and 172 ± 5 mg kg-1. Simple, accurate and precise, this method represents a cost-effective detection protocol suitable for sample analysis for diagnosis of micronutrient malnutrition.

    Keywords: Universol®, graphite furnace atomic absorption spectrometry, iron, zinc, hair, serum, permanent chemical modifiers.

  

   

   

  Introduction

  The importance of optimal amounts of Fe for the survival of animals, plants and microorganisms is well established and human Fe deﬁciency is a worldwide problem resulting from a lack of proper dietary food intake.1 A report from the World Health Organization estimates that 46% of the world’s 5- to 14-year-old children and 48% of the pregnant women are anemic.2 In addition, Fe has particularly relevant roles in neuronal and immune functions. Animal studies have revealed that feeding rats a low Fe diet early in life results in irreversible alterations of brain functions related to insufficient myelination and defective establishment of the dopaminergic tracts.3

  Zinc is responsible for the operation of more than 200 enzymes, some of which are associated with the synthesis of DNA and RNA, and is also involved with immune system functions.4 Zinc deficiency affects tens of millions of children throughout the developing world,5 and has been implicated in the pathogenesis of stunting and impaired cognitive development6 and infectious morbidity.7

  The use of human serum in laboratory diagnosis of micronutrient deficiencies is well documented in the scientific literature.8 Its composition is similar to plasma, but without fibrinogen and other substances that are used in the coagulation process. Human serum is recognized as a useful means for determining iron, copper, zinc and selenium levels in the body and for diagnosis and monitoring of specific diseases and the study of nutritional deficiencies.9

  In addition to the diagnosis of specific micronutrient deficiencies, using blood serum as a biomarker, human hair has been employed by some authors as a “biological dosimeter”,10 “filament record”11 or “a reflection of the environment”12 to which an individual is exposed. This is so because if there is considerable exposure to a specific chemical element or drug via external contamination or through ingestion, over a period of time, the substance will be present in hair. The determination of trace elements in hair is not just a means of evaluating the current exposure, but also has the potential to evaluate and reconstruct past episodes relevant to health, even if the occurrence has ceased.13

  Hair is a simpler matrix than blood and urine.14 It is an attractive biological material due to its simplicity as a sample (easy to obtain, without trauma and/or discomfort), storage, transport and handling. Hair analysis is often used to verify possible poisoning or diagnose disease. Furthermore, the analysis of hair is easier because the analyte is present at a higher concentration than in blood and urine.15-17

  There are a number of methods available in the scientific literature for Fe and Zn analysis in biological samples, specifically, blood serum and hair samples. Kandhro et al.18 developed a cloud point extraction method applied for preconcentration of trace quantities of Zn and Fe in biological samples (serum and urine) of thyroid patients prior to determination by flame atomic absorption spectrometry (FAAS). The metals in serum and urine samples were complexed with 1-(2-thiazolylazo)-2-naphthol and entrapped in the surfactant octylphenoxypolyethoxyethanol (Triton X-114). After centrifugation, the surfactant-rich phase was diluted with 0.1 mol L-1 HNO3 in methanol. Enrichment factors of 66.4 and 70.2 were obtained for the preconcentration of ZnII and FeIII, respectively. The obtained results showed sufficient agreement (> 98%) for ZnII and FeIII in certified reference materials (CRMs).

  To evaluate trace metals such as Fe and Zn in hair, the dissolution of hair samples is necessary in order to determine these elements. A number of dry and wet ashing procedures are available. Friel and Ngyuen19 evaluated these techniques and recommended dry ashing of hair samples to be analyzed for Cu, Mn and Zn, and wet ashing with HNO3 for Fe assays. Several procedures for dissolving hair samples include HCl, HNO3 or binary mixtures of HCl and HNO3 with HClO4. In another study, the authors standardized a dissolution procedure using HNO3 and H2O2 for the determination of Fe, Co, Ni, Mn, Zn, Cu, Cd, and Pb using inductively coupled plasma atomic emission spectrometry (ICP-AES) in order to overcome the shortcomings which include corrosive effects.19

  Although the above studies are valid and well recognized throughout the scientific literature, unfortunately, major drawbacks to the analysis of trace elements using such methods include the elevated costs of reagents and relatively elaborate time-consuming process in sample preparation. Therefore, there is an urgent need for a method that is fast, accurate, safe, and cost effective.

  The use of a new solubilizing alkaline agent of organic and non-organic material, called Universol®,20 developed by our scientific group, has been shown to be a safe and simple reproducible method procedure, promoting the total solubilization, with (vortex) or without agitation, very quickly (usually within 1-5 min), at room temperature and without the need of any acid digestion nor microwave or ultrasound irradiation. The dissolution is immediate and forms a homogeneous and indefinitely stable solution. Our experience with serum, urine and whole blood analysis for some analytes was performed diluting serum samples with 1.0% v/v nitric acid plus 0.1% v/v of cetyltrimethylammonium chloride (CTAC) or Triton X-100.21-28

  Since the two elements investigated in this study are internal transition elements, we investigated the carbide forming permanent modifier (500 µg) group members (carbide forming elements) niobium, tantalum, titanium and zirconium. Moreover, the two matrices (whole blood and serum samples) have been studied in previous works.29,30 They are rich in carbon and tend to form carbonaceous residues within the graphite tube (to the point that they interfere with light passage from the lamps, thus interfering with obtained absorbance). The use of carbide forming elements aids in preventing the formation of these residues within the graphite tube.

  This study investigates the methods for iron and zinc determination in serum and hair samples using graphite furnace atomic absorption spectrometry (GF AAS) after dissolution with Universol®, which presented the advantage of immediately dissolving and forming a homogeneous and indefinitely stable solution.

   

  Experimental

  Instruments and apparatus

  A Perkin Elmer AanalystTM 400 atomic absorption spectrometer (Norwalk, USA), equipped with graphite furnace (HGA800) with background correction by deuterium lamp and autosampler (AS-800) was used for iron and zinc quantification. Readings were made for integrated absorbance (peak area). A multi-element hollow cathode lamp (HCL) for Fe, Zn, Mn and Cu (Perkin Elmer Part No. N305-0212) was used according to the recommended manufacturer’s instructions. The wavelengths (nm), slits (nm) and applied current (mA) were of 248.3, 1.8/1.35 and 15 for Fe and 213.9, 2.7/1.8 and 15 for Zn, respectively. The graphite furnace autosampler received an injected volume of 20 µL for samples of both analytes and solutions used for calibration.

  High purity argon was used as inert gas (99.996%, White Martins, Belo Horizonte, MG, Brazil). Pyrolytic graphite tubes with an L’Vov platform (Perkin Elmer, Part No. B3001264 and B3001263) were used for all the studies. Adjustable micropipettes of 20-200 and 100-1000 µL (Digipet, Curitiba, PR, Brazil) were used to prepare the solutions.

  Reference solutions and reagents

  The reagents used in this study were of analytical purity. All aqueous solutions were prepared using deionized water (resistivity of 18.2 MΩ cm) obtained by a direct-Q system (Millipore, Billerica, MA, USA). Universol®, benzyltrimethylammonium hydroxide 40% m/v in water (patent number PI 1003893-0)20 was acquired from Sigma-Aldrich (St. Louis, MO, USA, No. 100974415). Nitric acid (Merck, Darmstadt, Germany, No. 7587956) was used to prepare the standard Fe and Zn solutions. Zirconium (Aldrich, No. 27497-6), niobium (Fluka, St. Louis, USA, No. 274917), titanium (Aldrich, 03,796 in-1EA) and tantalum (Fluka, No. 86275) solutions were prepared at 1 mol L-1 in hydrochloric acid and were used to obtain the permanent modifiers. A concentration of 1000 mg L-1 of tungsten was also used and prepared by dissolving 0.2 g of Na2WO4 (Merck, No. 106672) in 100 mL of deionized water. The iron and zinc analytical solutions were prepared from stock solutions of 1000 mg L-1 prepared using 5% v/v nitric acid from ampoules (Titrisol, Merck) and stored according to the manufacturer’s instructions.

  Washing hair samples

   Currently, the washing method, developed by the International Atomic Energy Agency (IAEA), is commonly used in many laboratories.29-32 Hair samples were treated over several stages: in 20 mL of acetone, twice in 40 mL of twice distilled water, and finally, once again in 20 mL of acetone. After washing, the samples were dried at 80 °C and weighed (about 100 mg).

  Platform treatment with permanent modifiers

  Each L’Vov platform inserted in a graphite tube was treated with the permanent modifiers (tungsten, zirconium, titanium, tantalum and niobium) using a specific heating program (Table 1), according to da Silva et al.33 Volumes of 50 µL of each modifier were injected by the autosampler pipette in the L’Vov platform. This tube was then submitted to a heating temperature program and the procedure was repeated 10 times to result in a platform treated with 500 µg of permanent modifier.
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  Samples and sample preparations

  The analyzed serum and hair samples were collected from 20 pre-adolescent, menstruating girls enrolled in a public elementary school in Belo Horizonte, located in the Brazilian state of Minas Gerais as part of a larger, controlled and randomized clinical trial.34 One sample was used in the methods optimization study. Preparation of the sample was quite simple: 500 µL of serum was added to 500 µL of Universol®, while about 100 mg of dried hair samples were added to 500 µL of Universol®. Solubilization is immediate and the expected high values encountered from these metals in serum and human hair from the resulting solutions were diluted to 10 mL with ultrapure water.

  For accuracy, CRM was tested against the serum samples using Trace Elements Serum L-1 from Seronorm (Sero, Billingstad, Norway) and human hair reference material (IAEA-086, International Atomic Energy Agency, Vienna, Austria) was tested against the hair samples.

  LOD and LOQ calculation

  The limit of detection (LOD) and limit of quantification (LOQ) for both analytes (Fe and Zn) were calculated after 10 measurements of the Universol® plus water in a final volume of 10 mL. The LOD was calculated as 3s / a, while the LOQ was 10s / a, where s is a standard deviation of ten measurements of the blank and a is the slope of the aqueous calibration curve.

   

  Results and Discussion

  Analytical parameters of merit

  Comparison of the average slopes of three aqueous calibration curves and the average slopes of three matrix matching calibration curves for serum and hair samples, and for both analytes, resulted in no significant difference, which was in agreement with results from the F-test and Student’s t-test analysis.

  To choose the best modifier element, that is to say, a modifier element that promotes increased sensitivity with a symmetrical peak, a low relative standard deviation (RSD) and corrected background, using the manufacturer’s recommended furnace program, studies were performed with a sample prepared, as shown above, in each tube treated as described. For both metals, the best modifier (taking into account the results obtained for sensitivity, pulse shape of absorption, background correction, and RSD for three replicate studies less than 5%) was permanent Zr (500 µg) deposited on a L’Vov platform inserted into a graphite tube.

  To obtain optimum temperatures for pyrolysis and atomization of each analyte in the studied matrices and prepared by solubilization with Universol®, temperature curves were performed for pyrolysis and atomization in each matrix (serum and hair diluted as described previously), using Zr as a permanent modifier for Fe and Zn in serum and Zn in hair. To analyze Fe in hair, the permanent modifier Nb (500 mg) was used. Results from analyzing diluted serum samples demonstrated that optimum temperatures curves obtained for the pyrolysis and atomization (better sensitivity, symmetrical peak and background correction) were 1400 and 2500 °C for iron and 700 and 1600 °C for zinc, respectively. According to results for the hair samples, the best temperatures were 1000 and 2400 °C for iron (using permanent Nb, 500 µg) and 800 and 1600 °C for zinc (using permanent Zr, 500 µg), respectively. For all cases, the values for background were below 0.1 absorbance integrated units (s). The temperature program used for the determination of iron and zinc in serum and hair is presented in Table 2. Figures 1 and 2 present the absorption signals for Fe in serum and hair, respectively. As can be observed in the Figures, the shape of the absorption signals was very different for serum and hair. This may be explained by the differences of the best pyrolysis temperatures obtained for iron in serum and hair samples (Figures 1 and 2).
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  Analytical parameters of merit

  Comparison of the average slopes of three aqueous calibration curves and the average slopes of three matrix matching calibration curves for serum and hair samples, and for both analytes, resulted in no significant difference, which was in agreement with results from the F-test and Student t-test analysis. Thus, the determination of both analytes from both matrices can be performed against aqueous curves. The parameters of merit of the aqueous calibration curves for both analytes presented an r2 > 0.996 result. Other figures of merit, determined by this method, are presented in Table 3.
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  The characteristic masses determined for iron and zinc were close to the values recommended by the equipment manufacturer: for Fe, observed characteristic mass was 5.8 ± 0.6 pg (recommended is 5 pg) and for Zn, 9.6 ± 0.8 pg (recommended is 10 pg).

  The LODs were 0.7 and 0.5 µg L-1 for Fe and Zn in serum samples, respectively. For hair, the LODs were 0.3 and 0.1 ng g-1 for Fe and Zn, respectively. The obtained LOQs were 2.3 and 1.7 µg L-1 in serum and 1.0 and 0.3 ng g-1 in the hair sample for Fe and Zn, respectively. The obtained LOD and LOQ values were also suitable for determination by GF AAS and compatible with other methods according to the literature. The blanks of Universol® plus water (in a final volume of 10 mL) were lower than 0.008 for both analytes.

  In comparison with the serum certified reference material, the obtained values were 1.40 ± 0.2 mg L-1 for Fe (Fe certified value of 1.43 ± 0.1 mg L-1) and 1720 ± 32 µg L-1 for Zn (Zn certified value of 1742 ± 82 µg L-1), while analyzing the hair sample certified reference material, the observed results were 114 ± 18 mg kg-1 for Fe (certified value of 123 ± 13 mg kg-1) and 172 ± 5 mg kg-1 for Zn (certified value of 167 ± 8 mg kg-1). The F- and t-tests (Student’s, 95% confidence level) showed no difference between these values. Therefore, this demonstrates good accuracy for the proposed methods.

  Analytical application

  Tables 4 and 5 present the results employing the proposed study methodologies for the determination of Fe and Zn in serum and hair of 20 pre-adolescent, menstruating girls. The obtained results were between 0.6 to 2.1 µg L-1 for Fe and 2.8 to 11.3 µg L-1 for Zn in serum samples and 13.9 to 25.8 µg g-1 for Fe and 120.6 to 191.2 µg g-1 for Zn in hair samples.
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  Kazi et al.35 compared the level of essential trace elements chromium (Cr), copper (Cu), iron (Fe), manganese (Mn), nickel (Ni), and zinc (Zn) in biological samples (whole blood, urine, and scalp hair) of male and female patients with diabetes mellitus type 2 (n = 257) comparing them with their non-diabetic male and female controls (n = 166) aged 45 to 75 years. The concentrations of Zn, obtained by these authors in scalp-hair samples from the control subjects, ranged from 203.6-220.5 and 177.2-197.5 µg g-1. However, in male patients, this range was 131.9 to 163.5 and 140.7 to 169.3 µg g-1 in age groups 45 to 60 and 61 to 75 years, respectively. Our work was done with young, menstruating girl subjects, and the obtained values for Zn in hair were approximately of 170 µg g-1, a result that is in accordance with data cited by the authors.

  A study by Baranowska et al.,36 which analyzed hair and teeth samples collected from the inhabitants of Katowice, Gliwice, Pyskowice and Tychy (Silesia, Poland) for multi-element content by X-ray fluorescence spectrometry, obtained an average concentration of 36.3 µg g-1 for Fe and 162.1 µg g-1 for Zn in hair samples. In our study, the highest value observed was for iron in hair (25.8 µg g-1). However, the author’s data from the aforementioned study was taken from a contaminated area. Our results for Zn were very close to those obtained by the authors.

  Izquierdo Alvarez et al.,37 reviewing normal levels of Cu, Zn and Se in serum of pregnant women, determined an average Zn concentration of 6.5 ± 1.3 mg L-1, while in our study, the observed values were very close to those of the authors’: around 2.8 to 8.1 mg L-1, with many values close to 6 mg L-1, which was in agreement with the values found by these authors. Martín-Lagos et al.38 determined Zn and Cu concentrations in serum from Spanish women during pregnancy. In pregnant women, Zn serum levels were 3-13.4 µg L-1, whereas in a non-pregnant women group, the mean serum level was 9.5 ± 2.7 µg L-1. These values are considered very low compared with our results and the others cited here.

  Zaichick and Zaichick39 studied the age dynamics and gender on major and minor trace element contents in scalp hair of 80 relatively healthy 15 to 55-year-old women and men by instrumental neutron activation analysis (INAA). The average iron and zinc concentrations were 88.2 ± 6.7 and 154 ± 3 µg g-1, respectively. Our observed values were much lower than those cited by these authors for Fe (but in accordance with other studies), while for Zn, the results were very close. No correlation between age groups was observed by the authors.

  Hatipoglu et al.40 investigated the relationship between serum ghrelin levels and hair Zn concentrations in children. The children were divided into two groups according to hair Zn concentrations. Group 1 consisted of children with low (< 70 µg g-1) hair Zn levels, and group 2 included children with normal (≥ 70 µg g-1) hair Zn levels. The results obtained in our study were greater than 121 µg g-1 for Zn in hair samples. Hair Zn concentrations and serum ghrelin levels were measured in all children. There were 10 children with low hair Zn levels (group 1) and 15 with normal levels (group 2). Zn serum levels and ghrelin concentrations in group 1, 103.1 ± 71.8 and 1 ± 0.2 µg L-1, respectively, were lower than in group 2, 164.9 ± 40.5 and 1.2 ± 0.2 µg L-1, respectively.

  Sreenivasa Rao et al.41 determined Fe, Mn, Zn and Cu concentrations in hair samples of Indian residents and observed that iron levels (25-50 µg g-1) increased with age. The levels obtained in the present work matches well with the values reported for Indian residents by other researchers. Similarly, the Zn content (ca. 100 µg g-1) obtained from the Indian population group in these investigations matches well with another study conducted by the same authors. In our study, the values for Fe in hair were between ca. 14 to 26 µg g-1, and for hair Zn, an average of ca. 170 ± 19 µg g-1 was observed. The LOD, calculated on the basis of 3 times the standard deviation of the blank, were 2 µg g-1 for Fe and 2.5 µg g-1 for Zn, while in our study, we obtained 0.3 and 0.1 µg kg-1, respectively for Fe and Zn.

  Finally, Ching-Chiang et al.42 determined the Se, Fe, Cu and Zn levels in serum of patients at different stages of viral hepatic diseases. Obtained iron levels were 1.4 ± 0.4, 1.2 ± 0.3, 1.5 ± 0.4, 1.2 ± 0.4 and 1.0 ± 0.5 mg L-1 in healthy controls, Hepatitis B virus carriers, chronic hepatitis B, hepatic cirrhosis and hepatocellular carcinoma, respectively. While these authors had obtained 1.4 mg L-1 for the healthy controls, we observed an average Fe serum of ca. 1.5 mg L-1 in young girls, a value that was relatively close to those obtained by these authors.

   

  Conclusions

  The developed methods done in this study are considered fast, efficient and inexpensive while facilitating the determination of Fe and Zn in serum in subjects at-risk for micronutrient malnutrition. The serum was solubilized using Universol® at a 1:1 proportion, and adequately diluting the sample according to the expected metal concentration. To determine iron and zinc, the serum solutions plus Universol® were diluted 10 times representing a dilution factor for serum 20 times for both metals. In hair samples, the dilution factor was also 20-fold for both metals. Of the modifiers investigated, permanent Zr (500 mg) was more efficient for both analytes in both matrices, except for Fe in hair, in which the best modifier proved to be permanent niobium (500 µg). Pyrolysis and atomization temperatures for the two analytes were optimized through temperature curves for pyrolysis and atomization in the matrix (serum or hair plus Universol® and water). The addition of Universol® to both serum and dry hair resulted in an instantaneous solubilization forming a homogeneous suspension and an indefinitely stable matrix reducing background absorption, a process not observed in preciously published studies. The accuracy (verified using certified reference materials) was in agreement with the certified values for both metals in both matrices. It is also important to note that the analysis of hair resulted in relative standard deviations, most of which were less than 3% with many values near or below 1%, demonstrating that hair and metals dissolve homogeneously in Universol®.
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    Basis sets of valence double and quadruple zeta qualities and the Douglas-Kroll-Hess (DKH) approximation are used to estimate the impact of an all-electron basis set and scalar relativistic effects on the structure, stability, and electronic properties of small neutral copper clusters (Cun, n ≤ 8). At the Becke three-parameter for exchange and Perdew-Wang 91 for correlation (B3PW91) non-relativistic and relativistic levels of theory, the bond length, binding energy, ionization potential, electron affinity, chemical potential, chemical hardness, and electrophilicity index are calculated. The results show that the agreement with experiment improves significantly when the DKH Hamiltonian combined with an all-electron relativistic basis set is used. Polarizabilities and hyperpolarizability are also reported. At the B3PW91 level, all-electron basis sets are shown to be more reliable than effective core potential valence basis sets in the determination of the second hyperpolarizability of copper clusters.
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  Introduction

  Atomic and molecular clusters are frequently studied because of their unusual characteristics and properties and encouraging technological applications.1 Among the various studies on clusters, metal clusters have attracted substantial attention from both experimental and theoretical researchers.2-14 Special attention has been given to copper clusters, so experimental and theoretical data are available in the literature2-8,10,13 for these systems. Because clusters represent the precursors of bulk material, knowledge of their properties provides information about the transition from atom or molecule to the solid state.

  The goal of most studies has been to examine how the properties of a cluster evolve with size. These properties include the geometric structures, binding energies, ionization energies, and the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies.

  It is not a trivial task to calculate properties of large clusters because the computational cost increases rapidly with increasing cluster size. Several computational strategies have been tested. Among them, we call attention to the effective core potential (ECP) approach.15 An appropriate ECP with suitable valence basis sets reduces the computational effort because only valence electrons are explicitly treated.

  We recall that the ECP approach in combination with the LANL2DZ valence basis set have, to date, been used in most calculations of the structures and stabilities of small copper clusters.10,13 However, relativistic effects have been omitted in these calculations.

  To obtain reliable theoretical results for copper clusters, both the relativistic and electronic correlation contributions must be considered for high-quality all-electron basis sets.

  The scalar relativistic correction can be substantial, even for molecules that contain first-row elements.16 The Douglas-Kroll-Hess (DKH) approach17-19 has been successfully used to estimate such scalar relativistic effects.

  In this paper, we concentrate on the treatment of molecular scalar relativistic effects using the DKH method. We employ the Becke three-parameter for exchange and Perdew-Wang 91 for correlation (B3PW91)20,21 hybrid functional with all-electron segmented contraction non-relativistic basis sets of valence double and quadruple zeta qualities plus polarization functions (DZP and QZP),22,23 which are also available in the DKH recontraction,24 and the augmented DZP and QZP (ADZP and AQZP)22,25 sets for the Cu element. At the non-relativistic and relativistic levels of theory, the bond length, binding energy, HOMO and LUMO energies, ionization potential, electron affinity, chemical potential, chemical hardness, electrophilicity index, and (hyper)polarizabilities of the ground state of neutral copper clusters are calculated and compared with the experimental and/or theoretical data reported in the literature.

   

  Methodology

  All calculations have been performed with the Gaussian 09 code.26

  Throughout the calculations, the DZP, ADZP, QZP, and AQZP and DZP-DKH, QZP-DKH, and AQZP-DKH basis sets are used with the non-relativistic and relativistic second-order DKH (DKH2)27 Hamiltonians, respectively. These sets are available at the web site,28 where basis sets are provided in properly formatted forms for the commonly used molecular program packages.

  Initially, at the B3PW91/DZP and DKH2-B3PW91/DZP-DKH levels of theory, the equilibrium geometries of a given cluster are determined. From these optimized geometries, the other properties are then calculated using the QZ basis sets.

  Within the density functional theory (DFT) framework, the ionization potential (IP) and electron affinity (EA) can be calculated as:29

  
    [image: Equation 1]

  

  and

  
    [image: Equation 2]

  

  where E(N – 1), E(N), and E(N + 1) are the energies of the systems containing (N – 1), N, and (N + 1) electrons, respectively.

  The chemical potential (µ)29 and chemical hardness (η)30 (reactivity descriptors) are determined in terms of IP and EA as:
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  Electrophilicity index (ω) is defined as:31-33

  
    [image: Equation 5]

  

  ω = µ2/2η (5)

  The binding energy (BE), or total atomization energy, is calculated as:

  
    [image: Equation 6]

  

  The mean dipole polarizability, polarizability anisotropy, and second hyperpolarizability are, respectively, defined as:

  
    [image: Equation 7]

  

   

  Results and Discussion

  From equations 3 and 4, it is clear that the IP and EA are fundamental to obtaining a reliable estimation of chemical potential and hardness. These properties are sensitive to the functional used in the DFT calculations. In light of this information and because the B3PW91 functional has been successfully applied in nonrelativistic calculations of the IP and EA of atomic and molecular systems,10,13 this functional seems to be a natural choice.

  Structures of copper clusters

  Table 1 displays the bond lengths obtained from different levels of theory for ground state copper clusters of up to 8 atoms. The spin multiplicities are singlets for the even-numbered clusters and doublets for the odd-numbered clusters. The optimized ground state structures show that Cu3-Cu6 and Cu7-Cu8 are planar (2D) and 3D (see Figure 1), respectively.
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  The copper dimer is one of the most studied transition metal dimers, both theoretically and experimentally.3,5-8,10,13 The B3PW91/LANL2DZ bond length is 2.254 Å,3 whereas the B3PW91/DZP computation has a bond distance of 2.250 Å. The bond distances obtained with the two non-relativistic calculations overestimate the experimental value of 2.2197 Å34 by 0.03 Å. This discrepancy is due to the neglect of scalar relativistic effects: for the close-shell copper dimer, the first-order spin-orbit effect is zero because the total electronic orbital (L) and spin (S) angular momenta are zero, and consequently, the total electronic angular momentum, J = L + S = 0. In contrast, our relativistic calculation for the Cu2 ground state shows a contraction of the bond distance by 0.031 Å. Thus, the inclusion of relativistic effects brings the DKH2-B3PW91/DZP-DKH bond distance into excellent agreement with the experimental one. For Cu2, it should also be noted that the B3PW91/LANL2DZ harmonic frequency3 is equal to 260 cm-1 and that the accordance between the theoretical and experimental (264.55 cm-1)34 harmonic vibrational frequencies improve from B3PW91/QZP (254.82 cm-1) to DKH2-B3PW91/QZP-DKH (269.87 cm-1). From these results and our experience with relativistic calculations, a pragmatic strategy for the calculations of copper clusters consist of the geometry optimization at the DZ level followed by single point energy and (hyper)polarizabilities calculations at the QZ level.

  From Table 1, it is clear that the bond length always decreases going from the LANL2DZ valence electron basis set to the DZP all-electron basis set. This decrease is small for the dimer (0.004 Å), but it increases for the other clusters and achieves 0.16 Å for the trimer. However, a systematic reduction by approximately 0.03 Å is observed when relativistic effects are included. These results show the importance of using scalar relativistic effects along with an all-electron basis set to obtain reliable copper cluster structures.

  From Cu2 to Cu8, the DKH2-B3PW91/DZP-DKH average Cu-Cu bond lengths (<rCu-Cu>) are 2.219, 2.347, 2.343, 2.352, 2.354, 2.414, and 2.440 Å, respectively. The variation of <rCu-Cu> with n shows clearly structural transitions occurring from one- to two-dimension and from planar to three-dimension clusters. In addition, it is quite evident that the average bond length for the cluster size increases consistently and approaches the experimental distance in the bulk metal (2.556 Å).35 To achieve that distance, it will be necessary to consider larger clusters.

  Binding energy

  From the optimized structures of the copper clusters, the BE values are calculated at the non-relativistic and relativistic levels. The values are listed in Table 2. The B3PW91/LANL2DZ10 results are also included. At any level of theory, the BE increases with the size of the cluster. As one can see from Table 2, the BE decreases from B3PW91/LANL2DZ to B3PW91/QZP. The difference between the corresponding non-relativistic results increases from 0.145 eV for Cu2 to 0.702 eV for Cu8. In contrast, the scalar relativistic effect increases the magnitude of the BE from 0.123 eV for Cu2 to 0.913 eV for Cu8. For Cu2 and Cu3, direct measurements of the atomization energies by fluorescence (2.08 eV)36 and Knudsen cell mass spectrometry (3.04 eV)37 are available. Table 2 shows that our DKH2-B3PW91/QZP-DKH binding energies are each in satisfactory and excellent agreements with these direct measurements.
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  For larger clusters, the BE values were obtained from collision-induced dissociation (CID) experiments of anionic7 and cationic8 copper clusters. These energies are also included in Table 2. The BE values derived from the CID of the cationic clusters are considerably smaller than those of the anionic clusters. Table 2 shows that our non-relativistic and relativistic BE values agree well with those derived from the CID of cationic and anionic copper clusters, respectively, and that they are within the uncertainty bars of the experiment. As expected, the agreement between theory and experiment improves going from B3PW91/LANL2DZ to DKH2-B3PW91/QZP-DKH.

  From Cu2 to Cu8, the DKH2-B3PW91/QZP-DKH binding energies per atom (BE/n) increases monotonically with the cluster size: 0.951, 1.006, 1.327, 1.447, 1.629, 1.733, and 1.817 eV. In the limit of n going to infinity, it is expected that BE/n reaches the metal cohesive energy (3.50 eV for copper).35 However, the clusters studied in this work are still too small to yield a satisfactory estimate of the copper cohesive energy.

  HOMO and LUMO energies

  In Table 3, the HOMO (εH) and LUMO (εL) energies are displayed. Table 3 shows that these energies always increase when going from B3PW91/LANL2DZ to B3PW91/QZP and from B3PW91/QZP to DKH2-B3PW91/QZP-DKH. The largest difference between B3PW91/LANL2DZ and DKH2-B3PW91/QZP-DKH HOMO energies occurs for Cu2 (0.288 eV); for the LUMO energies, the largest difference occurs for Cu3 (0.265 eV).
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  The HOMO-LUMO gap of the transition metal cluster is an important qualitative characteristic for studying the modification in band structure according to the cluster size. The HOMO-LUMO gap is also used to determine the capacity of a molecule or cluster to participate in chemical reactions. The value of DKH2-B3PW91/QZP-DKH HOMO-LUMO gap has been calculated for all cluster sizes, and the values are 2.510 (Cu), 3.459 (Cu2), 1.269 (Cu3), 2.094 (Cu4), 1.632 (Cu5), 3.314 (Cu6), 1.479 (Cu7), 2.622 (Cu8) eV. One can easily note that the value of HOMO-LUMO gap changes abruptly with cluster size and that clusters with an even number of atoms have a larger HOMO-LUMO gap, which indicates that they must be less reactive than clusters with an odd n. The extra stability exhibited by even copper clusters is due to their closed-shell configuration.

  Ionization potential and electron affinity

  The experimental2-5 vertical IP and EA and the corresponding theoretical values obtained from equations 1 and 2 are presented in Table 4. The former are given with their error bounds. The general trend of the IP shows a notable oscillation. Clusters with an odd number of atoms have an IP smaller than do those with an even n. This leads to maximum and minimum values for even- and odd-numbered clusters, respectively. The EAs also show a characteristic oscillation, but unlike the IP, the minimum and maximum occur for the even- and odd-numbered clusters.
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  The explanation for these oscillatory trends is that even- and odd-numbered copper clusters have closed and open shells, respectively. The latter systems have only one electron in the HOMO, which is easier to remove than an electron from the HOMO (doubly occupied) of closed-shell systems. Consequently, the ionization potentials in odd- and even-numbered systems display minimum and maximum values, respectively. Exactly the opposite occurs for electron affinities. Because the odd numbered copper clusters can more easily acquire an electron in the open-shell HOMO than in the LUMO of closed-shell systems, the maximum and minimum electron affinities occur for odd- and even-numbered systems, respectively.

  Similar to the HOMO and LUMO energies, the IP increases from B3PW91/LANL2DZ to B3PW91/QZP and from B3PW91/QZP to DKH2-B3PW91/QZP-DKH. A similar trend is observed for the EA. The DKH2-B3PW91/QZP-DKH ionization potentials gave the smallest errors and, in general, are within the experimental uncertainty bars. Compared with the EA experimental data, the results obtained from all-electron basis sets significantly improve the agreement. However, the DKH2-B3PW91/AQZP-DKH electron affinities are more accurate. To the best of our knowledge, these are the best DFT results reported to date in the literature.10,13 Even so, for Cu3 and Cu6, the accordance between theory and experiment is still poor. It should be noted that the difference between AQZP-DKH and LANL2DZ electron affinities always exceed 22% (for Cu6) and can be as large as 79% (for Cu). These results confirm the importance of accounting for relativistic scalar effects with an all-electron relativistic basis set in calculations for metal clusters.

  Chemical potential, molecular hardness and electrophilicity

  In Table 5, experimental and theoretical data of m, h, and w obtained from equations 3, 4, and 5 are displayed. The error bars in the experimental data are due to the errors resulting from the use of the experimental IP and EA.
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  The chemical potential is related to charge transfer from a system to another with a lower value of m. Thus, it is expected that the odd clusters present maximum values of µ because they have an open shell and that after the transfer of one electron, they will close their electronic shell and will be thus more stable than the original open-shell clusters. In Table 5, the theoretical and experimental data display this oscillating behavior, with a local maximum for clusters with an odd n. Cu3 has a high value for µ because it is able to transfer an electron to close its electronic shell. The B3PW91/LANL2DZ chemical potentials are underestimated, and the DKH2-B3PW91/QZP-DKH/AQZP-DKH procedure gives the best agreement with the experiment data. Except for Cu3, the latter results are within the uncertainty bars of the experimental data.

  In many cases, chemical hardness may be used to characterize the relative stability of molecules and aggregates. Because the principle of maximum hardness (PMH)38 declares that molecular systems at equilibrium present the highest value of hardness, it is expected that the hardness displays an oscillating behavior with local maxima at the even clusters. The theoretical and experimental hardness values shown in Table 5 indicate that the required even-odd oscillating features with stable clusters (n even) are harder than their next door neighbors (n odd). In general, the three theoretical approaches give similar hardness results.

  Electrophilicity measures the energy stabilization when the cluster acquires an additional electronic charge from the surroundings. From Tables 4 and 5, it is evident that ω is closely related to EA and exhibits similar variation in changing cluster size. Stable systems, i.e., less reactive systems, are expected to have low electrophilicity values because they are less likely to acquire additional electronic charge to become more stable. Along the theoretical and experimental series, an even-odd oscillatory trend is observed, and the odd copper clusters present a maximum electrophilic value because their electronic shells are closed when they receive an electron. The only exception occurs for Cu3 because the inaccuracy of our computed EA values has a large effect on the corresponding electrophilicity results. Odd copper clusters are more inclined to accept an electronic charge from the environment than are even clusters.

  Except for Cu2 at the DKH2-B3PW91/QZP-DKH/AQZP-DKH level, the theoretical ω values are underestimated, but the agreement with the experimental data always improves when the all-electron basis set and the scalar relativistic correction are considered. With exception of Cu3, the relativistic results are again within the experimental uncertainty bars. We believe that it is the first time that such accuracy has been achieved compared with previous theoretical and experimental data.10 The difference between corresponding B3PW91/LANL2DZ and DKH2-B3PW91/QZP-DKH/AQZP-DKH electrophilicity values is large (ca. 8.3%).

  (Hyper)polarizability

  Static polarizability of clusters is an important property because it is proportional to the number of electrons of the system and because it is sensitive to the structure and shape of the system.

  The mean dipole polarizabilities, polarizability anisotropies, and second hyperpolarizabilities of copper clusters up to the octamer reported in this work are calculated at the B3PW91/DZP geometries (see Table 1). The , Δα, and  results are collected in Table 6.
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  At any level of theory, one can verify that when going from the atom to the octamer, the mean dipole polarizabilities of copper clusters increase monotonically and present the expected proportionality with n. In contrast, /n oscillates when going from Cu to Cu4 and decreases from Cu5. The polarizability anisotropy for Cun (n ≤ 8) increases as we move from the dimer to the hexamer and decreases as we move to the heptamer and octamer, i.e., a maximum value is found at the hexamer. Exception occurs at the B3PW91/LANL2DZ level, where the pentamer gives a maximum value. These data, in conjunction with the topologies of the copper clusters (see Figure 1), show that the polarizability anisotropy is directly related to the cluster structure. For example, at the planar clusters, it increases with the number of copper atoms. It is important to note that as the cluster structures become compact, as occurs in the cases of the heptamer and octamer, the polarizability anisotropy values decrease. The value for the octamer is slightly larger than the value of the dimer, which has an open structure. This tendency is similar to that reported by de Souza and Jorge,39 who studied static polarizabilities on lithium and sodium clusters and verified that the polarizability anisotropies achieve minimum values for clusters containing 2 and 8 atoms and maximum values for planar ones.

  Except for Cu, the LANL2DZ and AQZP mean dipole polarizabilities are very similar, whereas the opposite occurs when we compare the corresponding BP86/TZVP-FIP1 (all-electron basis set of triple zeta valence quality augmented with seven field-induced polarization functions)6 and B3PW91/AQZP results. In this case, the difference is 11 atomic units (a.u.) for Cu3, but this discrepancy reduces to less than 2.9% with the cluster size enlargement, showing a smaller dependence with the procedure used. However, with a few exceptions, the Δα values are very sensitive to the basis set. This finding demonstrates that there is a strong dependence between basis set and anisotropy. In this case, a deeper analysis is necessary.

  Neogrady et al.40 computed the polarizability of a few metals using high-level-correlated-relativistic calculations. For the copper atom, they found 46.50 a.u., which is in excellent agreement with the B3PW91/AQZP result. The LANL2DZ result13 is overestimate by 7.3%, but more recently, Calaminici et al.6 reported a value of  = 47.02 a.u., which is 1.1% higher than the value reported by Neogrady et al.40

  The MP2/AVDZ4 all-electron –a (161.24 a.u.) and Δα (138.68 a.u.) results for Cu4 reported by Maroulis and Haskopoulos41 agree quite well with B3PW91/AQZP. This reinforces the idea that the all-electron AQZP basis set is a reliable choice to carry out polarizability calculations of metal clusters. It is interesting to note that the CAM-B3LYP/AQZP  and Da values for Cun (n ≤ 4) clusters that were reported recently by Martins et al.25 are very similar to those computed in this work.

  In Table 6, we give the B3PW91/AQZP second hyperpolarizabilities for the copper clusters from Cu to Cu8. One can observe that from Cu4, there is a significant increase in the hyperpolarizability values. For copper clusters, the results for this property in the literature are scarce. Based in observations reported by Shigemoto et al.,42 Maroulis43 discussed the possibility of a negative second hyperpolarizability for Cu2. Using a high level of theory [CCSD(T)] along with the all-electron basis set [7s6p6d2f]), the author obtained 10-3 × –g = 86 a.u.,43 which is in excellent accordance with the B3PW91/AQZP result of 87.30 a.u. For Cu4, the effect of the all-electron basis set on the hyperpolarizability was estimated previously.44 At the MP2 level, the Stevens/Basch/Krauss ECP in conjunction with the modified triple-split basis set CEP-121G result (123.5 a.u.)44 showed a significant discrepancy with the all-electron [5s4p4d] basis set value of 271 a.u.41 Compared with the all-electron CCSD(T)/[5s4p4d] second hyperpolarizability value of 10-3 ×  = 293 a.u.,41 the B3PW91/AQZP value (282.41 a.u.) agrees very well, whereas the B3PW91/modified CEP-121G is underestimated (230.4 a.u.).44 For the other clusters displayed in Table 6, we are not aware of any previous second hyperpolarizability results reported by other authors.

   

  Conclusions

  In this paper, we have calculated and rationalized the all-electron basis set and scalar relativistic effects on the structure, stability, and electronic properties of small copper clusters (Cun, n ≤ 8).

  At the B3PW91 level of theory, we verify that the bond length always decreases going from LANL2DZ (valence electron basis set) to DZP (all-electron basis set) and from DZP to DZP-DKH (relativistic all-electron basis set). The opposite occurs for the HOMO and LUMO energies, vertical ionization potentials and electron affinities, chemical potential, and electrophilicity. The binding energy and chemical hardness decrease as we move from LANL2DZ to QZP and increase as we go to QZP-DKH.

  For the studied clusters, the all-electron basis set and scalar relativistic effects on the bond distance, LUMO energy, electron affinity, and electrophilicity are large. In these cases, we believe that our results are the most accurate reported to date in the literature.

  From the B3PW91/QZP-DKH results, the following specific conclusions can be drawn: (i) except for a few cases, the theoretical values are within the uncertainty bars of the experiment; (ii) the binding energy per atom of the cluster increases with cluster size; (iii) the ionization potentials and electron affinities show oscillatory behavior for even- and odd-numbered clusters because of their closed- and open-shell HOMO; (iv) the electron affinity and electrophilicity show a similar variation with cluster size; (v) chemical potential and hardness present an even-odd oscillating feature in agreement with the chemical insight.

  Finally, we verified that the polarizability anisotropy is more sensitive to the basis set than the mean dipole polarizability and that for Cu2 and Cu4, the hyperpolarizabilities reported in this work are in good accordance with results obtained at the CCSD(T) level of theory. Thus, the B3PW91/AQZP procedure seems to be a good option on (hyper)polarizability calculations of metal clusters.
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    In this work we present a complete proton (1H) and carbon 13 (13C) nuclear magnetic resonance (NMR) spectral analysis of two synthetic dihydrofuran neolignans (±)-trans-dehydrodicoumarate dimethyl ester and (±)-trans-dehydrodiferulate dimethyl ester. Unequivocal assignments were achieved by 1H NMR, proton decoupled 13C (13C{1H}) NMR spectra, gradient-selected correlation spectroscopy (gCOSY), J-resolved, gradient-selected heteronuclear multiple quantum coherence (gHMQC), gradient-selected heteronuclear multiple bond coherence (gHMBC) and nuclear Overhauser effect spectroscopy (NOESY) experiments. All hydrogen coupling constants were measured, clarifying all the hydrogen signals multiplicities. Computational methods were also used to simulate the 1H and 13C chemical shifts and showed good agreement with the trans configuration of the substituents at C7 and C8.

    Keywords: neolignans, oxidative coupling, J-resolved, benzofurans.

  

   

   

  Introduction

  Neolignans (NL) are a class of plant-derived natural products which are produced from shikimic acid pathway.1 They differ from related lignans by the way the two C6C3 units are joined by other bonds. According to the International Union of Pure and Applied Chemistry (IUPAC) recommendations, the term lignan refers to structures where the two C6C3 units are β,β' (8-8') linked, whereas the term neolignan must be used for compounds that originate from coupling other than 8-8' coupling.2

  Among NL, compounds exhibiting a dihydrobenzofuran moiety as structure feature have attracted special attention because their wide range of biological activities, such as antioxidant,3 antitumor,4 anti-inflammatory,5 antileishmanial,6 trypanocidal,7,8 insecticidal9 and cytotoxic.3 Because of these biological activities, several synthetic methodologies have been proposed to build the basic skeleton of dihydrobenzofuran neolignans (DBNL).10-12 However, the oxidative coupling of phenylpropanoids is so far the most commonly reported synthetic route to obtain DBNL, such as compounds (±)-trans-dehydrodicoumarate dimethyl ester (2a) and (±)-trans-dehydrodiferulate dimethyl ester (2b; Figure 1). Compound 2b is reported to have antileishmanial,13 antiplasmodial,13 cytotoxic,13 antiangiogenic,14 antitumor,15 and antioxidant16 activities. Despite of these biological activities, nuclear magnetic resonance (NMR) data found in literature for both compounds are generally incomplete and, in some cases, inaccurate.14,15,17,18
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  Owing to our interest in the detailed NMR study of natural19-21 and synthetic22-25 compounds, in this study we have performed a thorough assignment of all proton (1H) and carbon 13 (13C) NMR data for the synthetic dihydrobenzofuran neolignans 2a and 2b using one- (1D) and two-dimensional (2D) NMR techniques.

   

  Results and Discussion

  The (±)-trans-dehydrodicoumaroate dimethyl ester (2a) and (±)-trans-dehydrodiferulate dimethyl ester (2b) were synthesized according to previous reported procedure,15,17,26 which was outlined in Scheme 1. The 1H and 13C NMR data for these compounds were previously published14,15,17,18 but presented some imprecisions that should be corrected.
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  The main 1H and 13C NMR data for (±)-trans-dehydrodicoumaroate dimethyl ester (2a) and (±)-trans-dehydrodiferulate dimethyl ester (2b) are presented in Tables 1 and 3. Two-dimensional NMR data (gradient-selected correlation spectroscopy, gCOSY; gradient-selected heteronuclear multiple quantum coherence, gHMQC; gradient-selected heteronuclear multiple bond coherence, gHMBC; and nuclear Overhauser effect spectroscopy, NOESY) for the same compounds are given in Tables 2 and 4, respectively. Firstly, the 1H NMR spectra were analyzed in detail, which made it possible to verify all chemical shifts. Further analysis of 1H NMR spectra led to the measurement of most homonuclear hydrogen coupling constants. Some J values were measured only in J-resolved spectrum and all couplings were confirmed by gCOSY experiments. Then, most signals of the proton decoupled 13C (13C{1H}) NMR spectra were assigned through gHMQC and distortionless enhancement by polarization transfer (DEPT) 135 experiments. The assignment of non-hydrogenated carbons was carried out by the use of gHMBC information and by comparison with calculated spectra.
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  1H and 13C NMR data previously reported for compound 2a and 2b were obtained in CDCl3 or acetone-d6. Most of the signals in the 1H NMR spectrum were between δH 6.0 and δH 8.0, but the hydrogen signal multiplicities are ambiguous. In this work, we found that for compound 2a in acetone-d6, the signals at δH 7.6-7.7 are referred to four hydrogen atoms and their overlapping precluded their correct assignment (Figure 2). Therefore, CDCl3 provided much clearer spectra for 2a, but not for 2b, due to the solvent influence on chemical shifts. For compound 2b, three hydrogen atoms resonate at δH 6.91 in the 1H HMR spectrum in CDCl3. On the other hand, the 1H NMR signals of 2b were resolved by using acetone-d6 as solvent, which allowed verification of the multiplicities, observation of the chemical shifts and measurement of the coupling constants.
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  The 1H NMR (400 MHz, CDCl3) of compound 2a (Table 1) showed resonances for one trans disubstituted double bond at δH 6.32 (d, 1H, J 15.9 Hz) and δH 7.66 (ddd, 1H, J 0.6, 1.1, 15.9 Hz). The smaller coupling constant values of the signal at δH 7.66 could be measured only in the J-resolved spectrum. Analysis of the 1H-1H COSY spectrum data (Table 2) revealed some long-range couplings (4J): H7/H2, H7/H6, H7'/H2', H7'/H6'. From 1H NMR and 1H-1H COSY spectra it was possible to establish the spin systems corresponding to the C3'/C2'/C6'/C8 and C2/C3/C5/C6/C7 portions of 2a.

  Assignments of the carbonyl C9 and C9' and methoxy groups C10 and C10' are directly performed and those groups can clearly be differentiated on the basis of the gHMBC spectrum (Table 2). The gHMBC correlations are observed between δC at 170.9 and the signals at δH 4.27 (H8), 6.09 (H7), and 3.83 (s, 3H); therefore, the δC at 170.9 is attributed to C9, and δH at 3.83 is assigned to H10. On the other hand, gHMBC correlations between δC at 167.9 and the signals at δH 7.66 (H7'), 7.55 (H7') and 3.81 (s, 3H) allowed to assign the δC 167.9 to C9', and the δH 3.81 to H10'. In addition, the δc 51.7 and δc 52.9 were assigned to C10' and C10, respectively, on the basis of the correlations observed in the gHMQC spectrum with δH 3.81 (H10') and δH 3.83 (H10). Finally, the non-hydrogenated sp2-hybridized carbons C1' (127.8), C4' (161.2) and C5' (125.1) were unambiguously assigned to C1', C4' and C5' on the basis of their long-range C−H correlations in the gHMBC spectrum with δH 6.32 (H8'), 7.43 (H2') and 6.09 (H7), respectively. Similarly, the assignment of C1 and C4 to δC 132.0 and 156.1 was established on the basis of the correlations with δH 7.27 (H2=H6) and 6.84 (H3=H5), respectively. Considering that C4 is expected to be unshielded when compared to C1 due to the inductive effect of the oxygen hydroxyl, this corroborates the assignment.

  The 1H NMR (400 MHz, acetone-d6) data of compound 2b are shown in Table 3 and their 2D NMR data are compilated in Table 4.

  The structure of compound 2b is related to the natural dimer 3',4-di-O-methylcedrusin, which is one of the active compounds in dragon's blood. This blood-red latex, produced by some Croton species growing in the South America, is employed in traditional medicine for wound-healing and anticancer properties.27 Lemière et al.17 have previously reported the synthesis of 3',4-di-O-methylcedrusin and other related neolignans, including compound 2b, and assigned the 13C NMR data of these compounds on the basis of DEPT experiments and long-range of heteronuclear correlation (HETCOR) correlations. In this work, we found that the 13C NMR data assignment based on DEPT, gHMQC and gHMBC were similar to that reported by Lemière et al.17 and therefore, will not be discussed in details here. On the other hand, the 1H NMR data of compound 2b available in the literature seems inaccurate. Multiplicities of the signals of the 1H NMR spectrum of 2b are often reported as singlet (H10, H10', H11 and H11'), doublet (H2, H5, H7, H8, H7' and H8'), doublet of doublets (H6) or broad singlet (H2' and H6') and have not been previously explored. In this work, 1H-1H COSY and 2D J-resolved spectra were used to understand the multiplicity and to measure the coupling constants.

  As reported for compound 2a, analysis of the 1H-1H COSY spectrum of 2b (Table 4) revealed a long-range coupling (4J) of H7' (ddd, 1H, δH 7.63) with H2' (δH 7.33) and H6' (δH 7.29). The coupling constant values J7',6' and J7',2' were measured in the J-resolved spectrum to be 0.8 Hz and 0.4 Hz, respectively. Similarly, the signal at H2' (dd, δH 7.33) correlates with δH 7.29 (H6', J2',6' 2.6 Hz) and δH 7.63 (H7'). A long-range coupling (4J) between H6' and H8 was also deduced from the correlations between δH 7.29 (ddd, H6') and 4.47 (dd, H8', J7',8 1.4 Hz) in the 1H-1H COSY spectrum. It was possible to establish the spin systems corresponding to the C2'/C6'/C7'/C8 and C2/C3/C5/C6/C7 portions of 2b. The long-range coupling (4J) of both H2 and H6 with H7 has not been previously reported in the literature. In this work, we could measure the scalar coupling constants J2,7 and J6,7 in the J-resolved spectrum as being 0.8 and 0.6 Hz, respectively.

  The relative stereochemistry of the substituents at C7 and C8 in (±)-2a and (±)-2b, only the trans-(7R,8R) stereoisomers, are reported in Figure 1 and Scheme 1 was determined on the basis of the J7,8 value and some theoretical calculations, all corroborated by nuclear Overhauser effect (NOE) data (Figure 3).
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  Firstly, a comparison of J7,8 values for 2a and 2b with J values reported for other dihydrobenzofuran neolignans,28 showed a clear agreement with the trans configuration. It is well-established in the literature that the coupling constant J7,8 in the skeleton of neolignans is higher for cis isomers (8.2-8.4 Hz) than for the trans isomer (6.5-7.3 Hz).28 Nevertheless, it has also been reported that conclusions on the relative stereochemistry in five membered rings based on J values for vicinal hydrogens cannot be so reliable for some compounds, as these hydrogens are susceptible to a great variety of dihedral angles and that cis or trans H−H coupling constants can be exactly the same.29 On the other hand, Muñoz and Joseph-Nathan30 suggested that different stereoisomers might show rather large differences in their 13C chemical shifts, and that these differences can be used for the structural identification, reassignment and confirmation. Thus, we decided to use theoretical calculations of 1H and 13C chemical shifts as an extra effort to elucidate the relative stereochemistry of 2a and 2b. We hence calculated the 1H and 13C chemical shifts for trans-(7R,8R and 7S,8S) and cis-(7S,8R and 7R,8S) stereoisomers of compounds 2a and 2b and plotted these results in a cross-comparison to experimental values obtained for these compounds. In our case, each group of experimental data was compared to the group of cis and trans calculated data. The database that shows better agreement with experimental data should indicate which isomer we are dealing with. As an evaluation of this comparison, two main values were considered: the root mean square (rms) error and the coefficient of determination (R2), as recently used to clarify conformation and configuration of several structures.31 This first one, the rms error, was obtained by the comparison of chemical shift values atom by atom, both hydrogen and carbon. In this case, rms value was always lower for trans compounds, regardless the comparison made: only 1H chemical shifts (δH), only 13C chemical shifts (δC) or δH plus δC. Table 5 shows the rms values obtained, which clearly indicates trans configuration for both compounds 2a and 2b.
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  The coefficients of determination were obtained from graphics where 1H and 13C experimental chemical shift values were plotted in one axis and the corresponding calculated values in the other one. Three different graphics were drawn for each structure: one with δH, one with δC and one with both δH and δC. Invariably, the values obtained for trans structures were closer to the experimental rather than the cis values. Figure 4 shows the example of R2 obtained for compounds 2a and 2b versus1H and 13C chemical shifts for the trans-(7R,8R) structure. The R2 values for 2a and 2b trans-(7R,8R) were 0.9984 and 0.9974, respectively; while the R2 value for the diasteroisomers cis-(7S,8R) were 0.9977 and 0.9963, respectively. These data also indicate that the obtained compounds have a trans configuration.
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  Moreover, H7 exhibited significant NOE correlation with H2 and H6, in the NOESY spectrum (Table 4). However, NOE correlation of H7 with H8 is weak, indicating the relative trans configuration for compounds 2a and 2b. In addition, the trans stereochemistry is also consistent with the diastereoselectivity observed in previously reported syntheses of dihydrobenzofuran neolignans by oxidative coupling, in which the main product is normally a trans racemic mixture.32 In this work, the formation of a trans racemic mixture for both 2a and 2b was confirmed on the basis of their specific optical rotation values ([α]D25 = 0º).

   

  Conclusions

  The complete and unequivocal assignments of 1H and 13C NMR data for two dihydrobenzofuran neolignans are achieved, leaving no ambiguities. This work included the measurement of all hydrogen homonuclear coupling constants values and all hydrogen signal multiplicities were clarified. Confirmation of the relative stereochemistry was also achieved by density functional theory (DFT) calculations and NOE experiments. This study provides an important 1H and 13C NMR database for these two substances and eliminates all previous ambiguities. The stereochemistry was also confirmed by means of J values comparison. This is the first complete assignment reported for each one of these two compounds.

   

  Experimental

  Synthesis of compounds 2a and 2b

  Dihydrobenzofuran neolignans 2a and 2b were synthesized as previously reported.15,17,26 Briefly, compounds 2a and 2b were obtained by oxidative coupling of methyl coumarate (1a) and methyl ferulate (1b) using Ag2O as oxidant. The reactions were carried out employing a mixture of acetone and benzene (5:8, v/v) in a two-necked flask with aluminum foil, equipped with a magnetic stirrer and a gas tube of N2 for 20 h at room temperature. The product was purified by column chromatography (2.2 × 100 cm, silica gel 60, 0.040-0.063 mm) with hexane and ethyl acetate (2:1, v/v) as eluent affording compounds 1 (36% yield) and 2 (43% yield) as mixture of trans-enantiomers. All structures were confirmed by NMR analysis.

  NMR analyses

  All 1H and 13C NMR experiments were performed on a Bruker Avance DRX400 spectrometer (Karlsruhe, Germany, 400.13 MHz for 1H and 100.61 MHz for 13C). A direct 5-mm probe head (BBO) was used for 13C{1H} NMR experiments and an inverse 5-mm probe head (BBI) was used for other experiments. The 1H NMR spectra were acquired with a solar water heating (SWH) of 8.28 kHz, a time domain (TD) of 64 K, and a number of scans (NS) of 16, which provided a digital resolution of ca. 0.126 Hz (1H 30º pulse width = 8.5 µs). As for the 13C NMR spectra, an SWH of 23.98 kHz was employed, with TD of 32K and NS of 1024, giving a digital resolution of ca. 0.732 Hz (13C 30º pulse width = 14.25 µs). DEPT (512 scans), 1H/1H and 13C/1H 2D chemical shift correlation experiments were carried out using standard pulse sequences supplied by the spectrometer manufacturer. Long-range 13C/1H chemical shift correlations were obtained in experiments with delay values optimized for 2J(C,H) = 8 Hz. Experiments were performed at 300 K and the concentrations for all samples were in the range 10-15 mg mL−1, in CDCl3 or acetone-d6, using tetramethylsilane (TMS) as internal reference.

  Computational methods

  Full geometry optimization and vibrational frequency calculations were carried out using the Gaussian09 program package,33 employing the B3LYP hybrid functional34 and 6-311+G(2d,p) basis set.35 The nature of the stationary point was determined by performing Hessian matrix analysis. 1H and 13C NMR chemical shifts values are calculated within Gauge-Independent Atomic Orbital (GIAO) method,36-38 using the TMS as the reference molecule. The mixed option was included to consider the Fermi contact contribution and improve the accuracy of spin-spin coupling constants.39 All NMR calculations were performed at the mPW1PW91/6-311+G(2d,p) level of theory, following the recommendations from Tantillo and co-workers40-42 for 1H and 13C computed chemical shifts. In addition, the solvent effect in the NMR calculations was taken into account via the self-consistent reaction field (SCRF) approach.43

   

  Supplementary Information

  1H NMR, 13C NMR and 2D NMR, IR and mass spectra of compounds are available free of charge at http://jbcs.sbq.org.br as a PDF file.

   

  Acknowledgements

  The authors thank the Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP; processes 2013/20094-0, 2009/12202-1 and 2011/07623-8), Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES; Science Without Borders Program, process 88881.068346/2014-01) for research fellowship and grants. We are very grateful to Vinicius Palaretti (FFCLRP-USP) for acquisition of the NMR spectra.

   

  References

  1. Gottlieb, O. R.; Mem. Inst. Oswaldo Cruz 1991, 86, 25.

  2. Moss, G. P.; Pure Appl. Chem. 2000, 72, 1493.

  3. Huang, X. X.; Zhou, C. C.; Li, L. Z.; Peng, Y.; Lou, L. L.; Liu, S.; Li, D. M.; Ikejima, T.; Song, S. J.; Fitoterapia 2013, 91, 217.

  4. Pieters, L.; Van Dyck, S.; Gao, M.; Bai, R.; Hamel, E.; Vlietinck, A.; Lemiere, G.; J. Med. Chem. 1999, 42, 5475.

  5. Cho, J. Y.; Baik, K. U.; Yoo, E. S.; Yoshikawa, K.; Park, M. H.; J. Nat. Prod. 2000, 63, 1205.

  6. Cabral, M. M. O.; Barbosa-Filho, J. M.; Maia, G. L. A.; Chaves, M. C. O.; Braga, M. V.; de Souza, W.; Soares, R. O. A.; Exp. Parasitol. 2010, 124, 319.

  7. Cabral, M. M. O.; Azambuja, P.; Gottlieb, O. R.; Garcia, E. S.; Parasitol. Res. 1999, 85, 184.

  8. Cabral, M. M. O.; Azambuja, P.; Gottlieb, O. R.; Kleffmann, T.; Garcia, E. S.; Schaub, G. A.; Parasitol. Res. 2001, 87, 730.

  9. Chauret, D. C.; Bernard, C. B.; Arnason, J. T.; Durst, T.; Krishnamurty, H. G.; Sanchez-Vindas, P.; Moreno, N.; San Roman, L.; Poveda, L.; J. Agr. Food Chem. 1996, 59, 152.

  10. Quideuau, S.; Ralph, J.; Holzforschung 1994, 48, 12.

  11. Li, Q.-B.; Hu, X.-C.; Chem. Lett. 2012, 41, 1633.

  12. Kao, C.-L.; Chern, J.-W.; J. Org. Chem. 2002, 67, 6772.

  13. Van Miert, S.; Dyck, S. V.; Schmidt, T. J.; Brun, R.; Vlietinck, A.; Lemière, G.; Pieters, L.; Bioorgan. Med. Chem. 2005, 13, 661.

  14. Apers, S.; Paper, D.; Bürgermeister, J.; Barnikova, S.; Van Dyck, S.; Lemière, G.; Vlietinck, A.; Pieters, L.; J. Nat. Prod. 2002, 65, 718.

  15. Pieters, L.; Van Dyck, S.; Gao, M.; Bai, R.; Hamel, E.; Vlietinck, A.; Lemiere, G.; J. Med. Chem. 1999, 42, 5475.

  16. Rakotondramanana, D. L. A.; Delomenède, M.; Baltas, M.; Duran, H.; Bedos-Belval, F.; Rasoanaivo, P.; Negre-Salvayre, A.; Gornitzka, H.; Bioorg. Med. Chem. 2007, 15, 6018.

  17. Lemière, G.; Gao, M.; De Groot, A.; Dommisse, R.; Lepoivre, J.; Pieters, L.; Buss, V.; J. Chem. Soc. Perk. T. 1 1995, 13, 1775.

  18. Kuo, Y. H.; Wu, C.-H.; J. Nat. Prod. 1996, 59, 625; Snider, S. A.; Kontes, F.; J. Am. Chem. Soc. 2009, 131, 1745.

  19. Heleno, V. C. G.; Crotti, A. E. M.; Constantino, M. G.; Lopes, N. P.; Lopes, J. L. C.; Magn. Reson. Chem. 2004, 42, 364.

  20. Heleno, V. C. G.; Oliveira, K. T.; Lopes, J. L. C.; Lopes, N. P.; Ferreira, A. G.; Magn. Reson. Chem. 2008, 46, 576.

  21. Soares, A. C. F.; Silva, A. N.; Matos, P. N.; Silva, E. H.; Lopes, N. P.; Lopes, J. L. C.; Sass, D. C.; Heleno, V. C. G.; Quim. Nova 2012, 35, 2205.

  22. Silva, R.; Heleno, V. C. G.; Albuquerque, S.; Bastos, J. K.; Silva, M. L. A.; Donate, P. M.; Silva, G. V. J.; Magn. Reson. Chem. 2004, 42, 985.

  23. Constantino, M. G.; Silva-Filho, L. C.; Cunha Neto, A.; Heleno, V. C. G.; Silva, G. V. J.; Lopes, J. L. C.; Spectrochim. Acta A 2005, 61, 171.

  24. Heleno, V. C. G.; Silva, R.; Pedersoli, S.; Albuquerque, S.; Bastos, J. K.; Silva, M. L. A.; Donate, P. M.; Silva, G. V. J.; Lopes, J. L. C.; Spectrochim. Acta A 2006, 63, 234.

  25. Blau, L.; Menegon, R. F.; Ferreira, E. I.; Ferreira, A. G.; Boffo, E. F.; Tavares, L. A.; Heleno, V. C. G.; Chung, M. C.; Molecules 2008, 13, 841.

  26. Maeda, S.; Masuda, H.; Tokoroyama, T.; Chem. Pharm. Bull. 1995, 43, 935.

  27. Daquino, C.; Rescifina, A.; Spatafora, C.; Tringali, C.; Eur. J. Org. Chem 2009, 36, 6289.

  28. Li, S. L.; Iliefski, T.; Lundquist, K.; Wallis, A. F. A.; Phytochemistry 1997, 46, 929.

  29. Constantino, M. G.; Lacerda-Júnior, V.; Silva, G. V. J.; Magn. Reson. Chem. 2003, 41, 641.

  30. Muñoz, M. A.; Joseph-Nathan, P.; Magn. Reson. Chem. 2009, 47, 578.

  31. Lomas, J. S.; Magn. Reson. Chem. 2014, 52, 745.

  32. Orlandi, M.; Rindone, B.; Molteni, G.; Rummakko, P.; Brunow, G.; Tetrahedron 2001, 57, 371.

  33. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J.; Gaussian 09 Inc., USA, 2009.

  34. Becke, A. D.; J. Chem. Phys. 1993, 98, 5648; Lee, C.; Yang, W.; Parr, R. G.; Phys. Rev. B 1988, 37, 785.

  35. Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A.; J. Chem. Phys. 1980, 72, 650; Blaudeau, J.-P.; McGrath, M. P.; Curtiss, L. A.; Radom, L.; J. Chem. Phys. 1997, 107, 5016; Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. V. R.; J. Comput. Chem. 1983, 4, 294.

  36. London, F.; J. Phys. Radium 1937, 8, 397.

  37. McWeeny, R.; Phys. Rev. 1962, 126, 1028; Ditchfield, R.; Mol. Phys. 1974, 27, 789.

  38. Wolinski, K.; Hinton, J. F.; Pulay, P.; J. Am. Chem. Soc. 1990, 112, 8251.

  39. Deng, W.; Cheeseman, J. R.; Frisch, M. J.; J. Chem. Theory Comput. 2006, 2, 1028.

  40. Lodewyk, M. W.; Siebert, M. R.; Tantillo, D. J.; Chem. Rev. 2012, 112, 1839.

  41. Lodewyk, M. W.; Soldi, C.; Jones, P. B.; Olmstead, M. M.; Rita, J.; Shaw, J. T.; Tantillo, D. J.; J. Am. Chem. Soc. 2012, 134, 18550.

  42. Lodewyk, M. W.; Tantillo, D. J.; J. Nat. Prod. 2011, 74, 1339.

  43. Tomasi, J.; Mennucci, B.; Cammi, R.; Chem. Rev. 2005, 105, 2999.

   

   

  Submitted: July 08, 2015.

  Published online: October 09, 2015.

  FAPESP has sponsored the publication of this article.

   

   

  
    *e-mail: millercrotti@ffclrp.usp.br

    #These authors contributed equally to this work.

     

     

    Supplementary Information

    
      [image: txt]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

    
      [image: Figure S1]

    

  





  DOI: 10.5935/0103-5053.20150263

  ARTICLE

  
    Karimi M, Shabani AMH, Dadfarnia S. Magnetic Nanoparticles Coated with Ionic Liquid as a Sorbent for Solid Phase Extraction of Chromium(VI) Prior to Its Determination by Electrothermal Atomic Absorption Spectrometry. J. Braz. Chem. Soc. 2016;27(1):144-152

  

  
    Magnetic Nanoparticles Coated with Ionic Liquid as a Sorbent for Solid Phase Extraction of Chromium(VI) Prior to Its Determination by Electrothermal Atomic Absorption Spectrometry

  

   

   

  Mehdi Karimi; Ali M. H. Shabani; Shayessteh Dadfarnia*

   

  
    A simple, sensitive and reliable method for the separation, preconcentration and determination of ultra trace amounts of chromium species has been developed. Chromium(VI) in aqueous sample was reacted with 9-phenyl-2,3,7-trihydroxy-6-fluorone to produce a chelate at pH of 5.0 and extracted onto the magnetic nanoparticles coated with the ionic liquid 1-hexadecyl-3- methylimidazolium bromide. The trapped analyte was back extracted using 350 µL of nitric acid solution (2 mol L-1) and was determined by electrothermal atomic absorption spectrometry. Total chromium was determined by oxidizing CrIII to CrVI using KMnO4 in acidic media. Under the optimum conditions, the method exhibited a linear dynamic range of 0.01-0.50 µg L-1 with an enhancement factor of 112 and a detection limit of 0.003 µg L-1 for CrVI. The coefficient of variation (n = 6) at 0.3 µg L-1 concentration level of CrVI was 3.2%.

    Keywords: chromium speciation, electrothermal atomic absorption spectrometry, ionic liquid, solid phase extraction, magnetic nanoparticle.

  

   

   

  Introduction

  The toxicity, reactivity and biological properties of chromium depend on its chemical form. Chromium is found in two most stable oxidation states of CrIII and CrVI. CrIII is considered as inevitable for the metabolism of glucose, lipid and protein in living organisms whereas CrVI as a strong oxidizing agent, is dangerous to human health and can affect lungs, liver and kidneys.1-4 The concentration of CrIII and CrVI in human serum of a normal healthy person is in the range of 0.52-0.66 and 0.22-0.82 µg L-1 respectively,1 but the level of chromium in the serum of diabetic person is lower. Thus, from medical point of view, accurate and precise determination of chromium in biological sample including human serum is important. Chromium is also known as a major water pollutant.5 The United States Environmental Protection Agency (USEPA) has set a total concentration of 0.1 mg L-1 chromium in drinking water as the maximum allowable contaminant level whereas World Health Organization (WHO) states the guideline values of 50 µg L-1 CrVI.6 Consequently, the development of an accurate, easy and sensitive method for the determination of chromium species in environmental waters and biological samples is an attractive task in analytical chemistry.

  Various analytical techniques such as atomic absorption spectrometry (AAS),7-9 spectrophotometry,10 inductively coupled plasma mass spectrometry (ICP-MS),11-13 X-ray ﬂuorescence (XRF) spectrometry14 and inductively coupled plasma optical emission spectrometry (ICP OES)15 have been used for the determination of chromium in different samples. However, these methods only measure the total chromium amount. Thus, due to the presence of low level of chromium in real samples, complexity of the matrices and the importance of measurement of chromium species, a separation and preconcentration step prior to its determination is often a necessary step. Procedures reported in the literature for the speciation of chromium are generally liquid-liquid extraction (LLE),16 solid phase extraction (SPE),17-19 cloud point extraction (CPE),1,20 hollow ﬁber liquid phase microextraction (HF-LPME),21 dispersive liquid-liquid microextraction (DLLME),22-24 solidiﬁed ﬂoating organic drop microextraction (SFODME),25 capillary electrophoresis26 and electrochemical methods.27 Among these methods, SPE is the widely utilized technique for the separation and preconcentration of metal ions due to its simplicity, selectivity, flexibility, low cost, safety, ease of automation and possibility of obtaining high preconcentration factor.28-31 However, the nature of sorption material plays a unique role in SPE process because it determines the analytical sensitivity, affinity, capacity and repeatability of the method. The most important sorbents used in the SPE procedures for speciation of chromium are Ambersorb 563 resin,17 activated carbon,32 cellulose5 and TiO2.33 In SPE methods, the extraction is often performed either in batch or in column modes. However, when the extraction is done in the batch mode, separation of traditional sorbent from the sample is difficult and time consuming, whereas, in column mode, the flow rate of sample through the column is limited and thus, for obtaining a high preconcentration factor (PF) the passage of large volume of sample through the column is tedious. Magnetized sorbents are promising substitute for traditional sorbents as the enrichment process can be shortened through their rapid isolation using a strong magnet.34-36 Magnetic nanoparticles (MNPs) with the large and high surface area make it possible to obtain high PF from smaller sample volume. However, the basic disadvantage of bare MNPs is the lack of the selectivity for target analyte. To overcome this problem, magnetic nanoparticles can be modified with different organic ligands,37 imprinted polymers38 and surfactants.39

  Recently, ionic liquids (ILs) have attracted the analytical chemists as a new class of coating materials in SPE.40,41 ILs are organic salts of organic cations paired with inorganic or organic anions with melting points often less than 100 ºC. The physical properties of ILs such as, viscosity, thermal stability, solvent miscibility, vapor pressure, and chemical functionality are tunable which make them a useful class of coating materials for SPE and SPME sorbents.29-31,42,43

  However, according to our literature survey the use of ILs for coating the nanoparticles are still in its infancy state. In 2011, Absalan et al.44 coated MNPs with IL (1-hexyl-3-methylimidazolium bromide) and use it as the sorbent for removal of reactive red-120 and 4-(2-pyridylazo)resorcinol from aqueous samples. In 2012, Farahani et al.30 deposited hydrophobic IL (1-hexyl-3-methylimidazoliumhexafluorophosphate) on the surface of magnetic nanoparticles and used it for SPE of lead and cadmium. In 2013, Amjadi et al.29 used modified IL-coated TiO2 nanoparticles as a new solid phase extraction sorbent for preconcentration of trace nickel. In this study, the sorption/desorption possibility of CrVI-9-phenyl-2,3,7-trihydroxy-6-fluorone complex onto the MNPs coated with 1-hexadecyl-3-methylimidazolium bromide (C16mimBr) IL was considered and a rapid SPE method coupled with electrothermal atomic absorption spectrometry (ETAAS) was developed for separation/preconcentration and speciation of chromium species. Total chromium was determined after oxidation of CrIII to CrVI and the amount of CrIII was determined from the difference of concentration of total chromium and CrVI.

   

  Experimental

  Apparatus

  A Varian model SpectrAA 220Z (Mulgrave, VIC, Australia) Zeeman atomic absorption spectrometer equipped with an auto sampler (PSD 120) and a graphite tube atomizer (GTA 120) was used for all the measurements throughout this study. A computer was used to record the absorbance signal proﬁle. A Varian SpectrAA hollow cathode lamp for chromium was operated at 357.9 nm with 7 mA current and a spectral bandwidth of 0.5 nm. The furnace tube was a standard plateau tube with a pyrolytic graphite coating. The Zeeman background correction was used for all measurements. The furnace temperature program applied was as recommended by the manufacturer (Table 1). Peak height measurement was used for all the quantifications. The sample injection volume of 15 µL along with 10 µL modifier was used in all experiments. The pH measurements were carried out with a Metrohm pH meter (model 691, Herisau, Switzerland) using a combined glass calomel electrode. In addition, for magnetic separations a strong neodymium-iron-boron (Nd2Fe12B) magnet (1.31 T) was used.
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  Standard solution and reagents

  Iron(II) chloride tetrahydrate, iron(III) chloride hexahydrate, and 1-hexadecyl-3-methylimidazolium bromide (C16mimBr) were purchased from Sigma-Aldrich (St. Louis, USA). Double distilled deionized water was used throughout this study. All glassware was washed with 10% (v/v) nitric acid and then rinsed with water before use. Stock standard solutions (1000 mg L-1) of CrVI and CrIII were prepared by dissolving proper amounts of K2Cr2O7 and CrCl3.6H2O in distilled water. Working solutions were prepared daily from the stock standard solutions by serial dilutions with double distilled water. 9-Phenyl-2,3,7-trihydroxy-6-fluorone (phenylfluorone), ethanol, hydrochloric acid, nitric acid, potassium permanganate, sodium azide, acetonitrile, ammonia and all other chemical used were purchased from Merck Company (Darmstadt, Germany). Phenylfluorone solution in ethanol (1 × 10-3 mol L-1) was prepared by dissolving 0.0320 g of phenylfluorone in ethanol containing 1 mL concentrated HCl and diluting to 100 mL upon addition of ethanol. A Pd/Mg modifier was prepared from the palladium modifier solution for ETAAS and Mg(NO3)2.6H2O according to the literature.45

  Synthesis of Fe3O4 nanoparticles

  Fe3O4 MNPs were prepared by the coprecipitation method.35 A 50 mL of an aqueous solution containing 5.2 g of FeCl3.6H2O and 2.0 g of FeCl2.4H2O was heated at 80 ºC for 15 min. Then, 10 mL of concentrated NH3 was added dropwise. N2 gas was used as the protective gas in the whole experiment. After completion of the reaction, the black precipitate was collected by an external magnetic field, washed with water and ethanol and dried in oven at 80 ºC.

  Preparation of magnetite nanoparticles coated with ILs

  Twenty five milliliter of C16mimBr IL (2.0 g L-1) was added to the Fe3O4 MNPs (0.5 g) in a 50 mL beaker. The pH was adjusted to 10.0 with sodium hydroxide solution (1.0 mol L-1) and was mixed thoroughly by mechanical stirrer for 20 min. In this stage, the nanoparticles were suspended in the mixture and covered with the IL. Then, the modiﬁed MNPs were isolated by application of an external magnetic field, washed with water and dried at room temperature for 24 h. The sorbent was then used for the further studies.

  Preparation of real samples

  Water samples were filtered through 0.45 µm Millipore filter. Their pHs were adjusted to 5.0 and treated according to the extraction procedure given below. Frozen serum samples of the diabetic persons were provided from a hospital in Yazd. After reaching the ambient temperature, a small amount of acetonitrile was added to 5.0 mL of serum sample to precipitate the protein contents of it and centrifuged for 10.0 min at the rate of 5000 rpm. The supernatant was diluted with ultrapure water at a ratio 1:10 and was treated according to the given procedure.

  Extraction procedure

  Determination of CrVI

  To 40 mL of sample or standard solution containing of CrVI and CrIII, 1.0 mL of a 1.0 × 10-3 mol L-1 phenylfluorone was added and the pH was adjusted to 5.0 upon addition of 2 mL acetate buffer. Then, 15 mg modified MNPs was added and the mixture was stirred thoroughly for 15.0 min. At this stage, phenylfluorone-CrVI chelate was adsorbed onto the modified MNPs. Subsequently, a strong magnet was placed at the bottom of the beaker and the sorbent containing the analyte was trapped. The bulk aqueous phase was easily decanted and the sorbed analyte was desorbed by addition of 350 µL of nitric acid (2.0 mol L-1) and stirred for 2 min. Finally, the sorbent was retained with the help of a magnet and the supernatant solution was transferred into the electrothermal cup. Then, 15 µL of it along with 10 µL of the Pd/Mg modifier was injected into the graphite tube of ETAAS for the quantification of analyte.

  Determination of total chromium and CrIII

  To determine the total concentration of chromium in the solution, CrIII was efficiently oxidized to CrVI according to the given procedure;4 i.e., 4 to 5 drops of KMnO4 solution (0.02 mol L-1) and an adequate amount of sulfuric acid to make its concentration 0.1 mol L-1 were added to 40 mL of sample, the beaker was covered with a watch glass and heated at 45 ºC for 15 min to completely oxidize the CrIII to CrVI. After the solution was cooled, the excess of KMnO4 was reduced upon drop wise addition of sodium azide solution (2.0%, m/v) until the pink color of the solution was removed. The solution was then treated according to the given procedure in determination of CrVI. The concentration of CrIII was determined from the difference of concentration of total chromium and CrVI.

   

  Results and Discussion

  9-Phenyl-2,3,7-trihydroxy-6-fluorone (phenylfluorone) reacts with chromium(VI) and produces a stable and sensitive 2:1 purplish red chelate at pH 4.7-6.6 (Figure 1).46,47 Phenylfluorone had been used for direct spectrophotometric determination47 and cloud point extraction of chromium(VI).46,48 In the preliminary work, it was established that the chelate of CrVI with phenylfluorone can be extracted onto the IL coated magnetic nanoparticles, while CrIII remains in aqueous phase. Then, the sorbent was characterized and an extraction system was designed. In order to obtain a high enrichment factor and appropriate situation for the speciation of chromium, different parameters affecting the chelate formation, extraction and analysis process were optimized in a univariable approach.
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  Characterization of the sorbent

  The Fourier transform infrared spectroscopy (FTIR) spectra of C16mimBr IL, MNPs and MNPs modified with IL were recorded by KBr pellet method (Figure 2). The spectra of IL shows peak at 1168, 1467 and 1575 cm-1 corresponding to C−C, C=C and C=N stretching vibrations, respectively. The same peaks with slight shift to lower wavenumbers (i.e., to 1167, 1444 and 1571 cm-1, respectively) are observed in modified nanoparticles, indicating that the IL is coated on the magnetic nanoparticles.
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  The surface morphology of the magnetic nanoparticles and nanoparticles modified with IL were characterized by scanning electron microscopy (SEM) (Figure 3). As it is demonstrated the size of magnetic nanoparticles after modification with IL is not significantly changed and is still in dimension of nanometers.
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  Optimization of the SPE variables

  The pH of sample solution plays an important role on the separation/preconcentration and speciation of metal ions by SPE. It has a unique role on the metal-chelate formation, its chemical stability and the lipophilicity of the chelate that must be extracted by the IL modified MNPs sorbent. Furthermore, as in the weak acidic solution the predominant forms of CrVI are CrO42− and Cr2O72−, the effect of sample pH on the extraction of CrVI was investigated. The results (Figure 4) demonstrated that the extraction recovery of CrVI is maximized and constant in the pH range 4.0-7.5 which corresponds to the region where the CrO42− species is predominate. The decrease in the extraction of CrVI at pH higher than 7.5 can be related to the decomposition of CrVI-phenylfluorone chelate and instability of complex at alkaline media. The negligible extraction of CrIII in all studied pHs is because the phenylfluorone is a selective ligand for CrVI and does not form a stable chelate with CrIII. Thus, CrVI can be extracted as CrVI-phenylfluorone chelate while CrIII remains in the aqueous phase. This suggests that it is possible to separate the CrVI from CrIII in the whole pH range and the extraction of CrVI reaches its maximum in the pH range of 4.0-7.5. Therefore, the pH of 5.0 was selected for the subsequent works.
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  The effect of the concentration of chelating agent on the extraction recovery of CrVI was investigated and the results (Figure 5) demonstrated that the efficiency of analyte extraction increases by an increase in the phenylfluorone concentration up to 1.0 × 10-5 mol L-1, and then reaches a plateau. A phenylfluorone concentration of 2.5 × 10-5 mol L-1 was chosen to account for the other species that might potentially interfere with CrVI extraction through chelate formation with the ligand.
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  The contact time between modified MNPs and chromium chelate has an obvious effect on the performance of extraction processes. Experiments revealed that the extraction recovery of CrVI increases with an increase in the extraction time from 3.0 to 15.0 min, and then remained constant by further increase in the extraction time. Therefore, an extraction time of 15.0 min was selected for the subsequent experiments.

  It is well known that the convection induced by stirring of the sample causes fast mass transfer to occur. Thus, a fast equilibrium between the sample solution and modified MNPs can be attained by proper stirring of the solution. The effect of stirring rate was investigated in the range of 300-1200 rpm. It was observed that, 1000 rpm was sufficient to achieve a quantitative extraction of the analyte in 15.0 min.

  The type, concentration and volume of the desorbing solution have a considerable effect on the extraction efficiency. The eluent must be capable of complete desorption of analyte in minimum volume in a short time and it must not interfere in the measurement of analyte. The possibility of desorption of chromium complex by 500 µL of different eluent including nitric acid, hydrochloric acid and acetic acid all at a concentration of 2.0 mol L-1 was considered. It was found that nitric acid has the maximum capability in desorbing the analyte, whereas, the recoveries with hydrochloric acid and acetic acid were about 60% and 40% of that of nitric acid, respectively. The effect of nitric acid concentration in the range of 0.5-5.0 mol L-1 on the recovery was then studied. The results implied that the extraction recovery increased with an increase in nitric acid concentration up to 2.0 mol L-1 and then remained constant at higher concentrations. Therefore, nitric acid with a concentration of 2.0 mol L-1 was chosen as the desorbing solution for the subsequent studies. Furthermore, the influence of the volume of nitric acid on the recovery of CrVI was studied by varying its volume in the range of 100-500 µL. The results demonstrated that chromium was quantitatively desorbed from modified MNPs in volumes of 350 µL and larger. For achieving high enrichment factor, the smaller volume of eluent in which the recovery was quantitative (350 µL) was chosen.

  The effect of desorption time was also evaluated by varying desorption time between 0.5 and 10.0 min. It was found that desorption of analyte from the sorbent is relatively fast and 2.0 min stirring was sufficient for the quantitative recovery of the analyte.

  The recovery values for chromium were dependent on the mass of the sorbent. The recovery increased by an increase in sorbent mass up to 10 mg and then remained constant and quantitative by further increase in amount of the sorbent. A mass of 15 mg of the sorbent was selected as the optimum amount for the further studies.

  The effect of ionic strength on the extraction (or stripping or removing) of chromium complex from the modified MNPs sorbent was investigated by varying the NaCl concentration between 0.0-1.0 mol L-1. The results proved that the extraction efficiency is independent of the salt concentration. Thus, the method can be applied for quantitative separation and preconcentration of chromium from saline solutions. Further studies were done without salt addition.

  Demonstrating the capability of the extraction system in obtaining high preconcentration factor is an important aspect of method development as it shows the possibilities of recovery of analyte from a large sample volume. An increase in the ratio of the volume of the aqueous phase to the eluent will increase the preconcentration factor but it may reduce the extraction efficiency. In order to study the effect of the sample volume on the extraction efficiency, 12 ng of CrVI was extracted from different volumes of solution (10-60 mL) under constant the other experiment conditions. The results showed that the recovery was quantitative up to 40 mL of the sample and then decreased with further increase in sample volume. Thus, based on the volume of desorbing solution (350 µL) and the maximum sample volume that the extraction was quantitative (40 mL) a preconcentration factor of 114 was determined.

  Sorbent capacity

  The pH of sample solution (20 mg L-1 CrVI, 40 mL) was adjusted to 5.0. 2.0 mL of phenylfluorone and 50 mg of modified MNPs were added. Then, the mixture was stirred for 120 min and after collection of the sorbent by applying an external magnetic field the amount of chromium on the supernatant solution was determined by flame atomic absorption spectroscopy. The amount of chromium retained by the sorbent was determined from the difference of the concentration of chromium in the initial and final solutions. The capacity of the sorbent was found to be 11.5 mg g-1.

  Effect of foreign ions

  The selectivity of developed SPE method for extraction and determination of chromium was demonstrated by studying the possibility of the effect of common interfering ions usually present in water and biological samples. For this purpose, 40 mL of the solution of 0.30 mg L-1 CrVI and various amounts of interfering ions was preconcentrated and analyzed according to the recommended procedure. The tolerance limit of the coexisting ions was deﬁned as the largest amount that make a variation of less than 5% in the recovery of the analyte. The results of these studies (Table 2) indicate that with the exception of CuII, AlIII, NiII and PbII ions, which interfere at the mole ratio of 50, the other ions at the given level show no significant interference in the determination of chromium. Furthermore, as EDTA forms ionic hydrophilic complexes with the interfering ions but does not have any affinity for CrVI the tolerance limit of CuII, AlIII, NiII and PbII ions was improved to the mole ratio of 600 upon addition of EDTA. Thus, when the concentration of CuII, AlIII, NiII and PbII ions in the sample is more than 50 times of the analyte, the EDTA at a concentration of 2.0 × 10-4 mol L-1 should be added to the sample prior to addition of sorbent. These results indicate that the developed method is selective for the determination of chromium(VI) at optimum conditions.
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  Analytical figures of merit

  In the optimum conditions, a calibration graph was constructed for CrVI by preconcentrating of several standard solutions according to the recommended procedure. The linear concentration range was found to be 0.01-0.50 µg L-1 with a correlation coefficient of 0.9990. The equation of calibration graph was A = 1.622C + 0.036 (where A is the absorbance and C is the concentration of CrVI in µg L-1). The limits of detection (LOD) and quantiﬁcation (LOQ) defined as 3 Sb/m and 10 Sb/m (where Sb is the standard deviation of the blank and m is the slope of the calibration graph) were 0.003 and 0.01 µg L-1, respectively. The precision of proposed method was evaluated by subjecting a series of six solutions containing 0.3 µg L-1 CrVI to the extraction and measurement process at same day. The coefficient of variation (CV, %) was found to be 3.2%. The enhancement factor defined as the slope ratio of two calibration curves with and without preconcentration was found to be 112. The closeness of enhancement and preconcentration factor to each other indicate that the extraction is quantitative (about 98% completed).

  Application

  To check the reliability of the proposed method for speciation of chromium, the method was applied to the determination of CrVI and CrIII in several categories of water samples including river water (Zayandeh Rood River, Esfahan, Iran), subterranean water (the two-story subterranean of Ardestan, Esfahan, Iran), sea water and human serum. The accuracy of the method was examined by spiking the samples with two or three different levels of CrIII and CrVI and calculating the recovery. The results of this investigation are given in Table 3. As it can be seen, the recoveries of added chromium species are good. Thus, the procedure is reliable and accurate for the analysis of chromium species at trace levels in water samples. Furthermore, the procedure was also applied to determination of chromium in a certified reference river water sample SLRS-1 with chromium concentration 0.36 ± 0.03 µg L-1. The concentration of chromium in this sample was found to be 0.35 ± 0.02 µg L-1. Thus at 95% conﬁdence level there is no signiﬁcant difference between the obtained value and the accepted one. Thus, the procedure is reliable for analysis of chromium in the sample types studied.
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  Comparison with other methods

  Table 4 compares figures of merit of the developed method with some other SPE methods reported for the separation, preconcentration and determination of chromium species. As can be seen the LOD of the proposed method is lower or comparable and its enhancement factor is higher than the rest of methods in the Table 4.
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  Conclusions

  Magnetic nanoparticles modified by IL combined with ETAAS using phenylfluorone as the chelating agent can be applied for the speciation of ultratrace amounts of chromium ions in different water and human serum samples. In comparison with other reported SPE methods (Table 4), the developed method has higher preconcentration factor and lower detection limit. The method also has the advantages of simplicity, rapidity, selectivity, and relatively low cost. Furthermore, it avoids the time consuming column passing and filtration operation using an external magnetic field for the separation of MNPs from the aqueous phase. However, the drawback of this sorbent is the impossibility of reusing the nanoparticles as desorption process may hurt the stability of IL on Fe3O4 nanoparticles or dissolve the nanoparticles.
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    This paper presents an analytical procedure for the determination of folic acid employing commutation flow analysis process and detection by chemiluminescence. The procedure is based on the reaction of hexacyanoferrate(III) with folic acid, followed of luminol oxidizing reaction in alkaline medium, resulting in emission of radiation at 425 nm. After optimization the experimental variables, the proposed procedure afforded the following useful features. A linear response ranging from 0.1 to 1.00 mg mL-1 folic acid (R2 = 0.993), a detection limit (3σ criterion) 0.046 mg mL-1, a sampling rate of 156 determination per hour, a relative standard deviation less than 0.5% (n = 6) for a 0.6 mg mL->1 folic acid standard solution and a waste generation of 0.86 mL per determination.

    Keywords: folic acid, multicommuted flow analysis, chemiluminescence, green chemistry.

  

   

   

  Introduction

  Folic acid (N-[p{[(2-amino-4-hydroxy-6-pteridinyl)methyl]amino}benzoyl]-L-glutamic acid, is a water soluble vitamin belonging to the B complex (vitamin B9 or vitamin M),1,2 which is produced by plants (green leaves, algae) and micro-organisms.3-6 Several papers has been pointed out that folic acid contribute to the formation of red blood cells, being also identified as an anti-anemia and growth factor.3,7,8 This compound participates in the synthesis of DNA bases and chains, being required for the formation of new cells, mainly in condition of rapid cell division and growth, including pregnancy and infancy.9 The synthesis of the heme group of hemoglobin has also the participation of folic acid, therefore deficiency of folic acid causes several diseases, including megaloblastic anemia, bone marrow or fetal diseases (spina bifida, neural tube defects).8-11 Cancer, Alzheimer’s disease and cardiovascular disease in adults have been related with folic acid deficiency.1,8-10 Deficiency in folic acid can causes gigantocytic anemia associated with leukopenia, devolution of mentality, psychosis, etc. Folate deficiency is believed to be the most common vitamin deficiency in the world due to food processing, food selection, and intestinal disorders.10

  Clinical assays involving supplementation of folic acid during the pre-conception, observed a decrease in the risk of neural tube defects (NTDs).12,13 For this reason, the United States (US) Public Health Services and other agencies recommend that all women of reproductive age should consume daily 0.40 mg folic acid supplement.14,15 The US and other countries have mandated folic acid fortification of the food supply, specifically for the purposes of reducing the prevalence of NTDs.14,15 The Brazilian Agency for Public Health Surveillance (ANVISA) required the mandatory fortification of wheat and corn flours with folic acid at a concentration of 1.50 mg g-1.12 In view of the benefits for health, preventing a range of disorders, a consumption of 0.4 mg of synthetic folic acid has been recommended,15 including fortified foods or vitamin tablets.6,8-10

  In view of the beneficial effect for health, the consumption of folic acid as pharmaceuticals become usual, whereby the availability of analytical method for its determination, become an essential requirement to allow the product valuation. The determination of folic acid in pharmaceuticals has been performed employing analytical procedures based on high-performance liquid chromatography (HPLC),12,16 spectrophotometry,1,2,13 capillary electrophoresis,3,17 and chemiluminescence.5,7,9

  Among the cited works, those based on chemiluminescence employed the simpler detection equipments, which do not use either a radiation source or an optical device, such as a light monochromator. Nevertheless, the detection equipment employed photomultiplier as an electromagnetic radiation sensor, which is higher sensitivity than a photodiode, but is also more expensive. The amount of folic acid in pharmaceuticals, allows that solutions can be prepared at appropriate concentration, allowing that the analyte determination would be formed, employing a very simple radiation detection instrument based on a photodiode.

  Nowadays, there is a concern focused on the environmental sustainability of the analytical procedures, which would follow the green analytical chemistry (GAC) guidelines.18,19 Among the GAC requisites, reduction of waste generation has received great attention because of its direct impact on the environment. This requisite has been properly accomplished, developing the analytical procedures based on the processes named as sequential injection analysis (SIA)20,21 and multicommuted flow analysis (MCFA).22,23

  The MCFA process, when implemented employing solenoid mini-pump for fluid propulsion, afforded facilities to meet the GAC requisite, concerning to reduction of waste generation.18,19 This feature is exploited in this work to develop an automated analytical procedure environmentally friendly for the determination of folic acid in pharmaceuticals. The detection by chemiluminescence is performed employing a homemade luminometer. The procedure is based on the reaction of folic acid with hexacyanoferrate(III), wherein the oxidant consumption occurs. The hexacyanoferrate(III) remaining oxidizes luminol, generating radiation in the visible range of the electromagnetic spectrum (λmax ca. 425 nm).5,6

   

  Experimental

  Reagents and solutions

  All solutions were prepared using purified water with a specific resistivity of 18.2 mΩ cm-1 at 25 °C . The reagents were of analytical grade. A 2.0 mol L-1 sodium hydroxide stock solution was prepared dissolving the solid (Merck 99%) in water. Working hydroxide solutions were prepared by dilution with water. A 5 × 10-2 mol L-1 luminol stock solution was prepared by dissolving 221.5 mg of solid (Sigma 97%) in 25 mL of a sodium hydroxide solution (0.1 mol L-1). This solution was stored in amber vial, covered with aluminum foil and kept refrigerated at 8 °C. The working solution with a concentration of 3.0 mmol L-1 was prepared daily by dilution with a 0.3 mol L-1 sodium hydroxide solution. A 0.1 mol L-1 potassium hexacyanoferrate(III) stock solution was prepared by dissolving 0.823 g of solid (Sigma 97%) 25 mL of water. Working solutions with concentrations ranging from 0.6 to 8.0 mmol L-1 were prepared by dilution with water from the stock solution. A 5.0 mg mL-1 folic acid stock solution was prepared by dissolving 250 mg of solid (Sigma 97%) using 3 mL of a 0.1 mol L-1 sodium hydroxide solution. After dissolution the volume was made up to 50 mL with water. Working standard solutions within the concentration range 0.1 to 2.0 mg mL-1 were prepared daily by dilution with water.

  Sample preparation

  A mass equivalent to a tablet was transferred to a 25 mL volumetric flask, which previously was loaded with 20 mL of water plus 1 mL of a 0.1 mol L-1 NaOH solution. After stirring for 5 min to promote dissolution, the solution was filtered and the volume was completed to 25 mL with water.

  Standard solutions to study if excipients, usually present in the pharmaceutical of interest, cause or not interference, were prepared to comprise 0.5 mg mL-1 folic acid with and without the potential interferings. The compounds assayed were polyvinylpyrrolidone, starch, caffeine, cellulose, lactose, ethanol, methanol and ascorbic acid.

  Apparatus and accessories

  The equipment setup comprised a microcomputer, furnished with PCL711S interface card (Advantech Corp.) and running a software wrote in Quick BASIC 4.5; solenoid mini-pumps, two 120SP1220 and two 120SP1210 (BioChem Valve lnc.); one digital interface based on the integrated circuit ULN2803, used to drive the solenoid mini-pumps, assembled as described elsewhere;24 a regulated power supply of 12 V and electric current intensity of 2 A, used to feed the solenoid mini-pumps; a regulated power supply of –12.0 V and +12.0 V and electric current intensity of 0.5 A, used to feed the luminometer. The accessories consisted of three OP07 operational amplifier; two photodiodes S1227-1010BR (Hamamatsu), two meters of polyethylene tube to construct flow lines and reaction coils; one metallic box with dimension of 25 cm wide, 20 cm deep and 10 cm height, used to accommodate the luminometer; resistors and capacitors used construct the luminometer as indicate in Figure 1.

  
    

    [image: Figure 1. Diagram of the luminometer]

  

  Luminometer description

  The luminometer was designed using two silicon photodiodes with a 100 mm2 photo-sensible surface, which were wired to the operation amplifiers, as shown in Figure 1.

  The operational amplifiers OA1 and OA2 are configured to form the signal transduction unit, which convert the electromagnetic radiation to an electric signal. The third operational amplifier (OA3) is wired as a signals summing circuit and amplifier. In this configuration, the output signal is the sum of input signals multiplied by five. The luminometer, including the reactor coil, where radiation was emanate due to luminol oxidation, was accommodate into a metallic box to prevent external radiation.

  Description of the flow system module

  The analytical procedure is based on reaction of folic acid with hexacyanoferrate(III). The remaining hexacyanoferrate(III) reacts with luminol in alkaline medium, causing its oxidation, resulting in emission of radiation.5,6 The flow analysis module was designed to accomplish the requisites for reaction development and its diagram is shown in Figure 2.
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  The solenoid mini-pumps P1, P2, P3 and P4 used for fluid propulsion, works following an on/off switching pattern, thus when an on/off action is applied to the solenoid mini-pump, an aliquot of the fluid is delivered. Considering this feature, the control software was designed to drive the solenoid mini-pumps following the time switching pattern showed in the bottom of Figure 2. When the control software was run, the microcomputer sent through the output port of the PCL11S interface card, a set of control signal in order to switch on/off the solenoid mini-pumps, following the time switching patter depicted in the switching time diagram.

  The control signals were generated at the TTL pattern, and the integrate circuit ULN2803 convert them to 12 V, required do feed the solenoid mini-pumps. As depicted on the time switching diagram, an analytical run comprised three steps labeled as St1, St2 and St3. As we can see in Figure 2, the sampling step consist of three sampling cycles, which was carried out by switching on/off at the same time the mini-pumps P1 and P3. Under this condition, the reaction coil (B) was loaded with a mix comprising sample and hexacyanoferrate(III) solution. The number of sampling cycles can be increased in order to improve sensitivity. In the second step (St2), mini-pumps P2 and P4 were switched on/off at the same time. When this happen, the mix comprising sample and hexacyanoferrate(III) solution, displaced by the carrier fluid (Cs), merged into the joint device (x2) with aliquots of luminol solution. In the first step (St1), the hexacyanoferrate(III) oxidized folic acid, the remaining of this reagent oxidized luminol into the chemiluminescence reactor coil (Cℓ), resulting in emission of radiation.

  The chemiluminescence reactor Cℓ consists of a polyethylene tube wrapped on an acrylic plate, 6 mm width and 2 mm thickness. This assembling was chosen to obtain a reactor coil with a flattened shape, thus facilitating its installation between the two photodiodes, as shown in Figure 2. This arrangement allows that the major part of the radiation emanated from the reactor (Cℓ) was collected by the photodiodes (D1 and D2). The magnitude of the generated signal presents a linear relationship with intensity of the radiation generated when luminol was oxidized by the hexacyanoferrate(III) ions.

   

  Results and Discussion

  General comments

  The analytical procedure was based on the reaction of folic acid with hexacyanoferrate(III) and the remaining oxidant reacts with luminol in alkaline medium, resulting in emission of electromagnetic radiation. The chemical process occurs as shown below:5
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  where h = Planck constant and v = frequency in Hz.

  Once the pteroic acid does not oxidizes luminol, the radiation generated is in function of the concentration of the remaining hexacyanoferrate(III). Previous assays were performed to evaluate the response of the proposed luminometer. The assays were carried out employing the flow system depicted in Figure 2, and using solutions of luminol (3.0 mmol L-1) in a 0.4 mol L-1 NaOH medium, folic acid (2.0 mmol L-1) and potassium hexacyanoferrate(III) (0.6 mmol L-1). The control software was settled to perform the steps St1 and St2, applying 10 and 12 sampling cycles for folic acid and luminol solution, respectively. The records depicted in Figure 3, shows that radiation inhibition occurred when hexacyanoferrate(III) and folic acid solutions were mixed prior to add luminol solution to the reacting medium.

  
    

    [image: Figure 3. Records of the luminometer]

  

  Effect sample and reagent solution volumes

  In flow analysis process, the volume of sample plays an important role on the magnitude of the signals, which is generated as a function of the analyte concentration. Because of this, the volume of sample aliquot was the first variable studied, which was done by varying the number of sampling cycles (St1, Figure 2) from 4 to 14 and maintaining 14 for luminol inserting cycles (St2, Figure 2). Similar experiment was carried out maintaining 12 sampling cycles (St1) and varying the number luminol inserting cycles (St2). These assays were carried out using a blank solution instead of the folic acid solution. Taking the maximum values of the measurements, we derived the curves shown in Figure 4.
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  Analyzing these curves, we observe a significant increase in the signal up to 10 sampling cycles, tending to a constant value for higher values. Similar effect also occurred while the number luminol inserting cycles varied from 4 up to 12. Based on these results, we selected 10 sampling cycles for folic acid and hexacyanoferrate(III) solutions and 12 inserting cycles for luminol and carrier solutions (St1, St2, Figure 2). The mini-pumps P1 and P2 delivered a volume of 20 µL per stroke, while P3 and P4 delivered 10 µL.

  Under the settled operational condition, when performing the sampling step (St1), the reactor coil (B) was load with a mix consisting of 200 µL of folic standard solution and 100 µL of hexacyanoferrate(III) solution, thus comprising a total volume of 300 µL, which was higher than the volume of the reactor B (250 µL). Owing to the generated signals shows a tendency to a constant value. The curve related with luminol inserting cycles has a similar behavior, when the sample zone displaced through the luminescent reactor (Lℓ) was higher than 360 µL.

  Effect of the reagents solution concentrations

  Intending to find the appropriated concentration of the K3[Fe(CN)6] solution, assays were performed varying the concentration of the oxidant solution, maintaining the luminol concentration used before and using a set of folic acid with concentration ranging from 0.1 to 1.0 mg mL-1, yielding the results shown in Table 1.
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  Analyzing the results showed in Table 1, we observe an increase of slope with the concentration of the oxidizing solution, whereas a decrease in linearity also occurred. Based on these results, the 2.0 mmol L-1 solution concentration was selected, considering as an acceptable compromise between sensitivity and the linearity.

  The luminol oxidation to produce electromagnetic radiation occurs in alkaline medium, so the results previously commented were achieved using a luminol solution prepared in a 0.4 mol L-1 NaOH medium. Aiming to find the best alkaline condition for radiation emission, a set of assays was carried out varying the NaOH concentration, yielding results shown in Figure 5.
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  Analyzing the curve shown in Figure 5, we observe an increase in signal with the sodium hydroxide concentration up to 0.3 mol L-1, presenting decrease for concentration higher than 0.4 mol L-1. Base on this result, the 0.3 mol L-1 concentration was chosen.

  The assays previously described, were implemented in order to find the appropriate values of the experimental variables and the selected values are summarized in Table 2.
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  The signals summing effect

  The luminometer represented by the diagram shown in Figure 1, was designed employing two photodiode, expecting that those arrangement afforded an improvement in sensitivity. Once the appropriate operational condition was established, assays were implemented to verify if a gain in signal magnitude occurred or not. The assay was done coating the sensitive surface of the photodiode (D1, Figure 1), using a piece of black cloth. After recording the generated signal, the coating piece was removed and the assay was repeated, yielding the results shown in Figure 6.
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  Ideally, the maximum magnitude of the record (a) would be the double of the record (b), nevertheless the optical coupling of the two photodiodes to the luminescence reactor coil is not identical, so the answers are different, but there is a significant gain in signal using the summing strategy.

  Potential interferences

  Usually, folic acid pill includes as excipients lactose, starch, stearate and ascorbic acid, so a set of assays was carried out in order to evaluate if these compounds cause or not interference. The tests were performed using a 0.5 mg mL-1 folic acid standard solution with and without the potential interferences. A variation of ± 5% in analytical signal has been used as a criterion to define if a concomitant compound cause or not interference.25 Taking as reference, the signal related with the folic acid standard solution without interferings, we observed that excepting ascorbic acid, the tolerance was higher than 1000 times the folic acid concentration used for tests. Additional assays shown that for ascorbic acid, the tolerance was 10 times the concentration of folic acid used in this assay (0.5 mg mL-1), which is acceptable for this pharmaceutical type.

  Sample analyses and performance comparison

  Intending to evaluate the practicality of the proposed analytical system, a set of folic samples were analyzed. The records of the signals readout generated by the luminometer (Figure 1) are shown in Figure 7, where we can see that the signals have high reproducibility, indicating an adequate overall performance.
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  Taking as the measurement parameter, the maximum values of the records related with the folic acid standard solutions, we derived the following linear equation: Signal (mV) = (–310.54 ± 3.92)[FA] + (1226.20 ± 0.82) (R2 = 0.993). This equation is related to the folic acid concentration ranging from 0.1 to 1.0 mg mL-1, nevertheless extending the concentration range up to 2.0 mg mL-1, we observed a decrease of 20% in the slope of the analytical curve and a loss of linearity (R2 = 0.985). Analyzing the Figure 7, we observe that to carry out 52 determination, the time interval elapsed was 1200 s, therefore we can deduce that the proposed system would be able to carry out 156 determination per hour.

  In Table 3 is shown a summary of the main parameters, usually employed to evaluate the performance of the analytical procedures based on flow analysis process. Analyzing these data, we observe that the sensitivities of the procedures represented by the reference numbers 5 and 8, are higher than that of the proposed procedure. This would be expected, owing to the referred procedures employed equipments furnished with photomultiplier, which is a sophisticated and very sensitive device, while in the current work was employed a simple homemade luminometer.
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  The working range of the proposed procedure is enough for the determination of folic acid in pharmaceutical formulation without any sample treatment prior to analysis. Reagent consumption is better than that of reference 8, while the relative standard deviation of the proposed procedure is better than those of the papers related in this Table 3. The sampling rate and waste generation are highly favorable to the current work. Comparing with the procedure based on fluorimetry,26 we observe that the volumes of waste generate are similar, but the others parameters compare favorably to the current work.

  Intending to prove the feasibility of the proposed procedures, samples of pharmaceutical formulations of folic acid were analyzed. To allow accuracy assessment, the samples were also processed using the standard addition methodology and results are summarized in Table 4. Analyzing these data, we observe that a recovery within the range of 86 to 110% was achieved, which is considered acceptable.
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  Conclusions

  An overview on the results presented in the precedent sections, allow us to conclude that the overall performance of the analytical system is excellent. The low volume of waste generated would be considered as confirmation that environmentally friendly condition, according to the green analytical chemistry guidelines was fulfilled.18,19

  The high analytical throughput, achieved using a cost-effective equipment, which exploiting the facilities due to the multicommuted flow analysis approach, enabled saving reagent without sacrificing quality of results. This allow us to concluded that the proposal could became an effective alternative to the existing analytical procedures for folic acid determination in pharmaceuticals.
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    We herein described the preparation of a novel series of limonin derivatives (modification in A-ring), which was synthesized efficiently using methodology in solution as well as in heterogeneous medium (K-10). In addition, we obtained derivatives by inserting the 1,2,3-triazole nucleus via click reaction and also prepared derivatives from reactions with limonin-7-oxime. All compounds were submitted to investigation of the antimicrobial activity against a collection of microorganisms. The results of the antimicrobial activity, in general, demonstrated that a relevant number of synthetic derivatives presented higher activity than the natural product.
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  Introduction

  Limonoids are secondary metabolites also known as tetranortriterpenoids. This large class of C26 degraded triterpenes is found in plant families such as Rutaceae and Meliaceae, which have been shown to possess a wide spectrum of biological properties.1-4 Limonin (1) (Figure 1), the most abundant limonoid from citrus, is a highly oxygenated compound known to present various biological activities, including the ability to inhibit HIV-1 replication,5 anticarcinogenic,6,7 antinociceptive and anti-inflammatory properties.8 Studies have described that changes in the B-ring of 1 (at C-7 position) greatly affect biological activities, such as antifeedant,9 anti-proliferative,10 antiinflammatory and analgesic.11 Literature has demonstrated a positive influence on the induction of phase II enzymes by limonin-7-methoxime (1 modified on B-ring). Phase II enzymes are associated with the initiation of most types of cancers.12 Other changes in the limonin skeleton are described, such as in the D-ring. The D-ring of the limonin nucleus has a furan ring attached to its C-3 position. Its modified forms such as defuran limonin exhibit loss of cytotoxicity in human breast cancer cells (MDA-MB-231),10 and loss of p38 mitogen-activated protein (MAP) kinase activity.13 Moreover, the complete hydrogenation of the furan ring 1 resulted in a lower antifeedant activity against S. frugiperda.9 Another synthetic limonin derivative from the modification of D-ring is the desoxylimonin that exhibited less analgesic and anti-inflammatory efficacy than limonin, suggesting the importance of the epoxy group for these activities.11
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  On the other hand, literature reports few studies from the modification in A-ring of 1 and its investigation of the antimicrobial activity.14-17 Based on these aspects, this study reports the obtaining of limonin derivatives from changes in A-ring and the investigation of antimicrobial activity of all compounds. The modifications in the A-ring were made through aminolysis reactions with different primary amines in homogeneous and heterogeneous media. In addition, we obtained new derivatives by inserting the 1,2,3-triazole nucleus via click reaction and also from O-alkylation and O-acylation reactions of limonin-7-oxime.

   

  Experimental

  Reagents and equipments

  1H and 13C nuclear magnetic resonance (NMR) spectra were obtained on a Bruker DPX-400 spectrometer (1H at 400.1 MHz and 13C at 100.6 MHz) in CDCl3, CD3OD or in CDCl3-CD3OD with tetramethylsilane (TMS) as the internal standard. Chemical shifts (δ) are reported in ppm and the coupling constants (J) are expressed in Hertz (Hz). Melting points were determined with a MQAPF-301 apparatus and are uncorrected. Electrospray ionization (ESI) high-resolution mass spectra (HRMS) were recorded on a Waters-Xevo G2 QTof mass spectrometer. An ultrasound bath (water), Bandelin Sonorex RK510S (50-60 Hz, 220 V, 9.5 A), was used. Reactions were performed using a microwave (MW) oven (model Multiwave 3000, Anton Paar), equipped with a rotor for eight high-pressure quartz vessels (capacity of 80 mL, maximum pressure and operation temperature of 80 bar and 280 °C, respectively). Reactions were monitored using thin layer chromatography (TLC), performed using Merck DC aluminum plates coated with silica gel GF-254. Flash chromatography was carried out with silica gel (200-300 mesh). Compounds were detected by short and long wavelength ultraviolet light, by spraying with 5% H2SO4, followed by heating. All commercially available reagents were purchased from Sigma-Aldrich. Ampicillin, azithromycin, levofloxacin and nystatin, purchased from Sigma-Aldrich, were used as control antibiotics. All solvents were of analytical grade and freshly distilled prior to use.

  General procedure for extraction of limonin (1) from citrus seeds

  The following procedure was employed for the extraction of 1. Dried and crushed citrus seeds (1.0 kg) were extracted in a 3 L round-bottom flask equipped with a Soxhlet apparatus with acetone (1.0 L) in reflux by 8 h. The resulting acetone extract was concentrated in vacuum to obtain a crude residue. The residual extract was washed with light petroleum (b.p. 30-60 °C). The solid crude limonin was solubilized in dichloromethane (250 mL) and precipitated by slow addition of acetone, its solid was then filtered out and dried under reduced pressure to give the pure 1 (12 g) as a white solid that was characterized by corresponding spectroscopic data 1H and 13C NMR listed below.

  Limonin (1)

  White solid; m.p. 296-297 °C (lit.18 298 °C); 1H NMR (400.1 MHz, CDCl3)δ1.08 (s, 3H), 1.18 (s, 6H), 1.29 (s, 3H), 1.45-1.54 (m, 1H), 1.70-1.85 (m, 2H), 1.85-1.97 (m, 1H), 2.23 (dd, 1H, J 15.7, 3.3 Hz), 2.45 (dd, 1H, J 14.5, 3.3 Hz), 2.56 (dd, 1H, J 12.2, 2.9 Hz), 2.67 (dd, 1H, J 16.8, 2.1 Hz), 2.85 (dd, 1H, J 15.7, 14.7 Hz), 2.96 (dd, 1H, J 16.8, 3.7 Hz), 4.02 (br s, 1H), 4.06 (s, 1H), 4.47 (d, 1H, J 13.1 Hz), 4.76 (d, 1H, J 13.1 Hz), 5.47 (s, 1H), 6.34 (br s, 1H), 7.38-7.42 (m, 2H); 13C NMR (100.6 MHz, CDCl3)δ 17.6. 18.9, 20.6, 21.4, 30.2, 30.8, 35.6, 36.4, 38.1, 46.1, 48.1, 51.4, 54.0, 60.7, 65.4, 65.8, 77.8, 79.2, 80.3, 109.7, 120.1, 141.2, 143.2, 166.5, 168.9, 206.0; HRMS (ESI) calcd. for C26H31O8 [M + H]+: 471.2013; found: 471.2015.

  General procedure for the synthesis of derivatives 3a-o

  Reaction condition i (microwave-assisted)

  To a solution of 1 (2.0 mmol) in absolute EtOH (8.0 mL) in a glass tube was added dropwise the appropriate amine (3.6 mmol) and K-10 (0.3 g mmol-1); the quartz tube was sealed with reaction mixture and introduced into a microwave oven. The flask was irradiated for 30 min (150 W) the temperature of 80 °C. After completion of the reaction the mixture was filtered, the organic phase was dried with Na2SO4, filtered and the solvent was evaporated under reduced pressure to give the crude products. All the compounds were purified by column chromatography on silica gel using 2-5% EtOH-CH2Cl2 as eluent to give analytically pure products 3a-m. The products were characterized by corresponding spectroscopic data (1H and 13C NMR, and HRMS).

  Reaction condition ii (reflux)

  To a solution of 1 (2.0 mmol) in absolute EtOH (8.0 mL) in round-bottom flask (equipped with a reflux condenser and recirculating chiller) was added dropwise the appropriate amine (3.6 mmol) and K-10 (0.3 g mmol-1) and stirred. The reaction mixture was then heated at reflux and the progress of the reaction was monitored by TLC.

  After completion of the reaction (12-36 h), the mixture was filtered, the organic phase was dried with Na2SO4, filtered and the solvent was evaporated under reduced pressure to give the crude products. All compounds were purified by column chromatography on silica gel using 2-5% EtOH-CH2Cl2 as eluent to give analytically pure products 3a-o.

  Reaction condition iii (ultrasound)

  To a round-bottom flask was added montmorillonite K-10 (0.3 g mmol-1), and 1 (2.0 mmol) in CH2Cl2 was dispersed on K-10. Then the appropriate amine (3.6 mmol) was added dropwise and the mixture was sonicated in an ultrasonic bath; the progress of the reaction was monitored by TLC and after completion of the reaction (10-12 h), the products were extracted by washing the K-10 with CH2Cl2. The organic phase was dried with Na2SO4, filtered and the solvent was removed in vacuo to yield the crude products. The crude products were purified by column chromatography over silica gel using 2-5% EtOH-CH2Cl2 as eluent to give analytically pure products 3a-o. The products were characterized by corresponding spectroscopic data (1H and 13C NMR, and HRMS).

  N-Benzyl-2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetra decahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)acetamide (3a)

  White crystal; m.p. 216-217 °C; 1H NMR (400.1 MHz, CDCl3 + CD3OD)δ1.01 (s, 3H), 1.12 (s, 3H), 1.20 (s, 3H), 1.32 (s, 3H), 1.39-1.46 (m, 1H), 1.68 (dd, 1H, J 13.7, 7.5 Hz), 1.89-2.14 (m, 3H), 2.26-2.35 (m, 2H), 2.67 (dd, 1H, J 15.5, 9.6 Hz), 2.79-2.91(m, 2H), 3.80 (s, 1H), 3.85 (d, 1H, J 8.1 Hz), 4.07 (s, 2H), 4.39 (d, 1H, J 15.0 Hz), 4.47 (d, 1H, J 15.0 Hz), 5.45 (s, 1H), 6.35 (s, 1H), 7.27-7.34 (m, 5H), 7.38-7.43 (m, 2H); 13C NMR (100.6 MHz, CDCl3 + CD3OD)δ15.9. 21.0, 22.3, 23.3, 29.7, 33.4, 36.5, 39.1, 37.7, 43.5, 48.8, 51.0, 52.6, 53.2, 60.4, 61.3, 65.7, 78.5, 78.6, 82.9, 109.7, 120.3, 127.4, 127.5 (2C–Ar), 128.6 (2C-Ar), 138.0, 141.0, 143.1, 167.9, 171.9, 208.5; HRMS (ESI) calcd. for C33H40NO8 [M + H]+: 578.2748; found: 578.2753.

  N-(4-Chlorobenzyl)-2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetradecahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)acetamide (3b)

  Yellowish white solid; m.p. 189-190 °C; 1H NMR (400.1 MHz, CDCl3)δ1.01 (s, 3H), 1.13 (s, 3H), 1.22 (s, 3H), 1.32 (s, 3H), 1.39-1.46 (m, 1H), 1.66-1.72 (m, 1H), 1.95-2.11 (m, 3H), 2.27-2.35 (m, 2H), 2.70 (dd, 1H, J 15.5, 8.3 Hz), 2.78-2.96 (m, 2H), 3.83 (s, 1H), 3.81 (s, 1H), 4.14 (s, 2H), 4.39 (dd, 1H, J 14.6, 5.4 Hz), 4.47 (dd, 1H, J 14.6, 5.1 Hz), 5.45 (s, 1H), 6.35 (s, 1H), 6.75 (br s, 1H), 7.22-7.31 (m, 4H), 7.37-7.44 (m, 2H); 13C NMR (100.6 MHz, CDCl3)δ16.2. 21.3, 22.4, 23.5, 29.9, 33.6, 36.7, 37.9, 39.7, 43.1, 48.9, 51.4, 52.7, 53.5, 61.1, 61.5, 65.8, 78.5, 78.8, 83.0, 109.9, 120.5, 128.9 (2C–Ar), 129.1 (2C–Ar), 133.5, 136.9, 141.2, 143.2, 167.2, 171.5, 207.7; HRMS (ESI) calcd. for C33H38ClNNaO8 [M + Na]+: 634.2178; found: 634.2169.

  2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(Furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetradecahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)-N-(4-methoxybenzyl)acetamide (3c)

  Yellowish solid; m.p. 132 °C; 1H NMR (400.1 MHz, CDCl3)δ0.97 (s, 3H), 1.10 (s, 3H), 1.18 (s, 3H), 1.30 (s, 3H), 1.34-1.46 (m, 1H), 1.67 (dd, 1H, J 13.4, 7.2 Hz), 1.81 (br s, 1H), 1.90-2.15 (m, 3H), 2.24-2.33 (m, 2H), 2.68 (dd, 1H, J 15.6, 9.2 Hz), 2.80-2.95 (m, 2H), 3.78 (s, 5H), 4.10 (s, 2H), 4.33 (dd, 1H, J 14.7, 5.4 Hz), 4.39 (dd, 1H, J 14.7, 5.8 Hz), 5.42 (s, 1H), 6.34 (s, 1H), 6.82-6.88 (m, 3H), 7.20 (d, 2H, J 8.6 Hz), 7.35-7.44 (m, 2H); 13C NMR (100.6 MHz, CDCl3)δ16.0, 21.3, 22.5, 23.5, 29.9, 33.7, 36.6, 37.8, 39.5, 43.2, 48.9, 51.2, 52.7, 53.3, 55.4, 60.9, 61.4, 65.7, 78.5, 78.8, 82.9, 109.8, 114.2 (2C–Ar), 120.4, 128.9 (2C–Ar), 130.3, 141.1, 143.2, 159.1, 167.4, 171.6, 207.9; HRMS (ESI) calcd. for C34H41NNaO9 [M + Na]+: 630.2674; found: 630.2656.

  2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(Furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetradecahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)-N-(4-(trifluoromethyl)benzyl)acetamide (3d)

  Yellowish solid; m.p. 130-132 °C; 1H NMR (400.1 MHz, CDCl3)δ0.93 (s, 3H), 1.03 (s, 3H), 1.14 (s, 3H), 1.23 (s, 3H), 1.29-1.37 (m, 1H), 1.61 (dd, 1H, J 13.6, 7.2 Hz), 1.84-2.03 (m, 3H), 2.23 (dd, 2H, J 14.0, 3.3 Hz), 2.45 (br s, 1H), 2.59-2.70 (m, 1H), 2.73-2.88 (m, 2H), 3.72 (s, 1H), 3.75 (br s, 1H), 4.06 (s, 2H), 4.38 (dd, 1H, J 15.4, 5.5 Hz), 4.49 (dd, 1H, J 15.4, 6.1 Hz), 5.35 (s, 1H), 6.26 (s, 1H), 6.86 (br s, 1H), 7.27-7.39 (m, 4H), 7.46-7.53 (m, 2H); 13C NMR (100.6 MHz, CDCl3)δ16.1, 21.3, 22.5, 23.5, 29.9, 33.6, 36.6, 37.8, 39.7, 43.1, 48.8, 51.3, 52.7, 53.3, 61.0, 61.4, 65.7, 78.5, 78.9, 82.9, 109.8, 120.4, 124.2 (q, 1JCF 272.2 Hz), 125.7 (q, 2C, 3JCF 3.7 Hz), 127.8 (2C–Ar), 129.9 (q, 2JCF 32.6 Hz), 141.1, 142.5, 143.2, 167.4, 171.8, 207.8; HRMS (ESI) calcd. for C34H38F3NNaO8 [M + Na]+: 668.2442; found: 668.2479.

  2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(Furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a–tetramethyl-3,5-dioxotetra decahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)-N-phenethylacetamide (3e)

  White solid; m.p. 231.5 °C; 1H NMR (400.1 MHz, CDCl3 + CD3OD)δ0.91 (s, 3H), 1.04 (s, 6H), 1.23 (s, 3H), 1.26-1.38 (m, 1H), 1.62 (dd, 1H, J 13.6, 6.9 Hz), 1.77-1.91 (m, 2H), 1.91-2.06 (m, 1H), 2.13-2.26 (m, 2H), 2.50 (dd, 1H, J 15.8, 9.9 Hz), 2.62-2.82 (m, 4H), 3.36-3.50 (m, 2H), 3.64 (d, 1H, J 8.2 Hz), 3.72 (s, 1H), 3.96 (br s, 2H), 5.37 (s, 1H), 6.28 (s, 1H), 7.11-7.16 (m, 3H), 7.19-7.24 (m, 2H), 7.30-7.36 (m, 2H); 13C NMR (100.6 MHz, CDCl3 + CD3OD)δ15.9, 21.0, 22.2, 23.2, 29.6, 33.4, 35.3, 36.5, 37.7, 39.0, 40.5, 48.8, 50.9, 52.6, 53.2, 60.3, 61.2, 65.7, 78.5, 78.6, 82.8, 109.7, 120.2, 126.5, 128.6 (2C–Ar), 128.7 (2C–Ar), 138.9, 141.0, 143.1, 168.1, 172.0, 208.4; HRMS (ESI) calcd. for C34H41NNaO8 [M + Na]+: 614.2724; found: 614.2726.

  2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(Furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetra decahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)-N-((S)-1-phenylethyl)acetamide (3f)

  Yellowish solid; m.p. 127.0 °C; 1H NMR (400.1 MHz, CDCl3)δ0.94 (s, 3H), 1.11 (s, 3H), 1.22 (s, 3H), 1.30 (s, 3H), 1.37-1.41 (m, 1H), 1.47 (d, 3H, J 6.8 Hz), 1.63-1.68 (m, 1H), 1.90-2.08 (m, 4H), 2.28 (d, 2H, J 11.5 Hz), 2.65 (dd, 1H, J 15.4, 8.3 Hz), 2.77-2.90 (m, 2H), 3.77 (d, 1H, J 6.7 Hz), 3.81 (s, 1H), 4.04 (s, 2H), 5.03-5.16 (m, 1H), 5.42 (s, 1H), 6.33 (s, 1H), 6.78 (d, 1H, J 7.3 Hz), 7.28-7.41 (m, 7H); 13C NMR (100.6 MHz, CDCl3)δ16.0, 21.3, 22.3, 22.5, 23.4, 29.9, 33.7, 36.6, 37.8, 39.4, 48.9, 49.2, 51.3, 52.7, 53.3, 60.8, 61.7, 65.7, 78.5, 78.8, 83.6, 109.9, 120.2, 126.2 (2C–Ar), 127.5, 128.8 (2C–Ar), 141.1, 143.1, 143.3, 167.5, 171.0, 207.9; HRMS (ESI) calcd. for C34H41NNaO8 [M + Na]+: 614.2724; found: 614.2719.

  2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(Furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a–tetramethyl-3,5-dioxotetra decahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)-N-((R)-1-phenylethyl)acetamide (3g)

  Yellowish solid; m.p. 126-127 °C; 1H NMR (400.1 MHz, CDCl3)δ0.94 (s, 3H), 1.11 (s, 3H), 1.22 (s, 3H), 1.30 (s, 3H), 1.38-1.42 (m, 1H), 1.47 (d, 3H, J 6.8 Hz), 1.63-1.69 (m, 1H), 1.90-2.09 (m, 4H), 2.28 (d, 2H, J 11.5 Hz), 2.62-2.71 (m, 1H), 2.77-2.91 (m, 2H), 3.77 (d, 1H, J 6.7 Hz), 3.81 (s, 1H), 4.04 (s, 2H), 5.04-5.14 (m, 1H), 5.42 (s, 1H), 6.33 (s, 1H), 6.78 (d, 1H, J 7.3 Hz), 7.28-7.46 (m, 7H); 13C NMR (100.6 MHz, CDCl3)δ16.1, 21.3, 22.4, 22.6, 23.5, 29.9, 33.7, 36.6, 37.9, 39.4, 48.9, 49.3, 51.3, 52.7, 53.5, 61.1, 61.5, 65.6, 78.4, 78.7, 82.8, 109.9, 120.4, 126.8 (2C–Ar), 127.7, 128,9 (2C–Ar), 141.1, 142.3, 143.2, 167.2, 171.3, 207.8; HRMS (ESI) calcd. for C34H41NNaO8 [M + Na]+: 614.2724; found: 614.2720.

  2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(Furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a–tetramethyl-3,5-dioxotetra decahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)-N-(pyridin-2-ylmethyl)acetamide (3h)

  White crystal; m.p. 214°C; 1H NMR (400.1 MHz, CDCl3)δ0.96 (s, 3H), 1.03 (s, 3H), 1.19 (s, 3H), 1.25 (s, 3H), 1.27-1.39 (m, 1H), 1.59 (dd, 1H, J 13.6, 6.9 Hz), 1.74-2.10 (m, 4H), 2.23 (d, 2H, J 11.7 Hz), 2.64-2.95 (m, 3H), 3.72 (s, 1H), 3.80 (d, 1H, J 8.9 Hz), 4.05 (d, 1H, J 11.5 Hz), 4.11 (d, 1H, J 11.5 Hz), 4.45 (dd, 1H, J 16.3, 4.4 Hz), 4.53 (dd, 1H, J 16.3, 5.2 Hz), 5.37 (s, 1H), 6.26 (s, 1H), 7.07-7.15 (m, 1H), 7.16-7.23 (m, 2H), 7.31 (d, 2H, J 4.1 Hz), 7.53-7.62 (m, 1H), 7.74 (br s, 1H), 8.33-8.53 (m, 1H); 13C NMR (100.6 MHz, CDCl3)δ16.1, 21.2, 22.5, 23.5, 29.9, 33.6, 36.7, 37.8, 39.4, 44.8, 48.9, 51.2, 52.6, 53.3, 60.9, 61.5, 65.7, 78.4, 78.7, 82.9, 109.8, 120.4, 122.1, 122.5, 136.9, 141.0, 143.2, 149.0, 156.5, 167.4, 171.9, 208.1; HRMS (ESI) calcd. for C32H38N2NaO8 [M + Na]+: 601.2520; found: 601.2508.

  N-(Furan-2-ylmethyl)-2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetradecahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)acetamide (3i)

  White solid; m.p. 225-226 °C; 1H NMR (400.1 MHz, CDCl3)δ0.98 (s, 3H), 1.11 (s, 3H), 1.21 (s, 3H), 1.30 (s, 3H), 1.34-1.45 (m, 1H), 1.70 (dd, 1H, J 13.8, 6.3 Hz), 1.90-2.17 (m, 4H), 2.25-2.36 (m, 2H), 2.66 (dd, 1H, J 15.5, 8.5 Hz), 2.75-3.01 (m, 2H), 3.76 (br s, 1H), 3.80 (s, 1H), 4.10 (s, 2H), 4.40 (dd, 1H, J 15.5, 5.5 Hz), 4.47 (dd, 1H, J 15.5, 5.4 Hz), 5.44 (s, 1H), 6.23 (dd, 1H, J 3.2, 0.7 Hz), 6.32 (dd, 1H, J 3.2, 1.9 Hz), 6.34 (dd, 1H, J 1.8, 0.8 Hz), 6.79 (br s, 1H), 7.34 (dd, 1H, J 1.8, 0.8 Hz), 7.37-7.43 (m, 2H); 13C NMR (100.6 MHz, CDCl3)δ16.2, 21.3, 22.4, 23.5, 29.9, 33.6, 36.6, 37.9, 39.6, 48.3, 48.9, 51.4, 52.7, 53.5, 60.9, 61.7, 66.0, 78.0, 78.5, 82.9, 109.8, 109.9, 110.6, 120.4, 141.2, 142.2, 143.2, 143.4, 167.3, 171.3, 207.9; HRMS (ESI) calcd. for C31H37NNaO9 [M + Na]+: 590.2361; found: 590.2527.

  2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(Furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetradecahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)-N-(thiophen-2-ylmethyl)acetamide (3j)

  Yellowish white solid; m.p. 228 °C; 1H NMR (400.1 MHz, CDCl3)δ0.97 (s, 3H), 1.11 (s, 3H), 1.20 (s, 3H), 1.30 (s, 3H), 1.37-1.44 (m, 1H), 1.68-1.74 (m, 1H), 1.95-2.11 (m, 4H), 2.30 (dd, 2H, J 14.0, 3.3 Hz), 2.66 (dd, 1H, J 15.4, 8.6 Hz), 2.78-2.92 (m, 2H), 3.77 (br s, 1H), 3.80 (s, 1H), 4.11 (s, 2H), 4.61 (d, 2H, J 5.6 Hz), 5.44 (s, 1H), 6.34 (d, 1H, J 0.9 Hz), 6.77 (br s, 1H), 6.93-7.00 (m, 2H), 7.21 (dd, 1H, J 5.0, 1.2 Hz), 7.38-7.42 (m, 2H); 13C NMR (100.6 MHz, CDCl3)δ16.0, 21.0, 22.3, 23.4, 29.9, 33.7, 36.5, 37.6, 39.0, 48.4, 48.6, 51.4, 52.5, 53.4, 60.3, 61.4, 65.8, 78.4, 78.6, 82.9, 109.6, 120.3, 125.1, 126.1, 126.9, 140.3, 140.9, 143.1, 167.0, 171.5, 208.2; HRMS (ESI) calcd. for C31H37NNaO8S [M + Na]+: 606.2132; found: 606.2154.

  N-(Benzo[d][1,3]dioxol-5-ylmethyl)-2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetra decahydroisobenzofuro[5,4-f]oxireno[2,3-d] isochromen-9-yl)acetamide (3k)

  Yellowish white solid; m.p. 210 °C; 1H NMR (400.1 MHz, CDCl3)δ0.99 (s, 3H), 1.21 (s, 3H), 1.12 (s, 3H), 1.31 (s, 3H), 1.40-1.46 (m, 1H), 1.68-1.75 (m, 1H), 1.97-2.11 (m, 4H), 2.31 (dd, 2H, J 14.2, 3.3 Hz), 2.63-2.72 (m, 1H), 2.78-2.91 (m, 2H), 3.80 (s, 1H), 3.82 (br s, 1H), 4.13 (s, 2H), 4.32 (dd, 1H, J 14.7, 5.5 Hz), 4.40 (dd, 1H, J 14.7, 5.9 Hz), 5.44 (s, 1H), 5.94 (s, 2H), 6.35 (d, 1H, J 1.0 Hz), 6.64 (br s, 1H), 6.75 (s, 2H), 6.80 (br s, 1H), 7.39 (dd, 1H, J 2.5, 0.9 Hz), 7.41 (br s, 1H); 13C NMR (100.6 MHz, CDCl3) d 16.0, 21.3, 22.5, 23.5, 29.9, 33.7, 36.6, 37.8, 39.6, 43.5, 48.9, 51.2, 52.7, 53.3, 60.9, 61.4, 65.7, 78.5, 78.8, 82.9, 101.2, 108.3, 108.4, 109.8, 120.4, 120.9, 132.2, 141.1, 143.2, 147.0, 148.1, 167.3, 171.6, 207.9; HRMS (ESI) calcd. for C34H39NNaO10 [M + Na]+: 644.2466; found: 644.2476.

  N-Allyl-2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetra decahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)acetamide (3l)

  White solid; m.p. 143-145 °C; 1H NMR (400.1 MHz, CD3OD)δ1.10 (s, 3H), 1.20 (s, 3H), 1.26 (s, 3H), 1.40 (s, 3H), 1.43-1.54 (m, 1H), 1.81 (dd, 1H, J 13.8, 7.2 Hz), 1.95-2.21 (m, 3H), 2.33 (dd, 1H, J 14.1, 3.2 Hz), 2.44 (d, 1H, J 11.7 Hz), 2.68 (dd, 1H, J 14.6, 9.9 Hz), 2.86 (d, 1H, J 14.6 Hz), 3.03-3.18 (m, 1H), 3.84 (s, 1H), 3.87 (br s, 1H), 4.01 (d, 1H, J 9.4 Hz), 4.16 (d, 1H, J 11.2 Hz), 4.23 (d, 1H, J 11.2 Hz), 5.15 (d, 1H, J 10.3 Hz), 5.31 (d, 1H, J 17.2 Hz), 5.56 (s, 1H), 5.79-5.98 (m, 1H), 6.50 (s, 1H), 7.56 (d, 2H, J 13.7 Hz), 7.95 (s, 1H); 13C NMR (100.6 MHz, CD3OD)δ 16.3, 21.5, 23.6, 23.8, 29.9, 34.5, 37.6, 38.9, 40.1, 42.7, 49.9, 52.1, 53.9, 54.3, 61.3, 62.6, 67.0, 79.3, 79.9, 84.3, 110.9, 116.0, 121.9, 135.3, 142.6, 144.3, 169.8, 174.1, 210.5; HRMS (ESI) calcd. for C29H37NNaO8 [M + Na]+: 550.2411; found: 550.2513.

  2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(Furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetradecahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)-N-(prop-2-yn-1-yl)acetamide (3m)

  Yellowish white solid; m.p. 141 °C; 1H NMR (400.1 MHz, CDCl3)δ1.05 (s, 3H), 1.11 (s, 3H), 1.26 (s, 3H), 1.31 (s, 3H), 1.35-1.44 (m, 1H), 1.64-1.76 (m, 1H), 1.92-2.10 (m, 4H), 2.23 (t, 1H, J 2.8 Hz), 2.27-2.36 (m, 2H), 2.61-2.74 (m, 1H), 2.80-2.94 (m, 2H), 3.80 (br s, 2H), 4.04 (dd, 2H, J 5.3, 2.8 Hz), 4.14 (br s, 2H), 5.44 (s, 1H), 6.34 (s, 1H), 6.87 (t, 1H, J 5.3 Hz), 7.36-7.44 (m, 2H); 13C NMR (100.6 MHz, CDCl3)δ16.1, 21.3, 22.5, 23.5, 29.3, 29.9, 33.7, 36.6, 37.8, 39.2, 48.9, 51.2, 52.7, 53.3, 60.9, 61.4, 65.7, 71.6, 78.4, 78.9, 79.5, 82.7, 109.8, 120.4, 141.1, 143.2, 167.4, 171.5, 207.9; HRMS (ESI) calcd. for C29H35NNaO8 [M + Na]+: 548.2255; found: 548.2242.

  2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(Furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetradecahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)-N-isopropylacetamide (3n)

  Yellowish white solid; m.p. 124-126 °C; 1H NMR (400.1 MHz, CDCl3)δ 1.04 (s, 3H), 1.06 1.20 (m, 9H), 1.24 (s, 3H), 1.32 (s, 3H), 1.38-1.45 (m, 1H), 1.63-1.73 (m, 1H), 1.92-2.17 (m, 4H), 2.30 (d, 2H, J 11.5 Hz), 2.59-2.73 (m, 1H), 2.78-2.90 (m, 2H), 3.24-3.31 (m, 1H), 3.77 (d, 1H, J 8.1 Hz), 3.81 (s, 1H), 4.13 (s, 2H), 5.43 (s, 1H), 6.34 (s, 1H), 6.54 (br s, 1 H), 7.31-7.48 (m, 2H); 13C NMR (100.6 MHz, CDCl3) d 11.4, 16.0, 21.3, 22.5, 22.7, 23.5, 29.9, 33.7, 36.6, 37.8, 39.5, 41.4, 48.9, 51.3, 52.7, 53.3, 60.8, 61.4, 65.7, 78.5, 78.9, 83.1, 109.8, 120.4, 141.1, 143.2, 167.4, 172.1, 208.0; HRMS (ESI) calcd. for C29H39NNaO8 [M + Na]+: 552.2568; found: 552.2642.

  N-Ethyl-2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a–tetramethyl-3,5-dioxotetra decahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)acetamide (3o)

  Yellowish solid; m.p. 128-130 °C; 1H NMR (400.1 MHz, CDCl3)δ0.92 (t, 3H, J 7.4 Hz), 1.03 (s, 3H), 1.10 (s, 3H), 1.23 (s, 3H), 1.31 (s, 3H), 1.36-1.44 (m, 1H), 1.67 (dd, 1H, J 13.8, 7.1 Hz), 1.92-2.15 (m, 4H), 2.21-2.34 (m, 2H), 2.66 (dd, 1H, J 15.8, 9.4 Hz), 2.78-2.91(m, 2H), 3.12-3.27 (m, 2H), 3.73 (d, 1H, J 8.8 Hz), 3.79 (s, 1H), 4.12 (s, 2H), 5.41 (s, 1H), 6.33 (s, 1H), 6.72 (br s, 1H), 7.33-7.43 (m, 2H); 13C NMR (100.6 MHz, CDCl3)δ14.7, 16.1, 21.3, 22.4, 23.5, 29.9, 33.7, 34.6, 36.7, 37.9, 39.5, 49.0, 51.3, 52.7, 53.4, 60.9, 61.54, 65.8, 78.5, 78.8, 83.1, 109.9, 120.5, 141.1, 143.2, 167.3, 171.7, 207.9; HRMS (ESI) calcd. for C28H37NNaO8 [M + Na]+: 538.2411; found: 538.2462.

  General procedure for synthesis of limonin-7-oxime (4)

  To a solution of 1 (235.0 mg) in absolute C2H5OH (6.0 mL) was added hydroxylamine hydrochloride (NH2OH.HCl, 240.0 mg). Pyridine (6.0 mL) was then added subsequently and the solution was refluxed for 5 h. The reaction was cooled and a saturated solution of NaCl added. The mixture was then extracted with AcOEt to obtain pure limonin-7-oxime (4) in 91% yield. Spectral data for the product prepared are listed below.

  Limonin-7-oxime (4)

  White crystal; m.p. 237 °C; 1H NMR (400.1 MHz, CDCl3)δ0.96 (s, 3H), 1.19 (s, 3H), 1.23 (s, 3H), 1.32 (s, 3H), 1.47-1.55 (m, 1H), 1.75-1.88 (m, 3H), 1.97 (br s, 1H), 1.99 (br s, 1H), 2.42 (d, 1H, J 10.3 Hz), 2.95 (dd, 1H, J 16.8, 3.7 Hz), 2.71 (d, 1H, J 16.8 Hz), 3.58 (d, 1H, J 10.5 Hz), 3.81 (s, 1H), 4.01 (br s, 1H), 4.38 (d, 1H, J 13.0 Hz), 4.69 (d, 1H, J 13.0 Hz), 5.46 (s, 1H), 6.34 (br s, 1H), 7.36-7.42 (m, 2H), 8.41 (s, 1H); 13C NMR (100.6 MHz, CDCl3)δ18.4, 18.8, 19.6, 21.3, 21.5, 30.4, 33.0, 35.9, 38.1, 45.9, 46.3, 49.7, 54.4, 60.3, 65.4, 65.9, 78.6, 79.4, 80.7, 109.8, 120.3, 141.1, 143.3, 159.1, 167.8, 170.0; HRMS (ESI) calcd. for C26H31NNaO8 [M + Na]+: 508.1942; found: 508.1941.

  General procedure for synthesis of limonin-7-oxime ether derivatives 5a and 5b and limonin-7-oxime ester 5c

  Synthesis of limonin-7-oxime ether derivatives 5a and 5b

  To a solution of 4 (1.0 mmol) in N,N-dimethylformamide (DMF, 10.0 mL) was added dropwise the appropriate alkyl bromide (1.3 eq). The reaction mixture was cooled to 0 °C, and sodium hydride (1.5 eq) was added portionwise over a period of 10 min. The reaction mixture was slowly warmed to room temperature and stirred for 8 h. The reaction was then quenched with water and DMF was removed in vacuo; the aqueous layer was extracted with EtOAc (3 × 10.0 mL). The organic layers were combined, washed with brine (3 mL) and dried over Na2SO4. The solvent was removed under vacuum and the product isolated by column chromatography over silica gel using 5% EtOH-CH2Cl2 as eluent to afford the desired products 5a and 5b in yields of 72% for 5a and 79% for 5b. The products were characterized by corresponding spectroscopic data (1H and 13C NMR, and HRMS).

  (8aS,8bS,9aS,12S,12aS,14bR,E)-8-((Allyloxy)imino)-12-(furan-3-yl)-6,6,8a,12a-tetramethyldodecahydrooxireno[2,3-d]pyrano[4’,3’:3,3a]isobenzofuro[5,4-f]isochromene-3,10(1H,6H)-dione (5a)

  Yellowish solid; m.p. 137-138 °C; 1H NMR (400.1 MHz, CDCl3)δ0.96 (s, 3H), 1.19 (s, 3H), 1.24 (s, 3H), 1.33 (s, 3H), 1.48-1.55 (m, 1H), 1.72-1.90 (m, 3H), 1.90-2.07 (m, 2H), 2.41 (d, 1H, J 10.4 Hz), 2.68 (dd, 1H, J 16.7, 1.6 Hz), 2.97 (dd, 1H, J 16.7, 3.8 Hz), 3.51 (dd, 1H, J 13.2, 1.8 Hz), 3.81 (s, 1H), 3.98 (br s, 1H), 4.34 (d, 1H, J 13.0 Hz), 4.57 (d, 2H, J 5.8 Hz), 4.69 (d, 1H, J 13.0 Hz), 5.25 (d, 1H, J 11.3 Hz), 5.32 (dd, 1H, J 17.2, 1.4 Hz), 5.47 (s, 1H), 5.90-6.04 (m, 1H), 6.37 (br s, 1H), 7.39-7.45 (m, 2H); 13C NMR (100.6 MHz, CDCl3)δ18.2, 19.7, 19.8, 21.5, 21.7, 30.4, 33.2, 35.9, 38.1, 46.1, 46.3, 50.0, 54.4, 60.6, 64.9, 65.9, 75.4, 78.4, 79.4, 80.5, 109.9, 118.5, 120.4, 134.2, 141.1, 143.3, 158.4, 167.0, 169.5; HRMS (ESI) calcd. for C29H35NNaO8 [M + Na]+: 548.2255; found: 548.2257.

  (8aS,8bS,9aS,12S,12aS,14bR,E)-8-(((4-Bromobenzyl)oxy)imino)-12-(furan-3-yl)-6,6,8a,12a-tetramethyldodecahydrooxireno[2,3-d]pyrano[4’,3’:3,3a]isobenzofuro[5,4-f]isochromene-3,10(1H,6H)-dione (5b)

  Yellowish solid; m.p. 210-212 °C; 1H NMR (400.1 MHz, CDCl3)δ0.90 (s, 3H), 1.17 (s, 4H), 1.26 (s, 3H), 1.31 (s, 3H), 1.38-1.45 (m, 1H), 1.67-1.86 (m, 3H), 1.88-2.02 (m, 2H), 2.29 (d, 1H, J 9.5 Hz), 2.63 (dd, 1H, J 17.0, 1.5 Hz), 2.90 (dd, 1H, J 17.0, 3.7 Hz), 3.51 (d, 1H, J 13.9 Hz), 3.69 (s, 1H), 3.92 (br s, 1H), 4.30 (d, 1H, J 13.2 Hz), 4.63 (br s, 3H), 5.38 (s, 1H), 6.31 (s, 1H), 7.19-7.22 (m, 2H), 7.35-7.39 (m, 2H), 7.46-7.50 (m, 2H); 13C NMR (100.6 MHz, CDCl3)δ18.1, 19.8, 19.9, 21.0, 21.5, 30.5, 33.4, 35.9, 38.0, 46.3, 46.4, 50.1, 54.4, 60.9, 64.8, 65.9, 75.6, 78.4, 79.5, 80.4, 109.9, 120.3, 128.7, 130.6 (2C–Ar), 131.8 (2C–Ar), 137.3, 141.1, 143.3, 159.4, 167.0, 169.4; HRMS (ESI) calcd. for C33H36BrNNaO8 [M + Na]+: 676.1517; found: 676.1521.

  Synthesis of limonin-7-oxime ester (5c)

  To a solution of 4 (1.0 mmol) in DMF (10.0 mL) was added dropwise benzoyl chloride (1.3 eq). The reaction mixture was cooled to 0 °C, and sodium hydride (1.5 eq) was added portionwise over a period of 10 min. The reaction mixture was slowly warmed to room temperature and stirred for 3 h. The mixture was quenched with aqueous sodium bicarbonate (5.0%) and extracted with dichloromethane (4 × 30.0 mL). The combined organic layers were washed with saturated aqueous NaCl (5.0 mL), dried over Na2SO4, filtered, and concentrated under reduced pressure to give crude solid. The crude product was purified by column chromatography over silica gel using 10% EtOH-CH2Cl2 as eluent to give pure product 5c in 80% yield. The product was characterized by corresponding spectroscopic data (1H and 13C NMR, and HRMS).

  (8aS,8bS,9aS,12S,12aS,14bR,E)-8-((Benzoyloxy)imino)-12-(furan-3-yl)-6,6,8a,12a-tetramethyldodecahydrooxireno [2,3-d]pyrano[4’,3’:3,3a]isobenzofuro[5,4-f]isochromene-3,10(1H,6H)-dione (5c)

  Yellowish solid; m.p. 215-216 °C; 1H NMR (400.1 MHz, CDCl3)δ1.10 (s, 3H), 1.18 (s, 3H), 1.27 (s, 3H), 1.37 (s, 3H), 1.48-1.60 (m, 1H), 1.75-1.95 (m, 3H), 2.09 (dd, 1H, J 15.1, 2.3 Hz), 2.24-2.36 (m, 1H), 2.59 (d, 1H, J 11.7 Hz), 2.69 (d, 1H, J 16.7 Hz), 2.93-2.98 (m, 1H), 3.36 (dd, 1H, J 14.3, 2.6 Hz), 4.02 (br s, 2H), 4.38 (d, 1H, J 13.1 Hz), 4.69 (d, 1H, J 13.1 Hz), 5.47 (s, 1H), 6.37 (s, 1H), 7.39-7.44 (m, 2H), 7.45-7.53 (m, 2H), 7.58-7.66 (m, 1H), 7.98-8.07 (m, 2H); 13C NMR (100.6 MHz, CDCl3)δ18.4, 19.6, 21.4, 21.5, 22.1, 30.2, 32.6, 35.9, 38.2, 46.2, 47.4, 49.8, 54.6, 60.3, 65.0, 65.6, 78.2, 79.3, 80.2, 109.9, 120.3, 127.14, 128.8 (2C–Ar), 129.7 (2C–Ar), 133.7, 141.1, 143.2, 163.3, 166.4, 169.3, 169.4; HRMS (ESI) calcd. for C33H35NNaO8 [M + Na]+: 596.2255; found: 596.2246.

  General procedure for synthesis of 1,2,3-triazolyl limonins 6a and 6b by click reaction

  To a solution of 3m (0.3 mmol) previously synthesized as described, in tetrahydrofuran (THF, 1.0 mL) were added dropwise the respective organic azide (0.3 mmol). Then a fresh solution of Cu(OAc)2.H2O (0.0006 g, 1 mol%) in distilled H2O (0.5 mL) and sodium ascorbate (0.0012 g, 2 mol%) in distilled H2O (0.5 mL) was added and the mixture stirred under air for 10 h. The solvent was evaporated under vacuum and brine (3 mL) was added and the mixture was then extracted with CH2Cl2 (3 × 5 mL). The organic layers were combined, washed with brine (3 mL) and dried over Na2SO4. The solvent was removed under vacuum and the product isolated by column chromatography on silica gel using 5% MeOH-CH2Cl2 as eluent to afford the desired products 6a and 6b in yields of 78% for 6a and 71% for 6b. The products were characterized by corresponding spectroscopic data (1H and 13C NMR, and HRMS). Spectral data for the products prepared are listed below.

  N-((1-(4-Bromobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetra decahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)acetamide (6a)

  Yellowish solid; m.p. 245-246 °C; 1H NMR (400.1 MHz, CDCl3)δ0.91 (s, 3H), 1.10 (s, 3H), 1.17 (s, 3H), 1.28 (s, 3H), 1.39-1.46 (m, 1H), 1.73-1.66 (m, 1H), 1.91-2.04 (m, 3H), 2.25-2.33 (m, 2H), 2.63 (dd, 1H, J 15.4, 8.5 Hz), 2.73-2.88 (m, 2H), 3.76 (d, 1H, J 6.0 Hz), 3.80 (s, 1H), 4.01 (s, 2H), 4.44 (dd, 1H, J 15.2, 5.6 Hz), 4.52 (dd, 1H, J 15.2, 5.8 Hz), 5.43 (s, 3H), 6.33 (s, 1H), 7.02 (br s, 1H), 7.10-7.18 (m, 2H), 7.35-7.40 (m, 2H), 7.45-7.54 (m, 3H); 13C NMR (100.6 MHz, CDCl3)δ16.0, 21.2, 22.3, 23.3, 29.7, 33.5, 35.0, 36.4, 37.7, 39.2, 48.7, 51.1, 52.5, 53.2, 53.5, 60.9, 61.3, 65.5, 78.2, 78.5, 82.5, 109.7, 120.3, 122.0, 123.1, 129.7 (2C–Ar), 132.3 (2C–Ar), 133.4, 140.9, 143.0, 145.4, 167.5, 171.4, 207.6; HRMS (ESI) calcd. for C36H41BrN4NaO8 [M + Na]+: 759.2000; found: 759.2004.

  2-((1S,3aS,4aR,4bR,9aR,11aS)-1-(Furan-3-yl)-9a-(hydroxymethyl)-4b,7,7,11a-tetramethyl-3,5-dioxotetradecahydroisobenzofuro[5,4-f]oxireno[2,3-d]isochromen-9-yl)-N-((1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methyl)acetamide (6b)

  Yellowish solid; m.p. 209 °C; 1H NMR (400.1 MHz, CDCl3)δ0.91 (s, 3H), 1.10 (s, 3H), 1.17 (s, 3H), 1.26 (s, 3H), 1.37-1.42 (m, 1H), 1.67-1.69 (m, 1H), 1.87-2.04 (m, 3H), 2.27 (d, 2H, J 13.6 Hz), 2.33 (s, 3H), 2.63 (dd, 1H, J 15.5, 8.4 Hz), 2.72-2.87 (m, 2H), 3.77 (d, 1H, J 5.9 Hz), 3.80 (s, 1H), 4.01 (s, 2H), 4.43 (dd, 1H, J 15.3, 5.5 Hz), 4.51 (dd, 1H, J 15.3, 5.8 Hz), 5.43 (s, 3H), 6.34 (s, 1H), 7.07 (br s, 1H), 7.16 (s, 2H), 7.26 (s, 2H), 7.35-7.41 (m, 2H), 7.43 (s, 1H); 13C NMR (100.6 MHz, CDCl3)δ16.0, 21.1, 21.1, 22.2, 23.3, 29.7, 33.4, 35.0, 36.4, 37.7, 39.2, 48.6, 51.0, 52.5, 53.2, 54.0, 60.8, 61.3, 65.5, 78.2, 78.5, 82.5, 109.7, 120.3, 121.9, 128.3 (2C–Ar), 129.8 (2C–Ar), 131.4, 138.8, 140.9, 143.0, 144.8, 167.1, 171.4, 207.7; HRMS (ESI) calcd. for C37H44N4NaO8 [M + Na]+: 695.3051; found: 695.3066.

  X-Ray crystallography

  Single crystal X-ray measurements were made on a crystal glued to a fine glass fiber in a Bruker X8 Kappa APEX II CCD diffractometer using MoKα graphite monochromatized radiation (λ = 0.71073 Å) either at room temperature or at 100 K with a cold nitrogen stream. The individual images were integrated using SAINT19 to 0.70 Å resolution for all crystal structures. Data were corrected for absorption effects using the multiscan method using SADABS.20 The structure was solved and refined using the Bruker SHELXTL software package.21

  Crystal data of limonin (1)

  Molecular formula: C26H30O8, MM: 470.51, orthorhombic, P212121 (No. 19), a = 8.7938(11) Å, b = 14.4208(19) Å, c = 17.653(3) Å, V = 2238.6(5) Å3, T = 100 K, Z = 4, 20128 reflections measured, 5945 independent (Rint = 0.0762) which were used in all calculations. The final wR(F2) was 0.0964. Flack x determined using 1243 quotients by the Parsons method22 was 0.6(8). The chirality of the compound was based on the structure of 4.

  Crystal data of limonin derivative 3a

  Molecular formula: C33H39NO8, MM: 577.65, orthorhombic, P212121 (No. 19), a = 9.5605(4) Å, b = 12.1844(5) Å, c = 24.9809(10) Å, V = 2910.0(2) Å3, T = 296 K, Z = 4, 56267 reflections measured, 8895 independent (Rint = 0.0925) which were used in all calculations. The final wR(F2) was 0.1179. Flack x determined using 1208 quotients by the Parsons method22 was 0.2(6). The chirality of the compound was based on the structure of 4.

  Crystal data of limonin derivative 3h

  Molecular formula: C32H38N2O8, MM: 578.64, orthorhombic, P212121 (No. 19), a = 9.4401(4) Å, b = 13.0432(5) Å, c = 23.2182(8) Å, V = 2858.84(19) Å3, T = 296 K, Z = 4, 69806 reflections measured, 8643 independent (Rint = 0.1309) which were used in all calculations. The final wR(F2) was 0.1385. Flack x determined using 1026 quotients by the Parsons method22 was 0.3(7). The chirality of the compound was based on the structure of 4.

  Crystal data of limonin-7-oxime (4) as ethanol solvate

  Molecular formula: C26H31NO8·C2H6O, MM: 485.53, monoclinic, P21 (No. 4), a = 9.093(3) Å, b = 11.227(3) Å, c = 12.984(4) Å, β = 106.847(14)°, V = 1268.6(7) Å3, T = 100 K, Z= 2, 30536 reflections measured, 7586 independent (Rint = 0.0196) which were used in all calculations. The final wR(F2) was 0.0838. Flack x determined using 3254 quotients by the Parsons method22 was −0.07(13); a value close to zero indicates the correct enantiomorph. The correct chirality was confirmed by the Bayesian method23 in PLATON [version 301214];24 with a probability P2(true) = 1.000 with 3544 Bijvoet pairs.

  Antimicrobial test methods

  For the antimicrobial evaluation, strains from the American Type Culture Collection (ATCC) were used. Fungi: Candida albicans ATCC 10231, Candida tropicalis ATCC 18803, Candida krusei ATCC 6258, Candida parapslosis ATCC 22018, Cryptococcus neoformans ATCC 28952, and Cryptococcus gatti ATCC 2601; Gram-positive bacteria: Staphylococcus aureus ATCC 25923, Bacillus subtilis ATCC 6633, Bacillus cereus ATCC 33019, Enterococcus spp. ATCC 6589, Enterobacter aerogenes ATCC 13048, Listeria innocua ATCC 33090, and Listeria monocytogenes ATCC 19112; Gram-negative bacteria: Escherichia coli ATCC 25922, Enterobacter cloacae ATCC 1304, Burkholderia cepacia ATCC 17759, Pseudomonas aeruginosa ATCC 27853, Shigella sonnei ATCC 25931, Salmonella typhimurium ATCC 14028, and Morganella morganii ATCC 25829. Ampicillin, azithromycin and levofloxacin were included as antibacterial controls. Nystatin was used as antifungal control.

  Broth microdilution method

  The minimal inhibitory concentration (MIC) was determined on 96 well culture plates by a microdilution method using a microorganism suspension at a density of 105 colony-forming unit (CFU) mL-1 with casein soy broth incubated for 24 h at 37 °C for bacteria, and Sabouraud broth incubated for 72 h at 25 °C for fungi. The cultures that did not present growth were used to inoculate plates of solid medium (Muller Hinton agar and Sabouraud agar) in order to determine the minimal lethal concentration (MLC). Proper blanks were assayed simultaneously and samples were tested in triplicate. Technical data have been described previously (National Committee for Clinical Laboratory Standards, NCCLS).25

   

  Results and Discussion

  This study began with the use of a small amount of limonin (1) which was isolated from Helietta apiculata Benth in our laboratories. However, we decided to investigate other sources in order to obtain compound 1 in an amount consistent with the present study. We selected Citrus sinensis (orange) seeds, which are easily accessible and provide a greater yield in the isolation of 1. The strategy used to prepare the derivatives starting from changes in A-ring of 1 involved its aminolysis with different primary amines in homogeneous and heterogeneous media using microwave or ultrasound sonication. Initially, we investigated the role of the solvent and the use of montmorillonite K-10 clay under microwave energy on the reaction yield. The reaction between compound 1 and benzylamine (2a) generated the desired product 3a in good yields (63-84%) at a reaction time of 30 min at 80 °C, as shown in Table 1. Obtaining this new limonin derivative 3a employing the K-10 was effective with all solvents used and the reaction condition EtOH/K-10/microwave was the best since the reaction yield was 84% (Table 1).

  
    

    [image: Table 1. Optimization]

  

  The montmorillonite K-10 clay is widely studied and found to be useful in many reactions, such as the synthesis of polyfunctionalized heterocyclic systems,26,27 the obtaining of b-enamine compound from b-dicarbonyl compound,28 the protection of functional groups such as alcohols, thiols, phenols and amines,29 the protection of carbonyl compounds,30 the transesterification of b-ketoesters,31 and the aminolysis of epoxides.32 This mineral clay catalyzes reactions and provides easy isolation of reactions. Reactions with the other primary amines 2b-m were performed using EtOH/K-10/microwave oven at a reaction time of 30 min at 80 °C (condition i, Table 2). All the new derivatives 3b-m were obtained in good yields of 67-85%. The derivative with p-OMeBn substituent 3c was obtained in higher yield (entry 2) and the derivative with 2-thiophenemethyl substituent 3j was generated in lower yield (entry 10). The structures of the products obtained are shown in Table 2.
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  Utilizing the condition EtOH/K-10 under reflux (condition ii, Table 2), the limonin derivatives 3a-o were also synthesized with good yields of 60-70%, although with a reaction time higher than when these reactions were associated with microwave oven, as described in Table 22. In order to investigate the obtaining of these new derivatives 3a-o from the heterogeneous methodology, we conducted aminolysis reactions employing montmorillonite K-10 as a solid support associating the use of ultrasound sonication under solvent free conditions (condition iii, Table 2). This series of compounds 3a-o was efficiently obtained (yields 60-80%) at a reaction time between 10-12 h (see Table 2). In conditions ii and iii, other primary amines with a low boiling point were also used such as isopropylamine 2n (entry 10) and ethylamine 2o (entry 11).

  The structure of each product 3a-o was identified from spectroscopic data. In the 1H NMR spectra of the compounds 3a-e, 3h-m and 3o, the signals assigned to methylene protons bonded to NH appeared in the ranges of ca. 3.36-4.14 ppm. On the other hand, the signals attributed to the methine protons bonded to NH of compounds 3f, 3g and 3n were registered as multiplets in the ranges of ca. 5.03-5.16 ppm for 3f and 3g and at 3.24-3.31ppm for 3n.

  In addition to the signals assigned to the furan ring observed in the characteristic region of aromatic protons, we have also observed other signals corresponding to the aromatic moiety of the derivatives 3a-k at around 6.23-8.53 ppm. The 13C NMR spectra showed the signals of the respective amides formed through the opening of the lactone (A-ring of 1) due to deshielding of the carbonyl carbon from 168.9 to 171.0-174.0 ppm in derivatives 3a-o. Besides elucidating structures by the use of spectroscopic techniques, crystals were obtained and the structures 1, 3a and 3h were reconfirmed by crystallographic methods.

  These crystalline structures were obtained from slow evaporation of the solvent mixture CH2Cl2/diisopropyl ether (1:2) for 1, and CH2Cl2/diisopropyl ether (1:1) for limonin derivatives 3a and 3h. The absolute configuration of structures of 1, 3a and 3h are based on that of 4, which was confirmed by the single crystal X-ray diffraction experiment (Figure 2). The structure of 1 is identical to that reported before33 and is included here as it is a better determination made at 100 K.
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  The reaction between 1 and hydroxylamine hydrochloride in anhydrous ethanol and pyridine under heating at reflux generates the expected limonin-7-oxime (4). In the sequence, compound 4 was subjected to the O-alkylation reaction using alkyl bromides (allyl bromide and p-bromobenzyl bromide) in the presence of sodium hydride in anhydrous DMF, yielding the oxime ether derivatives 5a and 5b. On the other hand, the derivative 5c was obtained from the O-acylation reaction between compound 4 and benzoyl chloride reagent in the presence of sodium hydride in anhydrous DMF (Scheme 1).
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  The compounds were obtained in 72-80% yield after column chromatography. The structure of product 4 was identified from spectroscopic data and compared with reported values in the literature.9 Excellent quality, large crystals of 4 were obtained from slow evaporation of ethanol (Figure 3). The absolute structure using the Parsons method22 gave a Flack x of –0.07(13), which indicates a probably correct absolute structure. Using Bayesian statistics of the Bijvoet pairs23 the probability of the correct struture for the two possibility case (either the chirality is correct or it is wrong) gave a 1.000 probability that the absolute structure is correct. The X-ray diffraction study was consistent only with an E configuration for the C=N double bond.
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  The structures of the products 5a-c were established by the analysis of the 1H and 13C NMR spectra. In the 1H NMR spectra, the disappearance of the signal (C=N–OH), which appeared at 8.41 ppm for compound 4 was observed. The 1H NMR spectra of the derivatives 5b and 5c showed signals corresponding to aromatic moiety at around 7.19-8.07 ppm. In order to get the limonin derivatives containing a nitrogen heterocyclic ring, we selected 1,2,3-triazole nucleus. This type of heterocyclic system has a wide range of biological activities and, among these, significant antimicrobial activity.34-36 The construction of the 1,2,3-triazole moiety was carried out by a click reaction. This reaction occurred between the propargyl derivative 3m with the selected benzyl azides 1-(azidomethyl)4-bromobenzene or 1-(azidomethyl)4-methylbenzene using Cu(OAc)2.H2O as precatalyst, sodium ascorbate (NaAsc) as reducing agent in a mixture of THF/water (1:1) at room temperature to afford the desired 1,2,3-triazolyl limonins 6a and 6b in good yield (Scheme 2).
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  The structures of the 1,2,3-triazolyl limonins 6a and 6b were unambiguously established based on the 1H and 13C NMR spectra. In the 1H NMR spectra we observed the disappearance of the triplet at 2.23 ppm with J 2.8 Hz assigned to the methine proton of the acetylene and the appearance of a singlet at 7.43 ppm for 6b and 7.45-7.54 ppm (overlap signal) for 6a corresponding to 1,2,3-triazolyl moiety. The 13C NMR spectra showed the signals of the respective carbon triazolyl system, whose methine carbon appeared at 122.0 and 121.9 ppm for 6a and 6b, respectively. The quaternary carbon appeared at 145.3 ppm for 6a and 144.8 ppm for 6b. These chemical shifts confirmed the conversion of derivative 3m to its corresponding 1,2,3-triazolyl nuclei 6a and 6b.

  Biological activity

  The antimicrobial activity of limonin (1), limonin derivatives 3a-o, limonin-7-oxime (4), limonin-7-oxime derivatives 5a-c and 1,2,3-triazolyl limonins 6a and 6b was evaluated by minimal inhibitory concentration (MIC) from broth microdilution method. The collection of twenty microorganisms used included six fungi: Candida albicans (C. albicans), Candida tropicalis (C. tropicalis), Candida krusei (C. krusei), Candida parapslosis (C. parapslosis), Cryptococcus neoformans (Crypt. n), and Cryptococcus gatti (Crypt. gatti); seven Gram-positive bacteria: Staphylococcus aureus (S. aureus), Bacillus subtilis (B. subtilis), Bacillus cereus (B. cereus), Enterococcus spp (Enteroc. spp), Enterobacter aerogenes (E. aerogenes), Listeria innocua (L. innocua), and Listeria monocytogenes (L. monocytogenes); and seven Gram-negative bacteria: Escherichia coli (E. coli), Enterobacter cloacae (Ent. cloacae), Burkholderia cepacia (B. cepacia), Pseudomonas aeruginosa (P. aeruginosa), Shigella sonnei (S. sonnei), Salmonella typhimurium (S. typhimurium), and Morganella morganii (M. morganii). These antimicrobial analyses were performed at concentrations between 6.2-200 µg mL-1 and converted to µmol L-1, in order to compare the activity of the investigated compounds. Tables with the results of antimicrobial activities in µg mL-1 are in the Supplementary Information.

  The results observed for the antifungal analysis (Table 3) indicated that among the tested Candida spp, the C. krusei was the most susceptible to the investigated compounds (1, 3a-o, 4, 5a-c, 6a and 6b) with the MIC value between 10-103 µmol L-1 (6.2-25 µg mL-1) and minimal fungicidal concentration (MFC) value ranging from 43 to > 190 µmol L-1 (25 to > 100 µg mL-1). Limonin (1) and some of its derivatives of the series 3a-o, the compounds 3a (R = Bn), 3f (R = (S)-(+)CH(CH3)Ph), 3g (R = (R)-(–)CH(CH3)Ph), 3j (R = 2-thiophenemethyl) and 3n (R = i-Pr) exhibited better antifungal activity with MIC value between 10-13 µmol L-1 (MIC = 6.2 µg mL-1) against this species of Candida (Table 3). Another promising result was the analysis against the fungus Crypt. neoformans, since the compounds limonin (1), the series 3a-o, limonin-7-oxime (4), limonin-7-oxime derivatives 5a-c and 1,2,3-triazolyl limonins (6a and 6b) showed antifungal action with MIC value between 11-53 µmol L-1 (6.2-25 µg mL-1) and MFC value between 39-206 µmol L-1 (MFC value between 50-100 µg mL-1). The derivatives with 2-thiophenemethyl substituent (3j) with MIC = 11 µmol L-1 (MIC = 6.2 µg mL-1) and ethyl substituent (3o) with MIC = 12 µmol L-1 (MIC = 6.2 µg mL-1) exhibited the best antifungal effect. The derivatives 3e (R = phenethyl) with MIC = 21 µmol L-1 (MIC = 12.5 µg mL-1) and 3i (R = furfuryl) with MIC = 22 µmol L-1 (MIC = 12.5 µg mL-1) showed effective antifungal activity against this fungus, as shown in Table 3.
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  The investigation of the antibacterial activity was performed against a range of Gram-positive and Gram-negative bacteria. Among the employed Gram-positive bacteria, L. monocytogenes was the most susceptible to all analyzed compounds with MIC value between 34-169 µmol L-1 (25-100 µg mL-1) and minimal bactericidal concentration (MBC) value ranging from 338 to > 425 µmol L-1 (200 to > 200 µg mL-1) (Table 4). Limonin (1) presented bacterial inhibition against L.monocytogenes with MIC = 53 µmol L-1 (MIC = 25 µg mL-1) and was less effective against the other utilized Gram-positive bacteria with MIC value between 212-425 µmol L-1 (100-200 µg mL-1).
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  The result of limonin derivatives, series 3a-o, indicated that the compounds 3c (R = p-OMeBn) with MIC = 82 µmol L-1 (MIC = 50 µg mL-1), 3d (R = p-CF3Bn) with MIC = 77 µmol L-1 (MIC = 50 µg mL-1), 3m (R = propargyl) with MIC = 95 µmol L-1 (MIC = 50 µg mL-1) showed better antibacterial activity than limonin (1) (MIC value between 212-425 µmol L-1) to Gram-positive bacteria S. aureus, B. cereus, L. innocua and Enterococcus spp. This positive antibacterial activity of compounds 3c, 3d, 3m and also 3g ((R)-(+)CH(CH3)Ph) with MIC = 84 µmol L-1 against B. cereus showed better action compared to the control ampicillin (MIC = 143 µmol L-1). Conversely, the derivatives 3c (R = p-OMeBn) with MIC = 82 µmol L-1 and 3k (R = piperonyl) with MIC = 80 µmol L-1 against the bacterium E. aerogenes were the most active and showed better action compared to the control ampicillin (MIC = 143 µmol L-1). The derivative 3d, which has a p-CF3Bn substituent, was the only compound in the series 3a-o that presented relevant antibacterial effect (MIC = 77 µmol L-1 and MBC > 310 µmol L-1) against the bacterium B. subtilis.

  Interestingly, the derivative 3g that has the (R)-(+)CH(CH3)Ph substituent showed better antibacterial activity against the tested Gram-positive bacteria (MIC value between 42-169 µmol L-1) than its stereoisomer, the compound 3f (MIC value between 84-338 µmol L-1), which contains the (S)-(–)CH(CH3)Ph substituent. These results suggest that different stereocenters present in these compounds 3f and 3g are important for the antibacterial activity observed. Other derivatives of the series 3a-o exhibited good antibacterial action against L. monocytogenes, the compounds 3c (R = p-OMeBn) with MIC = 41 µmol L-1 (MBC > 329 µmol L-1) and 3k (R = piperonyl) with MIC = 40 µmol L-1 (MBC > 322 µmol L-1). It was also observed with the results shown in Table 4 that compounds 3n (R = i-Pr) with MIC = 94 µmol L-1 (MIC = 50 µg mL-1) and 3o (R = ethyl) with MIC = 97 µmol L-1 (MIC = 50 µg mL-1) were selective against both Listeria, L. monocytogenes and L.innocua. Based on the results described above, it can be pointed out that among the series 3a-o, the derivatives 3c (R = p-OMeBn) with the electron donating group to the aromatic ring, 3d (R = p-CF3Bn) with electron-withdrawing group to the aromatic ring, 3k with piperonyl group and 3g chiral group (R)(+)CH(CH3)Ph, in general, presented better antibacterial effect against the tested Gram-positive bacteria. The results of the antibacterial analysis of limonin-7-oxime (4), limonin-7-oxime derivatives 5a and 5b and 1,2,3-triazolyl limonins 6a and 6b indicate good antibacterial effect against B. cereus with MIC value between 68-103 µmol L-1 (MIC = 50 µg mL-1), which showed better action compared to the control ampicillin with MIC = 143 µmol L-1 (MIC = 50 µg mL-1).

  In evaluating against all employed Gram-negative bacteria, limonin (1) was less active (MIC value ranging from 212 to > 425 µmol L-1) than most of its derivatives (MIC value between 17-388 µmol L-1) as demonstrated in Table 4. The compound 3c (R = p-OMeBn) with MIC = 82 µmol L-1 presented good antibacterial effect against Ent. cloacae and B. cepacia, which showed better action compared to the controls ampicillin, with MIC = 143 µmol L-1 (MIC = 50 µg mL-1) and levofloxacin, with MIC = 138 µmol L-1 (MIC = 50 µg mL-1) for Ent. cloacae. Moreover, the compound 3c (R = p-OMeBn) also exhibited good antibacterial activity against P. aeruginosa with MIC = 41 µmol L-1 (MIC = 25 µg mL-1) and showed better action compared to the controls ampicillin, with MIC = 71 µmol L-1 (MIC = 25 µg mL-1) and levofloxacin, with MIC = 138 µmol L-1 (MIC = 50 µg mL-1). Another important result was the antibacterial activity of the compounds 3d (R = p-CF3Bn), 3g (R = (R)-(+)CH(CH3)Ph), 3k (R = piperonyl) and 3m (R = propargyl) with MIC value between 77-95 µmol L-1 (MIC = 50 µg mL-1) against B. cepacia and P. aeruginosa, except the compound 3k which showed MIC = 161 µmol L-1 against B. cepacia. These results showed better antibacterial effect compared to the controls ampicillin, with MIC = 143 µmol L-1 against B. cepacia, and levofloxacin, with MIC = 138 µmol L-1 against P. aeruginosa.

  The derivative 3g (R = (R)-(+)CH(CH3)Ph) showed better antibacterial effect than its stereoisomer 3f (R = (S)-(–)CH(CH3)Ph) against Gram-negative bacteria, thereby, it reproduced the profile exhibited against Gram-positive bacteria (Table 4). As cited above, the derivatives 3c, 3d, 3g, 3k and 3m showed the best results among the series 3a-o against the tested Gram-negative bacteria. The bacterium P. aeruginosa was the most sensitive to limonin-7-oxime (4), limonin-7-oxime derivatives 5a-c and 1,2,3-triazolyl limonins 6a and 6b with MIC value between 17-103 µmol L-1 (MBC value ranging from 149 to > 412 µmol L-1). Compounds 4 and 5a-c showed MIC value between 76-103 µmol L-1 (MIC = 50 µg mL-1) (MBC value ranging from 76 to > 380 µmol L-1) also to other Gram-negative bacteria E. coli, B. cepacia, S. typhimurium, M. morganii, with the exception of the compound 4 (MIC = 206 µmol L-1) against E. coli. These results showed better antibacterial action compared to the controls ampicillin, with MIC = 143 µmol L-1 against B. cepacia, and levofloxacin, with MIC = 138 µmol L-1 against P. aeruginosa.

  The 1,2,3-triazolyl limonin 6a exhibited MIC = 17 µmol L-1 (MIC = 12.5 µg mL-1) against P. aeruginosa, thus it was the best antibacterial activity among all the investigated compounds. This result is excellent since this compound 6a showed better action compared to the controls ampicillin, with MIC = 71 µmol L-1 (MIC = 25 µg mL-1), and levofloxacin, with MIC = 138 µmol L-1 (MIC = 50 µg mL-1) and it was equivalent to the control azithromycin, with MIC = 16.7 µmol L-1 (MIC = 12.5 µg mL-1) (Table 4).

   

  Conclusions

  In our study, a novel series of derivatives was synthesized and characterized from natural limonin (modification in A-ring) using methodology in solution as well as in heterogeneous medium. As a result, it was possible to obtain fifteen compounds. In addition, we obtained two derivatives by inserting the 1,2,3-triazole nucleus via click reaction and prepared three derivatives from reactions with limonin-7-oxime. The results of the antimicrobial activity against a collection of microorganisms, in general, demonstrated that a relevant number of synthetic derivatives presented higher activity than the natural product limonin and showed higher antibacterial effect comparable to employed controls. The present study indicated that the modification in A-ring of the limonin structure and at C-7 position generated compounds that showed to be more active.

   

  Supplementary Information

  Supplementary data (1H NMR, 13C NMR, HRMS spectra and tables of the results of antimicrobial activities in µg mL-1) are available free of charge at http://jbcs.sbq.org.br as PDF file. Crystallographic data (compounds 1, 3a, 3h, 4) have been deposited at the Cambridge Crystallographic Data Centre under CCDC deposition with numbers 1051185-1051188 via www.ccdc.cam.ac.uk/data_request/cif.

   

  Acknowledgments

  The authors thank Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) and Fundação de Amparo à Pesquisa do Estado do Rio Grande do Sul (FAPERGS)-PRONEX for financial support for this work.

   

  References

  1. Manners, G. D.; J. Agric. Food Chem. 2007, 55, 8285.

  2. Roy, A.; Saraf, S.; Biol. Pharm. Bull. 2006, 29, 191.

  3. Ono, E.; Inoue, J.; Hashidume, T.; Shimizu, M.; Sato, R.; Biochem. Biophys. Res. Commun. 2011, 410, 677.

  4. Yoon, J. S.; Yang, H.; Kim, S. H.; Sung, S. H.; Kim, Y. C.; J. Mol. Neurosci. 2010, 42, 9.

  5. Battinelli, L.; Mengoni, F.; Lichtner, M.; Mazzanti, G.; Saija, A.; Mastroianni, C. M.; Vullo, V.; Planta Med. 2003, 69, 910.

  6. Tanaka, T.; Maeda, M.; Kohno, H.; Murakami, M.; Kagami, S.; Miyaki, M.; Wada, K.; Carcinogenesis 2000, 22, 193.

  7. Vanamala, J.; Leonardi, T.; Patil, B. S.; Taddeo, S. S.; Murphy, M. E.; Pike, L. M.; Chapkin, R. S.; Lupton, J. R.; Turner, N. D.; Carcinogenesis 2006, 27, 1257.

  8. Matsuda, H.; Yoshikawa, M.; Iinuma, M.; Kubo, M.; Planta Med. 1998, 64, 339.

  9. Ruberto, G.; Renda, A.; Tringali, C.; Napoli, E. M.; Simmonds, M. S. J.; J. Agric. Food Chem. 2002, 50, 6766.

  10. Kim, J.; Jayaprakasha, G. K.; Patil, B. S.; Food Funct. 2013, 4, 258.

  11. Yang, Y.; Wang, X.; Zhu, Q.; Gong, G.; Luo, D.; Jiang, A.; Yang, L.; Xu, Y.; Bioorg. Med. Chem. Lett. 2014, 24, 1851.

  12. Perez, J. L.; Jayaprakasha, G. K.; Valdivia, V.; Munoz, D.; Dandekar, D. V.; Ahmad, H.; Patil, B. S.; J. Agric. Food Chem. 2009, 57, 5279.

  13. Kim, J.; Jayaprakasha, G. K.; Muthuchamy, M.; Patil, B. S.; Eur. J. Pharmacol. 2011, 670, 44.

  14. Govindachari, T. R.; Suresh, G.; Gopalakrishnan, G.; Masilamani, S.; Banumathi, B.; Fitoterapia 2000, 71, 317.

  15. Kiplimo, J. J.; Koorbanally, N. A.; Phytochem. Lett. 2012, 5, 438.

  16. Rahman, A.; Na, M.; Kang, S. C.; J. Food Biochem. 2012, 36, 217.

  17. Maier, V. P.; Margileth, D. A.; Phytochemistry 1969, 8, 243.

  18. Barton, D. H. R.; Pradhan, S. K.; Sternhell, S.; Templeton, J. F.; J. Chem. Soc. 1961, 255.

  19. Bruker AXS Inc.; SAINT, version V8.34A; Bruker AXS Inc., Madison, WI, USA, 2014.

  20. Bruker AXS Inc.; SADABS-2014/4; Bruker AXS Inc., Madison, WI, USA, 2014.

  21. Bruker AXS Inc.; SHELXTL, version 2014/6; Bruker AXS Inc., Madison, WI, USA, 2014.

  22. Parsons, S.; Flack, H. D.; Wagner, T.; Acta Crystallogr., Sect. B: Struct. Sci., Cryst. Eng. Mater. 2013, 69, 249.

  23. Hooft, R. W. W.; Straver, L. H.; Spek, A. L.; J. Appl. Crystallogr. 2008, 41, 96.

  24. Spek, A. L.; Acta Crystallogr., Sect. D: Biol. Crystallogr. 2009, 65, 148.

  25. National Committee for Clinical Laboratory Standards (NCCLS); Reference Method for Broth Dilution Antifungal Susceptibility Testing of Yeast: Approved Standard, CLSI document M27-A2; NCCLS: Wayne, PA, 2002; National Committee for Clinical Laboratory Standards (NCCLS); Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria that Grow Aerobically: Approved Standard, CLSI document M7-A5, 5th ed.; NCCLS: Wayne, PA, 2002.

  26. Braibante, M. E. F.; Braibante, H. T. S.; Tavares, L. C.; Rohte, S. F.; Costa, C. C.; Morel, A. F.; Stuker, C. Z.; Burrow, R. A.; Synthesis 2007, 16, 2485; Braibante, M. E. F.; Braibante, H. T. S.; Roza, J. K.; Henriques, D. M.; Tavares, L. C.; Synthesis 2003, 8, 1160.

  27. Dabiri, M.; Azimi, S. C.; Bazgir, A.; Chem. Pap. 2008, 62, 22; Sharifi, A.; Abaee, M. S.; Tavakkoli, A.; Mirzaei, M.; Zolfaghari, A.; Synth. Commun. 2008, 38, 2958.

  28. Braibante, M. E. F.; Braibante, H. T. S.; Valduga, C.; Squizani, A.; Synthesis 1998, 7, 1019; Braibante, M. E. F.; Braibante, H. T. S.; Missio, L.; Andricopulo, A.; Synthesis 1994, 9, 898.

  29. Li, T. S.; Li, A. X.;J. Chem. Soc., Perkin Trans. 1 1998, 1913.

  30. Mansilla, H.; Regás, D.; Synth. Commun. 2006, 36, 2195; Gogoi, S.; Borah, J. C.; Barua, N. C.; Synlett 2004, 9, 1592.

  31. Jin, T.; Zhang, S.; Li, T.; Green Chem. 2002, 4, 32.

  32. Chakraborti, A. K.; Kondaskar, A.; Rudrawar, S.; Tetrahedron 2004, 60, 9085.

  33. Takahashi, K.; Obasashi, M.; Nakatani, M.; Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 1990, 46, 425.

  34. Singh, H.; Sindhu, J.; Khurana, J. M.; Sharmab, C.; Anejab, K. R.; RSC Adv. 2014, 4, 5915.

  35. Phillips, O. A.; Udo, E. E.; Abdel-Hamid, M. E.; Varghese, R.; Eur. J. Med. Chem. 2013, 66, 246.

  36. Holla, B. S.; Mahalinga, M.; Karthikeyan, M. S.; Poojary, B.; Akberali, P. M.; Kumari, N. S.; Eur. J. Med. Chem. 2005, 40, 1173.

   

   

  Submitted: July 20, 2015.

  Published online: October 14, 2015.

   

   

  
    *e-mail: ademirfariasm@gmail.com

     

     

    Supplementary Information

       
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

      
    [image: Supplementary figures]

  

  





  DOI: 10.5935/0103-5053.20150268

  ARTICLE

  
    Frin KPM, Nascimento VM. Rhenium(I) Polypyridine Complexes as Luminescence-Based Sensors for the BSA Protein. J. Braz. Chem. Soc. 2016;27(1):179-185

  

  
    Rhenium(I) Polypyridine Complexes as Luminescence-Based Sensors for the BSA Protein

  

   

   

  Karina P. M. Frin*; Verônica M. Nascimento

   

  
    The binding interaction of rhenium(I) complexes fac-[Re(CO)3(NN)(py)]+, py = pyridine and NN = 1,10-phenanthroline (phen), 4,7-diphenyl-1,10-phenanthroline (ph2phen) or 4,7-dichloro-1,10-phenanthroline (Cl2phen), and bovine serum albumin (BSA) was investigated at physiological pH using emission intensity variation and circular dichroism (CD) spectroscopy. The photophysical investigations showed that in the presence of BSA, the metal-to-ligand-charge transfer (3MLCT) emission of the rhenium(I) complexes was quenched due to entrapment of the complex within the protein environment. Additionally, high Stern-Volmer (KSV) and binding (Kb) constants were determined from luminescence data, revealing the occurrence of a strong interaction and/or association. The differences in KSV values can be tentatively associated with an electron-withdrawing constant (σ) defined by Hammett equation. The CD results showed that the extent of α-helicity of the BSA decreased upon the addition of rhenium complexes, which provided further support for the interaction of rhenium(I) complexes and the protein.

    Keywords: rhenium(I) polypyridine complexes, BSA, luminescence-based sensor.

  

   

   

  Introduction

  The use of coordination compounds in the design of photosensors offers a vast range of applications from small molecule probes to biomolecule probes, such as proteins and DNA.1-4 In particular, the emissive property of rhenium(I) polypyridyl complexes, fac-[Re(CO)3(NN)L]n (n = 0 or +1), is generally ascribed to the metal-to-ligand charge transfer (3MLCT) excited state. This excited state can be modulated by changing the polypyridine ligand, NN, as well as the spectator ligand, L, and can be conveniently employed in the development of luminescent sensors.5-8

  The rhenium(I) complexes have several advantages over organic compounds employed for the same purpose:3,6 long emission lifetimes, which enhance the detection sensitivity in time-resolved techniques; photostability; the nature of their emission-phosphorescence with a large Stokes shift, which can minimize self-quenching; environment-sensitive emission, among other benefits. Additionally, such complexes exhibit high membrane permeability, being stable under physiological conditions.3,8-11 While there are several investigations on the photophysical behavior of these complexes in fluid, usually in acetonitrile and dichloromethane, rigid media,12-17 and in the presence of various analytes,18-21 studies in physiological conditions or in cellular media are very recent.

  Serum albumins have been one of the most studied proteins with functions crucial to facilitating the disposition and transportation of various ligands such as metal ions, fatty acids, steroids, among others.22 In particular, bovine serum albumin (BSA) is highly stable and its structure is similar to the human albumin (HAS), presenting a 76% sequence identity. One of the main differences between these two proteins is that BSA possesses two tryptophan residues, while HAS possesses only one. One tryptophan residue in BSA is buried into a hydrophobic pocket and is reported to be near the surface of the albumin molecule in the second α-helix of the first domain; the second tryptophan residue is located in the hydrophilic pocket of the protein. As there is evidence of conformational changes induced by the interaction between BSA and rhenium(I) metal complexes,8,23-26 an intense effort has been dedicated to better understand the effect of the position and attachment of electron withdrawing/donating groups to coordinated ligands. Greater knowledge of ligand modification can contribute to a deeper comprehension of the interaction processes necessary to design spectroscopic probes.

  In this study, the binding interactions of rhenium(I) complexes fac-[Re(CO)3(NN)(py)]+, NN = 1,10-phenanthroline (phen), 4,7-diphenyl-1,10-phenanthroline (ph2phen) or 4,7-dichloro-1,10-phenanthroline (Cl2phen), py = pyridine, Scheme 1, and BSA were investigated at physiological pH using luminescence changes and circular dichroism (CD) spectroscopy. Interaction of these metal complexes with the well-studied BSA makes it possible to establish a base-line of behavior, making it possible to use them in more complicated situations. For instance, electron donating groups attached to polypyridyl ligands coordinated to ReI promote destabilization of the 3MLCTRe→NN excited state energy level at the same time reduces the energy of intraligand, 3ILNN, excited state. On the other hand, electron withdrawing groups promote the 3MLCT stabilization. The emissive properties of rhenium(I) complexes are, generally, dominated by a 3MLCT character, although some 3IL emission could also be evident to a greater or lesser degree, thus, the rationalization of the mechanism deactivation pathway after excitation in function of coordinated polypyridyl ligand is crucial to improve this system for designing probes. Therefore, the aim of this work was to provide more information to aid the use of this system as a probe in chemical recognition.
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  Experimental

  Materials

  All solvents, from Aldrich, Synth or Merck, were reagent grade, except for those used in the photophysical measurements, where high performance liquid chromatography (HPLC) grade solvents from Aldrich were employed. [ClRe(CO)5], 1,10-phenanthroline (phen), 4,7-diphenyl-1,10-phenanthroline (ph2phen), 4,7-dichloro-1,10-phenanthroline (Cl2phen), trifluoromethanesulfonic acid (tfms), pyridine (py) and bovine serum albumin (BSA Mw = 68000) from Aldrich were used as received.

  Syntheses of rhenium(I) complexes

  fac-[ClRe(CO)3(NN)] complexes (NN = phen, ph2phen or Cl2phen) were prepared according to the literature.27-31 [ClRe(CO)5] and an excess of the NN ligand were suspended in xylene and heated to reflux for several hours. The crude product was recrystallized from dichloromethane by the slow addition of n-pentane. These fac-[ClRe(CO)3(NN)] complexes were converted to fac-[(tfms)Re(CO)3(NN)] as previously described27-29 by adding trifluoromethanesulfonic acid to fac-[ClRe(CO)3(NN)] suspended in dichloromethane and precipitated by the addition of diethyl ether. fac-[Re(CO)3(NN)(py)]+ complexes were synthesized following the procedure previously described28,29,31,32 by refluxing fac-[(tfms)Re(CO)3(NN)] with an excess of py in methanol and precipitated with NH4PF6.

  fac-[Re(CO)3(phen)(py)]PF6

  1H NMR (60 MHz, CD3CN) ∆ 9.4 (dd, 2H), 8.6 (dd, 2H), 7.9 (m, 7H), 6.9 (m, 2H). Anal. calcd. for C20H13N3O3F6PRe·¼py: C, 36.62%, H, 2.04%, N, 6.53%; found: C, 37.44%, H, 1.73%, N, 6.29%.

  fac-[Re(CO)3(ph2phen)(py)]PF6

  1H NMR (200 MHz, CD3CN) ∆ 9.66 (d, 2H), 8.40 (d, 2H), 8.09 (s, 2H), 8.07 (d, 2H), 7.85 (t, 1H), 7.65 (m, 10H), 7.30 (d, 2H). Anal. calcd. for C32H21N3O3F6PRe: C, 46.49%, H, 2.56%, N, 5.08%; found: C, 46.03%, H, 2.59%, N, 5.14%.

  fac-[Re(CO)3(Cl2phen)(py)]PF6

  1H NMR (200 MHz, CD3CN) ∆ 9.55 (d, 2H), 8.25 (d, 2H), 8.50 (s, 2H), 8.38 (m, 2H), 7.78 (m, 1H), 7.23 (m, 2H). Anal. calcd. for C20H11N3O3F6PRe.H2O: C, 31.55%, N, 5.52%, H, 1.72%; found: C, 31.57%, N, 5.44%, H, 1.52%.

  Methods

  Stock solutions of the individual complexes (ca. 1 × 10-3 mol L-1) were prepared in acetonitrile (HPLC) and the BSA stock solution (ca. 1 × 10-6 mol L-1), based on its molecular weight of 68,000, was prepared in freshly buffer solution at physiological pH (7.4).

  Absorption spectra were recorded on an Agilent 8453 spectrophotometer. Proton nuclear magnetic resonance spectra (1H NMR) were obtained on a Bruker AC-200 (200 MHz) or 60 MHz spectrometer at 298 K using CD3CN as a solvent. Residual CH3CN signals were employed as an internal standard.

  Circular dichroism (CD) measurements were performed on JASCO 720 spectropolarimeter at room temperature from 200-360 nm. Parameters are set as follows: path length, 10 mm; resolution, 1 nm; scan speed, 20 n ms-1; response, 1 s; band width, 1 nm. Every CD spectrum was average three times. All measurements were made by keeping the BSA concentration as constant (1 × 10-6 mol L-1) while varying the concentration of the rhenium(I) complex (1 × 10-6 and 1 × 10-5 mol L-1).

  The CD results can be expressed as mean residual elipticity (MRE) in deg cm2 dmoL-1 using equation 1 as reported in the literature.33,34

  
    [image: Equation 1]

  

  where Θobs is the CD in millidegree, n is the number of amino acid residues (583), l is the path length of the cell and Cp is the mole fraction. The helical content is determined from the MRE values at 208 nm using equation 2.

  
    [image: Equation 2]

  

  Here, MRE208nm is the observed MRE at 208 nm, 4000 is the MRE of the β-form and random coil conformation cross at 208 nm, and 33000 is the MRE value of the pure α-helical at 208 nm.

  Emission spectra at room temperature were recorded with a Varian Cary Eclipse steady state spectrophotometer using a 1.00 cm optical length quartz cuvette. Titrations were done manually via micropipette by adding a degassed BSA solution into a quartz cuvette containing a degassed rhenium(I) complex solution.

  The luminescence quenching measurements were performed at different BSA concentrations and the Stern-Volmer constant, KSV, values were determined from the Stern-Volmer plot using equation 3:

  
    [image: Equation 3]

  

  where I0 and I are the luminescence intensities of the rhenium(I) complex in the absence and in the presence of BSA, respectively and [Q] is the concentration of BSA.

  The binding constant, Kb, of the rhenium(I) complex with BSA can be determined using equation 4.33

  
    [image: Equation 4]

  

  where I0 and I are the luminescence intensities of ReI complex in the absence and in the presence of BSA, respectively, n is the number of binding sites and [BSA] is the concentration of BSA.

   

  Results and Discussion

  The electronic absorption spectra of fac-[Re(CO)3(NN)(py)]+ complexes in acetonitrile, Figure 1a, exhibit two main absorption bands: the higher energy band, which was assigned to IL, and the lower energy band, assigned to MLCTRe→NN as reported in the literature.12,31,35,36 The electronic spectra are similar, except for a small bathochromic shift of the low energy band caused by the MLCT stabilization promoted by the two electron withdrawing chloro or phenyl groups attached to the phen.31
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  All three complexes exhibit a characteristically broad and structureless emission band in acetonitrile, Figure 1b, arising from the 3MLCTRe→NN excited state. Emission maxima are dependent on the NN ligand, which mainly affects the 3MLCT excited state energy. As discussed in previous work,31 the energy of the 3MLCT excited state in fac-[Re(CO)3(Cl2phen)(py)]+ is more stabilized, by the two electron-withdrawing chloro groups relative, to the other two parent rhenium complexes.

  The addition of BSA to a solution of fac-[Re(CO)3(ph2phen)(py)]+, Figure 2, leads to a decrease in the luminescence intensity and a small hypsochromic shift (ca. 5 nm), which can be due to changes in local environment of the ReI complexes promoted by the protein environment. Similar behavior is observed for the other two complexes, Supplementary Information (SI) section (Figures S1 and S2).
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  The luminescence behavior of the rhenium(I) complex in the presence of BSA could be due to entrapment of the complex within the protein environment. As previously reported by Liu and co-workers,33 the BSA crystal structure is in the shape of a heart composed of three homologous domains, called I-III. Within each domain are two subdomains, labeled A and B, forming a cylinder. There are two tryptophan residues (Trp134 and Trp212) in BSA: one located on the first subdomain IB (Trp134) that is exposed to a more hydrophilic environment, and another located in subdomain IIA deeply buried in the hydrophobic cavity. The authors concluded that hydrophobic cavities located in subdomains IIA and IIIA (called sites I and II) are the main areas where ligands interact with BSA. Rajagopal and co-workers,37 reported docking studies that revealed the [Ru(ph2phen)3]2+ complex strongly binds to BSA through a non-covalent hydrophobic interaction and noted that this interaction is mainly with the aromatic moiety of the protein such as phenylalanine, tyrosine and tryptophan in subdomain IB. As the data in reference 37 did not allow us to give the precise binding location of rhenium(I) complexes on BSA, we can only conclude that the trapping promotes an interaction/association between the complex and the BSA since a quenching of the ReI-complex emission occurs.

  The quenching process refers to the decrease in emission intensity of a given substance.38 Several molecular interactions can result in quenching including excited state reactions, molecular rearrangements, energy transfer (trivial, long-range dipole dipole-Coulombic, or short-range electron exchange) and ground state complex formation. The biochemical applications of quenching are due to these molecular interactions and have been described as either static or dynamic quenching. Both types of quenching require molecular contact between the fluorophore and the quencher. In static quenching a non-fluorescent complex is formed between the fluorophore and the quencher. Dynamic quenching is due to the collision between the excited fluorophore and the quencher,38,39 thus, the energy transfer must occur during the lifetime of the excited fluorophore. Stern-Volmer plots allow the calculation of quenching constants and generally can elucidate the mechanism of quenching process. The Stern-Volmer plot for fac-[Re(CO)3(ph2phen)(py)]+ is shown in Figure 3 and in the SI section (Figures S3 and S4); values determined for all three complexes are presented in Table 1.
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  Static and dynamic quenching can be distinguished by their differing dependence on temperature, viscosity or mainly by lifetime measurements. However, even without the lifetime measurements of the complex in the presence and absence of BSA, it is possible to note that the KSV value determined here for fac-[Re(CO)3(ph2phen)(py)]+ (considering that its lifetime is 1-10 µs in CH3CN solution)35,40 is likely two orders of magnitude higher than the values found for fac-[Re(CO)3(phen)(L)]+, L = nicotinic acid or nicotinamide,26 indicating a strong interaction between BSA and the ReI complex. Additionally, considering this range in lifetime of rhenium(I) complexes, then the bimolecular quenching constant (kq) between BSA and the ReI complexes were estimated to be ca. 1010-1011 L s-1 moL-1, which is the same order or higher than the diffusion-limited quenching value indicating some binding interaction.38 Quenching constant values higher than the diffusion controlled quenching value were reported for fac-[Re(CO)3(dnbpy)(L)]+, dnbpy = 4’,4’-dinanoyl-2’,2’-bipyridine, which were associated with the static quenching process via the formation of complex Re-BSA.25 Therefore, by analogy we can conclude that the phosphorescence quenching by very low concentration of BSA is associated with a static quenching mechanism.

  The comparison of non-substituted phen complex with the other two compounds shows that the electron-withdrawing ability plays an important role on the mechanistic events. There is a significant change in the KSV values with the change of coordinated ligand in the ReI complex, especially when comparing fac-[Re(CO)3(ph2phen)(py)]+ and fac-[Re(CO)3(Cl2phen)(py)]+. Looking at the substituents constants (σ) defined by Hammett equation41 is possible to tentatively assign the lowest KSV value determined for fac-[Re(CO)3(Cl2phen)(py)]+ with a higher electron-withdrawing constant. And since the substituent constant of phenyl group is very close to the non-substituted phen constant, the KSV values obtained for both complexes are very similar. This behavior could be also due to better accommodation of the phenyl substituents in the protein cavity as previously reported.37,42 On the other hand, it seems that information concerning the mechanism of such process, particularly of biological activity, is usually extremely sketchy.

  Higher values were also determined for the binding constant, Kb, obtained from the plot of log [(I0 - I)/I] versus log [BSA] for fac-[Re(CO)3(ph2phen)(py)]+, Figure 4 (Figures S5 and S6 in the SI section for the other two complexes), and Table 1. The n value close to 1 suggests an one to one interaction for fac-[Re(CO)3(ph2phen)(py)]+ and fac-[Re(CO)3(phen)(py)]+ complexes and the protein, and a negative cooperative binding between fac-[Re(CO)3(Cl2phen)(py)]+ and the protein.
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  The emission titration experiments confirm the interaction between the ReI complex and BSA. The intramolecular forces responsible for maintaining secondary and tertiary structures of the protein can be altered through this interaction, resulting in a protein conformational change. To determine more details about how the BSA structure is affected by the presence of the ReI complex, circular dichroism spectra were obtained. The conformational changes of BSA in the presence of fac-[Re(CO)3(ph2phen)(py)]+ are shown in Figure 5; CD spectra for the other two complexes are in the SI section (Figures S7 and S8). The data for all three complexes are summarized in Table 2.

  
    

    [image: Figure 5. Circular]

  

  
    

    [image: Table 2. The percentage]

  

  It is observed that the BSA displays two negative bands at 208 and 222 nm, typical of proteins that have an α-helix structure, which are ascribed to n → Π* transition of the carbonyl group of the peptide. The CD spectrum in the far UV region (200-260 nm) provides quantitative information of secondary structures and the near UV region (260-300 nm) provides information on the tertiary structures of BSA. Therefore, the changes observed at 200-260 nm indicates a conformational change in the secondary structures of BSA while in the presence of rhenium compounds. On the other hand, the spectra revealed no change in the region of 260-300 nm upon the addition of ReI complexes, indicating that the tertiary structure of BSA remains the same upon binding with the Re complex.

  A decrease of the residual ellipticity, Θ, as a function of added complex can also be observed. In the pure form of this protein, 57% is of the α-helical structure. Furthermore, the BSA spectrum in the absence and presence of rhenium complexes are similar in shape, indicating that the α-helix structure is still dominant. However, the extent of α-helicity of the protein decreases upon the addition of rhenium complexes. Contrary to the observed in KSV and Kb values, the magnitude of percentage of α-helical structure of BSA seems to be independent of the complex within the experimental error. The errors in CD spectroscopy are usually higher than the fluorescence technique. However, the CD method is very useful to ascertain the possible influence of the interaction process on the secondary structure of the proteins. Therefore, these changes observed in BSA secondary structures could be due to the association and/or interaction of the ReI compound with the amino acid residue of the polypeptide chain of BSA, which diminishes the hydrogen bond within the protein.

   

  Conclusions

  The photophysical properties of rhenium(I) compounds, fac-[Re(CO)3(NN)(py)]+ where NN = phen, ph2phen or Cl2phen, and the circular dichroism spectra of BSA showed the interaction of Re-BSA. This interaction caused conformational changes in the protein BSA by a decrease in the α-helix stability. The observed quenching process of rhenium(I) complexes in the presence of BSA upon excitation was due to entrapment of the complex within the protein environment. The lowest KSV value determined for fac-[Re(CO)3(Cl2phen)(py)]+ can be tentatively associated with a higher electron-withdrawing constant, and the KSV values obtained for the other two complexes are very similar since the substituent constant of phenyl group is very close to the non-substituted phen constant. Thus, these ReI complexes could be very attractive as luminescence-based probes and sensors for macromolecules such as protein and DNA.

   

  Supplementary Information

  Supplementary data (emission spectra of fac-[Re(CO)3(NN)(py)]+, NN = phen or Cl2phen, in the presence of various concentration of BSA, Stern-Volmer plot, plot of log [(I0 - I) / I] versus log [BSA] and circular dichroism spectra of BSA in the presence and the absence of fac-[Re(CO)3(NN)(py)]+) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    The main objective of the present work was to validate a chromatographic method to determine herbicides commonly applied in the irrigated rice farming. For this, matrix-matched calibration was employed along with the extraction and clean-up of the samples by quick, easy, cheap, effective, rugged and safe (QuEChERS) method and determination of the analytes by high performance liquid chromatography tandem mass spectrometry (LC-MS/MS) with electrospray ionization in the positive mode. By this method, it was possible to achieve the ionization and detection of a total of 18 herbicides, with quantification of 12 of them. The method presented adequate precision and accuracy according to the European Commission and the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) guidelines for analytes in low concentrations. The limits of quantification ranged from 0.015 µg g-1 for oxadiazon to 0.165 µg g-1 for imazapyr. The method showed good linearity with R2 > 0.99 and recovery values from 92 to 103%. The proposed protocol is adequate for monitoring bispyribac-sodium, cyclosulfamuron, cycloxydim, clomazone, ethoxysulfuron, fenoxaprop-p-ethyl, imazapic, imazapyr, imazethapyr, metsulfuron-methyl, oxadiazon and thiobencarb in rice grains in concentrations up to 109 times lower than the maximum residue limits established by the Brazilian Health Surveillance Agency (ANVISA) for these compounds in rice samples.

    Keywords: liquid chromatography tandem mass spectrometry, LC-MS/MS, herbicides, multiresidue, ANVISA.

  

   

   

  Introduction

  Pesticides, including herbicides, are widely used to guarantee large-scale food production and to support the demand worldwide.1 Considering their high toxicity for humans, quality control agencies establish a maximum residue limit (MRL) for each pesticide on each food.2 In Brazil, the Brazilian Health Surveillance Agency (ANVISA) is responsible to establish these limits.3,4 Considering the rice production, among the current 71 pesticides regulated in Brazil, 26 are herbicides, corresponding to 35% of all. According to ANVISA, the MRL for herbicides range from 0.01 to 2.0 µg g-1. Thus, the development of sensitive multiresidue analytical protocols is necessary to monitoring food products in a short time with low limits of quantification (LOQ). Although the determination of pesticide residues in rice has been traditionally based on gas chromatography with mass spectrometry (GC-MS),5 nowadays high performance liquid chromatography tandem mass spectrometry (LC-MS/MS) is widely employed due to the new classes of pesticides used in the production.5-9

  Rice grain is considered a complex matrix. Thus, the extraction and clean-up steps must be carefully studied. The most frequent strategies are based on liquid-liquid; solid-phase; as well as supercritical-fluid extraction; and quick, easy, cheap, effective, rugged and safe (QuEChERS) method; with the latest being the most frequently employed.10

  Pareja et al.8 studied four different QuEChERS-based protocols in the analysis of 16 commonly applied herbicides and 26 other pesticides in polished rice by LC-MS/MS. The best results were found for the method that used acetic acid in the extraction with no clean-up. Recoveries ranged from 70% to 120% for most samples.8,11 Kruve et al.12 studied three different sample preparation methods for pesticide analysis in fruits and vegetables by LC-MS/MS: Luke method, QuEChERS and matrix solid-phase dispersion (MSPD). Among these, QuEChERS provided the best recoveries. However, the matrix-effect was less pronounced by using the Luke method.12

  Even employing extraction and clean-up steps and using one of the most specific detectors coupled to liquid chromatography, such as tandem mass spectrometry (MS/MS), it is known that multiresidue analysis of pesticides in food is commonly affected by the matrix.12,13 When caused by those coeluting components in sample extracts that have similar ions in the MS/MS experiment, the interference can be solved by using non-interfering single reaction monitoring (SRM) transitions associated to an extensive sample clean-up provided by QuEChERS. However, matrix effects may also be caused by interactions between pesticides and co-extractives in the prepared sample that could suppress or enhance the ionization in the mass spectrometry interface, leading to errors in the measurement. Among the possibilities to minimize these matrix effects, standard addition, internal standards and/or matrix-matched calibration are commonly used to compensate these signal suppression or enhancement.14 In fact, the letter is recommended by the European Commission Health & Consumer Protection Directorate-General, since the preparation of standard solutions in all possible matrixes is unrealistic.13

  Based upon the aforementioned aspects, this paper describes the use of both external and matrix-matched calibration to determine a total of 12 herbicides in rice grains by employing modified QuEChERS-based methodology met to LC-MS/MS using SRM mode.

   

  Experimental

  Reagents and chemicals

  All analytical standards of pesticides (2,4-dichlorophenoxyacetic acid, azimsulfuron, bentazon, bispyribacsodium, cyclosulfamuron, cycloxydim, cyhalofop-butyl, clomazone, ethoxysulfuron, fenoxaprop-p-ethyl, glyphosate, imazapic, imazapyr, imazethapyr, metsulfuron-methyl, oxadiazon, oxyfluorfen, pendimethalin, penoxsulam, picloram, propanil, pyrazosulfuron-ethyl, quinclorac, thiobencarb, triclopyr and trifluralin purity > 98%), and sulfamethoxazole (purity > 98%) were purchased from Sigma Aldrich (St. Louis, USA). High-performance liquid chromatography (HPLC) grade methanol, acetonitrile and formic acid (49-51%, m/m) were obtained from Merck (Darmstadt, Germany). Anhydrous magnesium sulfate (99.8%), anhydrous sodium acetate (99%) and primary and secondary amine (PSA) 40 µm (Agilent Technologies, Santa Clara, USA) were purchased from J.T. Baker (Tokyo, Japan). Water was purified using a Milli-Q system (Millipore, Bedford, USA).

  Individual pesticide and sulfamethoxazole (used as internal standard, IS) stock solutions were prepared separately (1000 mg L-1) in methanol or acetonitrile and stored at -4 °C. From the stock solutions, a mixture of all pesticides containing different concentrations based on the MRL of each one was prepared in water. Immediately after its preparation, this solution was used to prepare the working standard solutions in acetonitrile, including the analytical standards as well as the fortified solutions. The final concentration of IS was 9.5 mg mL-1 in all working solutions.

  Samples

  Rice grain samples free of pesticides were used as blank control. They were harvested, peeled and ground in particles with 0.2-1.0 mm by the Company of Agriculture Research and Rural Extension of Santa Catarina (EPAGRI), and then provided to us.

  Eight commercial rice samples were analyzed in this work. All of them were purchased in local market and were provided from different suppliers. Before analysis, samples were ground using an industrial mixer, resulting in particles with size varying from 0.2 to 1.0 mm.

  Liquid chromatographic separation

  All analyses were performed on an Agilent HPLC series 1200 system, equipped with a quaternary pump, a membrane degasser, a thermostatted column compartment and an automatic injector (Agilent Technologies, Santa Clara, USA). The chromatographic separation was performed on a Synergi Polar-RP column (150 mm, 2.0 mm inner diameter, 4 µm particle size) and a guard column has been set between the injector and analytical column (Phenomenex, Torrance, USA). The mobile phase components were (A) acetonitrile:water (95:5, v/v) and (B) aqueous solution of formic acid 0.1% used in gradient mode according to the method developed by Rebelo et al.15

  Tandem mass spectrometric detection

  A triple quadrupole-linear ion trap mass spectrometer QTrap 3200 equipped with an electrospray ionization (ESI) source (Applied Biosystems/MDS Sciex, Foster City, USA) was used coupled to the chromatographic system. All analyses were performed in positive ion mode. The capillary needle was maintained at +5500 V. For operation in the MS/MS mode, the follow parameters were set: curtain gas (N2) 10 psi; temperature 600 °C, gas 1 (argonium) 18 psi, gas 2 off and collisionally activated dissociation (CAD) gas (nitrogen) high. The analytes were monitored and quantified using SRM.

  Optimization of the MS/MS conditions, identification of the parent and product ions, as well as the selection of the cone and collision voltages, were performed with direct infusion of their individual standard solutions employing the positive ion mode. Every individual standard herbicide solution was prepared in the concentration of 1 mg mL-1 in water. The Analyst software version TF1.5.1 was used for the LC-MS/MS system control and data analysis. After the optimization of the collision cell energy of the triple quadrupole, two different m/z transitions were selected for each analyte, one for quantification (QIT) and one for confirmation (CIT).

  For seven herbicides, which were validated by the external calibration developed by Rebelo et al.,15 the parameters of quantification, qualification and fragmentation, were kept the same. For the other analytes these same parameters were optimized in this work.

  Sample preparation

  Considering the good results obtained by using the modified QuEChERS method to prepare samples of rice grains before the chromatographic separation of pesticides, this methodology was chosen for application in this work. As previously reported by our research group,15 the following procedure was applied: 1.0 mL of a solution containing the internal standard (142 mg mL-1) was added to 5 g of sample previously ground in particles of 0.2-1.0 mm. After 30 min kept interacting in a closed falcon tube and in the absence of light, 14 mL of acetonitrile with 1.0% acetic acid, 2.0 g of anhydrous magnesium sulfate and 0.5 g of sodium acetate were added in the mixture. Thereafter, it was vortex stirred for 1.0 min and then centrifuged at 4000 rpm for 1 min. For the clean-up step, 1.5 mL of the liquid phase was extracted, placed in a falcon tube, in which was added 150 mg of anhydrous magnesium sulfate and 50 mg of PSA. The tube was stirred in a vortex system for 1.0 min and centrifuged at 4000 rpm for one more minute. An aliquot of 1.0 mL was collected from the supernatant, which was placed directly into vials for automatic injection into the chromatographic system. All procedures were performed in triplicate.

  Method validation by matrix-matched calibration

  Analytical curves used to evaluate the performance of the method were obtained by the matrix-matched calibration. For this, 5 g of the blank control previously ground were used to prepare each concentration level. Sulfamethoxazole, acetonitrile, acetic acid and a mixture of standards were then added. After that, the QuEChERS procedure was employed as previously described.

  The proposed method was evaluated in terms of linearity (slope of the external standard analytical curves and their determination coefficients, R2); precision (instrumental, repeatability, or intra-assay, and inter-assay) obtained for the intermediate concentration of each linear range (by dilution of concentrations corresponding to the MRL values established by ANVISA); limits of detection (LOD) and quantification (LOQ), obtained from the signal to noise ratio, 3:1 and 10:1, respectively;16 and accuracy. To evaluate the accuracy, recovery assays using grains of rice in the absence of pesticides (blank control) were used.12,13 This procedure was performed in triplicate by addition of the internal standard (final concentration of 9.5 mg mL-1) and five concentration levels of each analyte in 5 g of rice, before the addition of acetonitrile and salts used in the QuEChERS extraction. The five concentrations used in the recovery assays represented the entire linear ranges and varied from 0.004 to 0.070 mg mL-1 depending on each linear range.

  Matrix-effect by LC-MS/MS

  The matrix-effect was evaluated according to the European Commission,11 by comparison of the response of each herbicide obtained from the standard solution with the response of the enriched sample. For this, the ratio between the slope obtained from the matrix-matched calibration curve and that obtained by the external calibration curve was calculated for all herbicides. Assays were performed in triplicate.

   

  Results and Discussion

  MS/MS optimization parameters

  For the simultaneous determination of herbicides, the same ionization mode was applied. The positive mode was chosen because it is the most suitable for the majority of the analytes. The optimized MS/MS parameters for 18 of the 26 herbicides studied in this work are shown in Table 1. In the case of cyclosulfamuron, cycloxydim, clomazone, ethoxysulfuron, metsulfuron-methyl, oxadiazon, thiobencarb and sulfamethoxazole, the same MS/MS parameters previously reported by Rebelo et al.15 were applied.
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  From the 26 herbicides studied and employed in rice production, 18 presented mass spectra in positive ionization mode and 8 did not show mass spectra under the studied conditions. Molecules containing alkanoic acid groups, such as the 2,4-dichlorophenoxyacetic (2,4-D) acid17 and cyhalofop-p-butyl, are considered proton-donor, as well as the glyphosate, which is easily transformed to aminomethylphosphonic acid.18 Thus, they are usually analyzed in the negative ion mode. According to Demoliner et al.19 in a multiresidue method developed to determine pesticides in water by LC-MS/MS, 7 of the 20 compounds analyzed were ionizable in the negative mode only (metsulfuron-methyl, quinclorac, bentazone, penoxsulam, fipronil, pyrazosulfuron-ethyl and 2,4-D).

  In a method proposed for the determination of 44 pesticides in rice grains, the compounds propanil and bentazone were ionizable in the negative mode only. Azimsulfuron, bensufuron, bromacil and imazosulfuron were ionizable in both, negative and positive modes. All other analytes were analyzed in the positive ion mode only.5,17 However, in this work the ionization of azimsulfuron was not observed in the positive mode. This phenomenon can be explained by the premature fragmentation of the molecule in the ESI source. It is already known that compounds which present the urea group can be broken in the ionization process, preventing the correct fragmentation, filtering and detection by the mass analyzers.20 In another study aiming to determine diphenyl ether herbicides in water using LC-MS/MS, the negative ionization mode was successfully employed.21 In the same study, oxifluorfem was also included as one of the analytes. However, its determination was not accomplished since its mass spectrum in the positive ion mode was not obtained. The same behavior was observed in our study not only for oxifluorfem, but also for etofemproxi, a diphenyl ether as well.

  The compound trifluralin did not show ionization in positive mode. In fact, other authors have obtained the ionization of this analyte using ESI by protonating [M + H]+. However, it presented high LOD values due the weak ionization in positive mode. The mass spectrum showed no fragmentation but the presence of the quasi-molecular ion with m/z 336.11.22,23 The chemical structure of trifluralin presents high stability and dissociation colision-induced, especially after protonation, being necessary high energy for its fragmentation. Electron ionization employed in gas chromatography is inappropriate for many compounds due the high energy applied. However, it allows the fragmentation of compounds with high stability, including trifluralin.24

  Table 1 also shows the dwell time optimized for each analyte. Low dwell times may decrease the detectability of the analyte. On the other hand, high dwell times may interfere in other mass transitions and lead to poor resolution of chromatographic peaks. Thus, this parameter must be optimized for obtaining the lower time for adequate monitoring with no loss in resolution and also keeping the higher detectability. In this work, the dwell time of 10 ms was appropriate for most of the compounds, but 50 ms was needed for imazapir and imazapic.

  Analytical method evaluation

  Precision and accuracy parameters, evaluated for the proposed method, are shown in Table 2 with employing the matrix-matched calibration. The results for precision, recovery and matrix-effect are only for those compounds which presented relative standard deviation (RSD) lower than 20% and R2 at least 0.99, indicating adequate linearity of the method in the studied concentration ranges. Linearity was obtained from the matrix-matched calibration curves prepared in triplicate.
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  Bentazon, triclopyr, quinclorac, pyrazosulfuron, picloram and pendimethalin did not show adequate precision and accuracy during the validation procedures. According to the literature, all of them are analyzed in the negative ionization mode.19,25,26 Although bentazon presents an amphoteric character, its proton donation capacity is quite pronounced.25 Bentazone is an herbicide with molar mass of 240.28 g mol-1. In the method applied in this work, a positive ion products [M + H]+ with m/z of 199.10 and 107.10 were selected for the QIT and CIT, respectively. Previous studies showed that the ionization of bentazone by protonation is less stable than its ionization in the negative mode. Using ESI in the negative mode, the ion products formed present m/z 197 and 175.25,27 The same behavior is expected for triclopyr,26 quinclorac and picloram, which present a carboxylic group in their structures. Furthermore, the picloram polarity does not allow partition in organic solvents resulting in poor recovery.28 On the other hand, the precision of pendimethalin was probably affected by its decomposition.29

  As it can be seen in Table 2, instrumental precision (n = 10) was better than 20% for all analytes. Repeatability (n = 8) and inter-assay precision (n = 8) were also better than 20% for most compounds. However, imazethapyr presented inter-assay precision around 30%. This result is above the limit established by ANVISA.30 However, according to the European Commission and the International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH) guidelines it is acceptable due to its very low concentration as well as sample complexity.11,16,31

  The method based on matrix-matched calibration curves presented LOD and LOQ in the range of 0.003-0.048 µg g-1 and 0.015-0.165 µg g-1, respectively (Table 3). These results indicate that the analytes can be detected in concentrations 9-109 times lower than the MRL established by ANVISA.3 Thus, this analytical protocol can be applied for monitoring 12 herbicides commonly used in the rice production.
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  Recovery and matrix-effect

  Recovery assays were performed to evaluate the accuracy and matrix-effect. Five concentration levels for all analytes were studied comprising the entire analytical curves. The results are shown in Table 3 as the average obtained for all concentration levels with RSD lower than 12%. The mean recovery percentage varied from 92 to 103% for all analytes, showing higher accuracy in comparison with the results obtained by using external calibration.15 Furthermore, 5 of the studied compounds only presented adequate recovery when matrix-matched calibration was employed, demonstrating the advantage of using this procedure when a very complex matrix, such as rice, is analyzed.

  Values below 1.0 for matrix-effect indicate suppression, while values above 1.0 indicate enhancement of the signal. Thus, values close to 1.0 demonstrate a low or no interference of the matrix in the determination of the analyte.32 According to Sampaio et al.,33 results between 0.9 and 1.1 demonstrate low matrix-effect, but values higher than 1.37 and lower than 0.47 show a pronounced signal enrichment or signal suppression, respectively. In this work, both suppression and signal enhancement were observed depending on each compound. All determinations presented matrix-effect being the best results found for clomazone and ethoxysulfamuron, which presented values of 1.07 and 1.13, respectively. These results were previously expected considering the high complexity of the matrix and they demonstrate the need of matrix-matched calibration, in order to achieve reliable results.

  According to Kruve et al.12 and Jiménez et al.,34 the matrix-effect by complex samples with low concentration of the analytes is higher and demand the use of matrix-matched calibration. The use of this procedure has been necessary to guarantee the validation of multiresidue methods, due the greater accuracy attained by this way, making some methods able to determine higher amount of analytes.35

  Figure 1 shows the chromatograms obtained for each compound, which could be determined with adequate precision and accuracy, and also for the sulfamethoxazole. Finally, the method was validated for a total of 12 herbicides, all presenting different retention time, being the last compound eluted in 12 minutes.

  
    

    [image: Figure 1. Chromatograms obtained]

  

  Application in real samples

  The proposed method was applied to eight different samples of rice grains; including brown, parboiled and white rice; all prepared and analyzed in triplicate. All samples presented at least one herbicide in their compositions; however, they are all in concentrations lower than the LOQ of the method and also in concentrations below the MRL established by ANVISA. Among the herbicides detected, cycloxydim, fenoxaprop-p-ethyl, metsulfuron-methyl and oxadiazon have been found in all samples tested. These results indicate that the studied herbicides were properly employed in the production of the evaluated rice grains.

  In 2001, after several warnings from health, agriculture and research institutes, the Program on Pesticide Residue Analysis in Food (PARA) was created in Brazil. However, only in 2008 the MRL of pesticides in rice were established by ANVISA, which allowed its inclusion in the program.36 By disclosing the results of analyses and also due to the consumer demands, farmers and cooperatives are recently working to avoid pesticides concentrations above those MRL established by ANVISA and other international organizations.

   

  Conclusions

  The method using matrix-matched calibration proposed in this work has shown to be necessary for the determination of twelve herbicides commonly deployed in rice farming, which limits were established by the Brazilian regulatory agency, ANVISA. Without any changes in instrumentation or spectrometric conditions, the use of the matrix-matched calibration expands the applicability of a method based upon external calibration, such as the one recently publish by our research group.15

  An important aspect is that, for the samples tested, none of the studied analytes was found in concentration higher than those established by ANVISA. However, these findings do not mean neither that rice produced in Brazil presents this profile nor that it is totally free of herbicide residues. Firstly, because an appropriate sampling is needed for mapping it in Brazil; secondly, because new and consequently not yet legislated products have been used in rice farming; and lastly because the legislation does not have limits established for degradation products for the regulated compounds.

   

  Acknowledgments

  The authors are thankful to the Fundação de Amparo à Pesquisa e Inovação do Estado de Santa Catarina (FAPESC, 6946/2011-9), the Instituto Nacional de Ciência e Tecnologia de Catálise em Sistemas Moleculares e Nanoestruturados (INCT-Catálise, 573689/2008-3), and the Instituto Nacional de Ciência e Tecnologia de Tecnologias Analíticas Avançadas (INCT AA, 573894/2008-6) for financial support. Empresa Brasileira de Pesquisa Agropecuária (EMBRAPA) and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) are acknowledged for the scholarships.

   

  References

  1. Subcomissão Especial Sobre o Uso de Agrotóxicos e Suas Consequências à Saúde (Subagro); Câmara dos Deputados: Brasília, DF, 2011.

  2. Agência Nacional de Vigilância Sanitária (ANVISA); Limite Máximo de Resíduos. Programa de Análise de Resíduos de Agrotóxicos em Alimentos(PARA); ANVISA: Brasília, DF, Brasil, 2014.

  3. Agência Nacional de Vigilância Sanitária (ANVISA); Ingredientes Ativos Pesquisados pelos Laboratórios Participantes do PARA e os Limites Máximo de Resíduos por Cultura Considerados para as Análises Realizadas em 2014; ANVISA: Brasília, DF, Brasil, 2015.

  4. Agência Nacional de Vigilância Sanitária (ANVISA); Programa de Análise de Resíduos de Agrotóxicos em Alimentos (PARA): Relatório Complementar; ANVISA: Brasília, DF, Brasil, 2014.

  5. Pareja, L.; Fernández-Alba, A. R.; Cesio, V.; Heinzen, H.; TrAC, Trends Anal. Chem. 2011, 30, 270.

  6. Koesukwiwat, U.; Sanguankaew, K.; Leepipatpiboon, N.; Anal. Chim. Acta 2008, 626, 10.

  7. Chung, S. W. C.; Chan, B. T. P.; J. Chromatogr. A 2010, 1217, 4815.

  8. Pareja, L.; Cesio, V.; Heinzen, H.; Fernández-Alba, A. R.; Talanta 2011, 83, 1613.

  9. Wang, J.; Chow, W.; Cheung, W.; J. Agric. Food Chem. 2011, 59, 8589.

  10. Michelangelo, A.; Lehotay, S. J.; Stajnbaher, D.; Schenck, F. J.; J. AOAC Int. 2003, 86, 412.

  11. European Commission - Health & Consumer Protection Directorate-General; Guidance Document on Analytical Quality Control and Validation Procedures for Pesticide Residues Analysis in Food and FeedSANCO/12571; European Commission: 2014.

  12. Kruve, A.; Künnapas, A.; Herodes, K.; Leito, I.; J. Chromatogr. A 2008, 1187, 58.

  13. Kruve, A.; Leito, I.; Herodes, K.; Anal. Chim. Acta 2009, 651, 75.

  14. Kwon, H.; Lehotay, S. J.; Geis-Asteggiante, L.; J. Chromatogr. A 2012, 1270, 235.

  15. Rebelo, A. M.; Heller, M.; Dolzan, M. D.; Deschamps, F. C.; Abate, G.; Micke, G. A.; Grassi, M. T.; Anal. Methods 2014, 6, 9469.

  16. International Conference on Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use (ICH); Validation of Analytical Procedures: Text and Methodology Q2(R1); ICH: London, 2005.

  17. Carneiro, R. P.; Oliveira, F. A. S.; Madureira, F. D.; Silva, G.; de Souza, W. R.; Lopes, R. P.; Food Control 2013, 33, 413.

  18. Martins-Júnior, H. A.; Lebre, D. T.; Wang, A.; Pires, M. A.; Bustillos, O. V.; Rapid Commun. Mass Spectrom. 2009, 23, 1029.

  19. Demoliner, A.; Caldas, S. S.; Costa, F. P.; Gonçalves, F. F.; Clementin, R. M.; Milani, M. R.; Primel, E. G.; J. Braz. Chem. Soc. 2010, 21, 1424.

  20. Weissberg, A.; Dagan, S.; Int. J. Mass Spectrom. 2011, 299, 158.

  21. Laganà, A.; Fago, G.; Marino, A.; Penazzi, V. M.; Anal. Chim. Acta 2000, 415, 41.

  22. Ferrer, I.; Thurman, E. M.; J. Chromatogr. A 2007, 1175, 24.

  23. Masiá, A.; Moliner-Martinez, Y.; Muñoz-Ortuño, M.; Pico, Y.; Campíns-Falcó, P.; J. Chromatogr. A 2013, 1306, 1.

  24. Robles-Molina, J.; Gilbert-López, B.; García-Reyes, J. F.; Molina-Díaz, A.; Talanta 2013, 111, 196.

  25. Wode, F.; Reilich, C.; van Baar, P.; Dünnbier, U.; Jekel, M.; Reemtsma, T.; J. Chromatogr. A 2012, 1270, 118.

  26. Reemtsma, T.; Alder, L.; Banasiak, U.; J. Chromatogr. A 2013, 1271, 95.

  27. Koppen, B.; Spliid, N. H.; J. Chromatogr. A 1998, 803, 157.

  28. Cavalcante, R. M.; Lima, D. M.; Fernandes, G. M.; Duaví, W. C.; Talanta 2012, 93, 212.

  29. Zhang, P.; Bui, A.; Rose, G.; Allinson, G.; J. Chromatogr. A 2014, 1325, 56.

  30. Agência Nacional de Vigilância Sanitária (ANVISA); Guia para Validação de Métodos Analíticos e Bioanalíticos, Resolution - RE No. 899, 2003.

  31. Huber, L.; BioPharm 1999, 12, 64.

  32. Romero-González, R.; Garrido Frenich, A.; Martínez Vidal, J. L.; Prestes, O. D.; Grio, S. L.; J. Chromatogr. A 2011, 1218, 1477.

  33. Sampaio, M. R. F.; Tomasini, D.; Cardoso, L. V.; Caldas, S. S.; Primel, E. G.; J. Braz. Chem. Soc. 2012, 23, 197.

  34. Jiménez, J. J.; Bernal, J. L.; Nozal, M. J. Del; Alonso, C.; J.Chromatogr. A 2004, 1048, 89.

  35. Dashtbozorgi, Z.; Ramezani, M. K.; Husain, S. W.; Abrumand-Azar, P.; Morowati, M.; J. Chil. Chem. Soc. 2013, 58, 1701.

  36. Agência Nacional de Vigilância Sanitária (ANVISA). Limites Máximo de Resíduos (LMR); ANVISA: Brasília, DF, Brasil, 2008.

   

   

  Submitted: August 04, 2015.

  Published online: October 20, 2015.

   

   

  
    *e-mail: mtgrassi@quimica.ufpr.br

  





  DOI: 10.5935/0103-5053.20150270

  ARTICLE

  
    Escobar MA, Valderrama M, Daniliuc CG, Rojas RS. Synthesis and Characterization of New Diazenecarboxamide Ligands Using a Selective Adduct Formation with B(C6F5)3. J. Braz. Chem. Soc. 2016;27(1):194-201

  

  
    Synthesis and Characterization of New Diazenecarboxamide Ligands Using a Selective Adduct Formation with B(C6F5)3

  

   

   

  Manuel A. EscobarI; Mauricio ValderramaI; Constantin G. DaniliucII; Rene S. RojasI*

  IDepartamento de Química Inorgánica, Facultad de Química, Pontificia Universidad Católica de Chile, Casilla 306, Santiago-22, Chile

  IIOrganisch-Chemisches Institut, Universität Münster, Corrensstrasse 40, 48149, Münster, Germany
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  Introduction

  Azo compounds have caused great interest in organic synthesis,1,2 they have been utilized as dyes and analytical reagents,3 and as a material for non linear optics and for optics information storage in laser disks.4,5 Recently, many studies have shown that some azo compounds possess excellent optical memory and photoelectric properties.6,7

  These types of ligands have been explored also as potential modulators of drug resistance to cisplatin for certain types of tumors,8,9 but their coordination chemistry has not been explored.

  Among the variety of organic compounds that can act as ligands, the diazenecarboximides seem to be good candidates because of their structural “similarity” with α-iminocarboxamides, especially considering the various modes of coordination that they can present (NN, NO and h3-NO).

  The basis of the development of new catalysts for different processes continues to be centered on the design of organic compounds capable not only to stabilize a metallic center, but also to allow greater control of their reactivity and selectivity in a given catalytic process.10-18 An interesting series of catalysts similar to α-diimines19-22 have been reported recently (Figure 2),23-29 in which the ligands contain Lewis base groups such as cyano, carbonyl or other heteroatoms in addition to those coordinated with the metallic center, i.e., with exocyclic functionalities.
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  We have therefore focused on the design of a series of new diazenecarboxamide ligands differing in electronic and steric properties. We have prepared the corresponding adduct with B(C6F5)3 (BCF) to deduce how it interacts with the heteroatoms in the molecule and if the ligand has a preferred site of coordination to a Lewis acid.

   

  Experimental

  All manipulations were performed under an inert atmosphere using standard glovebox and Schlenk-line techniques. All reagents were used as received from Aldrich, unless otherwise specified. Toluene, tetrahydrofuran (THF), ether, and pentane were distilled from benzophenone ketyl. Trispentafluorophenylborane (B(C6F5)3) was sublimed at 65 °C under static vacuum and stored in the glovebox. The following instruments were used for the physical characterization of the compounds. Nucelar magnetic resonance (NMR) spectra were obtained on Bruker DRX 400, AVANCE 400 MHz, and AVANCE III 400 MHz spectrometers. 1H and 13C {1H} chemical shifts were referenced to residual proton and naturally abundant 13C resonances of the deuterated solvent, respectively, relative to tetramethylsilane. Most NMR assignments were supported by additional 2D experiments. Infrared (IR) spectra were recorded on a Bruker Vector-22 spectrophotometer using KBr pellets, and in solution using C6D6 as solvent.

  Synthesis of N,2-diphenyldiazenecarboxamide (L1)

  Phenyl isocyanate (1.38 g; 11.6 mmol) was added to a solution of phenylhydrazine (1.25 g; 11.6 mmol) in anhydrous acetonitrile (40 mL). The mixture was stirred for 1 h. A white precipitate was formed. The solvent was evaporated under vacuum to obtain (2.39 g; 10.5 mmol) of intermediate product C6H5NHNHCONHC6H5. The crude product was then suspended in a mixture of CH2Cl2/CH3CH2OH (5:1) and pyridine (0.83 g; 10.5 mmol). The solution was cooled in water, and (1.91 g; 10.7 mmol) N-bromosuccinimide was added dropwise during 5 min with stirring. The solution changed its color to deep red. The resulting solution was stirred for 10 min at room temperature and was washed consecutively with water (2 × 15 mL), 10% NaOH (10 mL), and water (2 × 15 mL). The solution was dried over MgSO4, filtered and evaporated under vacuum. The crude product was dissolved in minimum amounts of methanol and recrystallized; an orange solid was obtained and washed with cool hexane, yield 2.07 g (79.5%).

  IR (KBr) νmax / cm-1 3261, 3233, 3192, 3134, 3078, 3060, 3020, 1700, 1604, 1555, 1492, 1442, 1319, 1306, 1254, 1180, 1142, 976, 779, 756, 692, 681, 574, 498, 472; 1H NMR (400 MHz, CD2Cl2) d 8.69 (s, 1H, NH), 7.96 (d, 2H, J 7.1 Hz, Ar-H), 7.75 (d, 2H, J 7.5 Hz, Ar-H), 7.62 (t, 1H, Ar-H), 7.55 (t, 2H, J 7.4 Hz, Ar-H), 7.42 (t, 2H, Ar-H), 7.21 (t, 1H, J 7.4 Hz, Ar-H); 13C NMR (100 MHz, CD2Cl2) d 157.9, 151.6, 137.6, 134.6, 130.0, 129.8, 125.6, 124.5, 120.3; anal. calcd. for C13H11N3O: C, 69.32; H, 4.92; N, 18.66; found: C, 69.27; H, 4.56; N, 18.81.

  N-(2,6-Diisopropylphenyl)-2-phenyldiazenecarboxamide (L2)

  Using the same procedure as for the synthesis of L1, (2,6-diisopropylphenyl)isocyanate (0.79 g; 3.91 mmol), phenylhydrazine (0.42 g; 3.91 mmol), C6H5NHNHCONH 2,6-iPr2C6H3 (0.84 g; 2.71 mmol), pyridine (0.21 g; 2.71 mmol) and N-bromosuccinimide (0.49 g; 2.75 mmol) were used to obtain the orange solid L2; yield 0.63 g (52%).

  IR (KBr) νmax / cm-1 3231, 3056, 2965, 1702, 1498, 1468, 1451, 1217, 1203, 1183, 1153, 796, 781, 762, 730, 684; 1H NMR (400 MHz, CD2Cl2) d 8.03 (d, 2H, J 7.0 Hz, Ar-H), 7.88 (s, 1H, NH), 7.65 (m, 1H, Ar-H), 7.61 (m, 2H, Ar-H), 7.40 (t, 1H, J 7.7 Hz, Ar-H), 7.28 (d, 2H, J 7.8 Hz, Ar-H), 3.19 (m, 2H, J 6.9 Hz, CH-iPr), 1.23 (d, 6H, J 6.9 Hz, CH3); 13C NMR (100 MHz, CD2Cl2) d 160.4, 151.7, 147.2, 134.5, 130.8, 130.0, 129.4, 124.6, 124.3, 29.4, 24.0; anal. calcd. for C19H23N3O: C, 73.76; H, 7.49; N, 13.58; found: C, 73.47; H, 7.51; N, 13.68.

  N-(2,6-Diisopropylphenyl)-2-(perfluorophenyl)diazenecarboxamide (L3)

  Using the same procedure as for the synthesis of L1, (2,6-diisopropylphenyl)isocyanate (1.50 g; 7.4 mmol), pentafluorophenyl hydrazine (1.4 g; 7.4 mmol), C6F5NHNHCONH 2,6-iPr2C6H3 (2.7 g; 6.7 mmol), pyridine (0.53 g; 6.7 mmol) and N-bromosuccinimide (1.24 g; 6.9 mmol) were used to obtain the orange solid L3; yield 1.43 g (49%).

  IR (KBr) νmax / cm-1 3187, 2969, 1693, 1523, 1515, 1491, 1407, 1313, 1135, 1032, 975, 798, 748; 1H NMR (400 MHz, CD2Cl2) d 7.80 (s, 1H, NH), 7.41 (t, 1H, J 7.7 Hz, Ar-H), 7.28 (d, 2H, J 7.7 Hz, Ar-H), 3.16 (m, 2H, J 6.8 Hz, CH-iPr), 1.24 (d, 6H, J 6.8 Hz, CH3-iPr); 13C NMR (100 MHz, CD2Cl2) d 159.3, 147.0, 130.1, 129.8, 124.4, 29.5, 24.0; anal. calcd. for C19H18F5N3O: C, 57.14; H, 4.54; N, 10.52; found: C, 57.25; H, 4.08; N, 10.64.

  N,2-Diphenyldiazenecarboxamide-B(C6F5)3 (A1)

  A solution of B(C6F5)3 (0.11 g; 0.13 mmol) ) in anhydrous dichloromethane was added to L1 (0.05 g; 0.13 mmol) previously dissolved in anhydrous dichloromethane. The mixture was stirred for 2 h at RT. The solution was filtered and evaporated to dryness. The solid was washed twice with anhydrous pentane and dried in vacuum to obtain A1 as a red solid in quantitative yield. Single red crystals of A1 suitable for X-ray crystal structure analysis were obtained from dichloromethane/pentane by the diffusion method.

  IR (KBr) νmax / cm-1 3337, 3067, 2978, 2958, 2936, 2874, 1649, 1585, 1518, 1454, 1381, 1353, 1316, 1247, 1207, 1152, 978, 766, 674; 1H NMR (400 MHz, CD2Cl2) d 9.22 (s, 1H, NH), 7.83 (dd, 2H, Ar-H), 7.79 (t, 1H, J 7.7 Hz, Ar-H), 7.69 (dd, 2H, J 7.7 Hz, Ar-H), 7.61 (t, 2H, J 7.7 Hz, Ar-H), 7.53 (t, 2H, J 7.7 Hz, Ar-H), 7.47 (t, 1H, J 7.7 Hz, Ar-H); 13C NMR (100 MHz, CD2Cl2) d 160.8, 151.0, 138.9, 132.6, 130,9, 130.5, 129.8, 126.7, 123.2; 19F NMR (370 MHz, CD2Cl2) ∆ -132.5, -156.2, -163.4; 11B NMR (160 MHz, CD2Cl2) -3.78 ppm (ν1/2 ca. 800 Hz); anal. calcd. for C31H11BF15N3O: C, 50.50; H, 1.50; N, 5.70; found: C, 50.30; H, 1.56; N, 5.87.

  N-(2,6-Diisopropylphenyl)-2-phenyldiazenecarboxamide-B(C6F5)3 adduct (A2)

  This compound was obtained by the same procedure as for the synthesis of A1, but with B(C6F5)3 (0.09 g; 0.17 mmol) and L2 (0.05 g; 0.17 mmol).

  IR (KBr) νmax / cm-1 3336, 3068, 1646, 1595, 1541, 1518, 1468, 1380, 1316, 1287, 1103, 978, 782, 690, 679; 1H NMR (400 MHz, CD2Cl2) d 8.61 (s, 1H, N-H), 7.78 (m, 3H, J 7.7 Hz, Ar-H), 7.61 (t, 2H, J 7.8 Hz, Ar-H), 7.48 (t, 1H, J 7.8 Hz, Ar-H), 7.30 (d, 2H, J 7.8 Hz, Ar-H), 2.99 (m, 2H, J 6.7 Hz, CH-iPr), 1.18 (d, 12H, J 6.7 Hz, CH3); 13C NMR (100 MHz, CD2Cl2) d 163.8, 151.3, 146.5, 138.7, 131.2, 130.8, 127.2, 126.5, 124.7, 29.2, 24.1; 19F NMR (370 MHz, CD2Cl2) ∆ -132.5, -157.0, -164.0; 11B NMR (160 MHz, CD2Cl2) -4.41 ppm (ν1/2 ca. 820 Hz); anal. calcd. for C37H23BF15N3O: C, 54.10; 2.82; N, 5.12; found: C, 53.80; 3.00; N, 5.23.

  N-(2,6-Diisopropylphenyl)-2-(perfluorophenyl)diazenecarboxamide -B(C6F5)3 adduct (A3)

  This compound was obtained by the same procedure as for the synthesis of A1, but with B(C6F5)3 (0.06 g; 0.13 mmol) and L3 (0.05 g; 0.13 mmol).

  IR (KBr) νmax / cm-1 3371, 2973, 2935, 1647, 1519, 1468, 1397, 1330, 1288, 1259, 1172, 1106, 1035, 980, 801, 678; 1H NMR (400 MHz, CD2Cl2) d 8.49 (s, 1H, NH), 7.48 (t, 1H, J 7.8 Hz, Ar-H), 7.29 (d, 2H, J 7.8 Hz, Ar-H), 2.95 (m, 2H, J 6.8 Hz, CH-iPr), 1.15 (d, 6H, J 6.8 Hz, CH3); 13C NMR (100 MHz, CD2Cl2) d 163.1, 146.4, 127.1, 131.3, 124.8, 29.4, 23.7; 19F NMR (370 MHz, CD2Cl2) ∆d -132.2, -132.9, -155.8, -156.7, -162.3, -163.1; 11B NMR (160 MHz, CD2Cl2) -6.02 ppm (ν1/2 ca. 1100 Hz); anal. calcd. for C37H18BF20N3O: C, 48.76; H, 1.99; N, 4.61; found: C, 49.01; H, 2.15; N, 4.67.

  X-ray diffraction

  Data sets were collected with a Nonius KappaCCD diffractometer. Programs used: data collection, COLLECT;30 data reduction Denzo-SMN;31 absorption correction, Denzo;32 structure solution SHELXS-97;33 structure refinement SHELXL-9734 and graphics, XP.35 Thermal ellipsoids are shown with 30% probability, R-values are given for observed reflections, and wR2 values are given for all reflections.

  Exceptions and special features

  Compounds L1, L3 and A3 crystallized with two molecules in the asymmetric unit. In all compounds (L1, L2, L3, A1, A2 and A3) the hydrogen atom at nitrogen N1 was refined freely.

   

  Results and Discussion

  Synthesis of ligands

  Scheme 1 shows the synthetic pathway to the diazenecarboxamide ligand.8,36 The reaction sequence begins with the addition of the monosubstituted hydrazine derivative to the isocyanate at RT, resulting in the formation of the corresponding 1,4-disubstituted semicarbazide. Oxidation of the semicarbazide with N-bromosuccinimide/pyridine (NBS/Py) yields the desired compound. See Experimental and Supplementary Information (SI) sections.

  
    

    [image: Scheme 1. Synthetic pathway]

  

  The symmetric (L1)37 and asymmetric (L2 and L3) diazenecarboxamide ligands were purified by crystallization in methanol, in 80, 52 and 49% yield, respectively. In each case the 1H, 13C NMR spectra (in [D2]-dichloromethane) are consistent with the exclusive formation of one product. In the case of L3, the three signals in the 19F NMR spectrum at -138.8(o), -139.3(p), and -153.9(m) ppm confirm the formation of this compound. For details, see Table 1 and SI section.
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  FTIR spectroscopy shows bands at 1700, 1702 and 1693 cm-1 for L1, L2 and L3, respectively, due to the C=O functionality.

  Solid-state characterization of L1 by single-crystal X-ray diffraction (Figure 3) is consistent with the structure in Scheme 1. Compound L1 adopts a close coplanar geometry [N4-N3-C2-N1, dihedral angle -168.7(1)°] including the two phenyl rings with a trans relation around the N=N double bond between the phenyl and the carboxamide oxygen fragment (Table 2). Angles O1-C2-N1 and O1-C2-N3 are 127.3(1)° and 124.4(1)°, indicating a slight distortion from the ideal planar trigonal geometry, while the N3-N4, N3-C2 and N1-C2 bond distances are 1.246(2), 1.466(2) and 1.338(2) Å, consistent with a double and single bond character, respectively.
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  Also, single crystals of L2 suitable for X-ray diffraction studies were obtained by slow evaporation of the solvent from a concentrated ether solution at RT. The results of this study are shown in Figure 4. The molecular structure of L2 shows that the N3-N4 bond is slightly out of the C2 sp2 plane (they are not coplanar). However, N3 and N1 are on the same side of the structure. The O1-C2-N3 and O1-C2-N1 angles are not equal, [116.5(2)° and 126.8(2)°], due to increased steric hindrance near the N1 atom. The N3-N4, C2-O1 and N3-C2, N1-C2 bond distances are 1.227(3), 1.217(3) Å, and 1.464(3) and 1.333(3) Å, indicating double and single bond character, respectively. For details see Table 2 and SI section.
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  Single crystals of L3 suited for X-ray crystal structure analysis were obtained by slow evaporation of an ether solution at RT (Figure 5). This analysis shows that ligand L3 has a similar topology as L2 (Figure 4). This can be seen in the N4-N3-C2-N1 dihedral angle (68.9(2)°) compared with L2 (-31.0(4)°), as well as the angles around C2 (N3-C2-O1 and N1-C2-O1, which are 118.0(2)° and 128.0(2)°, respectively. This can also be observed in the N4-N3, C2-O1 and N3-C2, N1-C2 bond lengths, which are 1.233(2), 1.217(2), and 1.462(3), 1.321(3) Å, indicating double and single bond character, respectively, as previously observed in ligand L2. For details, see Table 2 and SI section.
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  Reaction of the diazenecarboxamide ligand with B(C6F5)3

  We decided to investigate the diazenecarboxamide ligand’s affinity for B(C6F5)3 by stirring of the reaction mixture of the respective ligand (L1-L3) plus one equivalent of B(C6F5)3 for 2 h at RT in dichloromethane (DCM), eventually yielding adduct A1-A3 [i.e., L1-B(C6F5)3] as a red crystalline solid in 100% isolated yield (Scheme 2). Single crystals of A1-A3 suitable for X-ray crystal structure analysis were obtained from DCM/pentane by the diffusion method.
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  The X-ray crystal structure analysis of compound A1 (Figure 6), unlike the free ligand, features a U-shaped NNCN section of the framework (torsion angle N4-N3-C2-N1 is -16.8(3)°). The internal bonding situation is found to be asymmetric. The N3-N4 bond (1.249(2) Å) is markedly shorter than the opposite N3-C2 and N1-C2 bonds, 1.423(3) and 1.308(3) Å, and consequently the C2-O1 bond (1.260(3) Å) is shorter and consistent with a double bond character.
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  Carbon atom C2 is trigonal planar (sum of the bond angles at C2 360.0°). The B(C6F5)3 Lewis acid is found to be coordinated with the oxygen atom (Figure 6). The boron atom shows a distorted tetrahedral coordination geometry with typical bond angles of 109.3(2)° (O1-B1-C31), 101.1(2)° (O1-B1-C41), and 108.8(2)° (O1-B1-C51). The C2-O1-B1 unit has a bent molecular geometry (angles C2-O1-B1 131.5(2)°. The O1-B1 bond length (1.565(3) Å) is within the typical O-B single bond range.38-40 The C2-O1 bond length is 0.043 Å longer than the distance in L1 after coordination with BCF.

  The IR spectrum of the A1 borane adduct shows a strong C=O stretching band at ṽ= 1646 cm-1, which is shifted by ṽ = 54 cm-1 to lower wavenumber compared to its parent L1 ligand. This is what would be expected from simple addition of a carbonyl to a strong Lewis acid: sharing of the oxygen lone pair with the boron atom effectively reduces overlap, making the double bond slightly weaker, consistent with what we found by the X-ray crystal analysis made above.

  In the 1H NMR spectrum of A1, the N-H resonance at ∆ 9.22 ppm (in [D2]-dichloromethane) is observed. The 11B NMR spectrum features a typical four-coordinate boron resonance (∆ -3.78 ppm), which is supported by a characteristically small ∆d (p,m) C6F5 chemical shift difference41-44 in the 19F NMR spectrum [∆ -132.5 (o), -156.2 (p), -163.4 (m)]. Adduct A1 shows a characteristic 13C resonance for the C=O--B units (d 13C: 168.8 ppm).

  Treatment of L2 with one molar equivalent of B(C6F5)3 in DCM at RT (2 h) led to complete conversion to A2, which was isolated from the reaction mixture in quantitative yield. Single crystals of A2 were obtained at RT from DCM/pentane by the diffusion method.

  The X-ray crystal structure analysis of compound A2 confirms the formation of a Lewis acid/Lewis base adduct, by coordination of BCF with the carbonyl functionality (Figure 7). As expected, the U configuration of the parent ligand L2 is found to be nearly unperturbed upon adduct formation with B(C6F5)3, as seen in A1.
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  The boron atom has taken a distorted tetrahedral coordination geometry in the adduct. It features bond angles of 111.0(2)° (O1-B1-C41), 106.0(2)° (O1-B1-C51), and 102.1(2)° (O1-B1-C61). The O1-B1 bond length is 1.577(3) Å. The C2-O1 double bond (1.262(2) Å) is 0.043 Å longer than the C2-O1 bond in L2 (a similar variation was observed in A1). The central carbon atom C2 of the framework is trigonal planar (sum of the bond angles 359.8°). The central N=N double bond unit has a bond length of 1.252(2) Å, while the bond lengths of N3-C2 and C2-N1 are 1.432(3) and 1.309(3) Å, respectively. There is bond length alternation toward the carbonyl. An effect is also seen on the C2-N1 bond length, which is 0.024 Å smaller compared to that of the free ligand (Figure 4 and Table 2). Similarly to A1, the IR spectrum of the borane adduct A2 shows a strong C=O stretching band at ṽ = 1648 cm-1, which is shifted by ṽ = 53 cm-1 to lower wavenumbers compared to its parent ligand L2, Table 1, consistent with the weakness of the carbonyl bond, which is seen from the X-ray crystal analysis mentioned above (Table 2).

  In the NMR spectrum of A2 the typical signals for the amide unit [1H: d 8.61 -NH; 13C: d 164.2, (C=O---)] are observed. The 11B NMR spectrum features a typical four-coordinate boron resonance (∆ -4.41 ppm), and the 19F NMR signals at ∆ -132.5 (o), -157.0 (p), and -164.0 (m) for the C6F5 substituents on boron.

  Finally, the addition of one molar equivalent of B(C6F5)3 to L3 in DCM at RT (2 h) also led to complete conversion to A3, which was isolated from the reaction mixture in quantitative yield. Single crystals of A3 were obtained in the same way as for A1 and A2.

  As expected, the crystal structure analysis (Figure 8) shows that the carbonyl functionality of L3 is coordinated by B(C6F5)3, (O1-B1 1.593(5) Å, angles O1-B1-C41 109.0(3)°, O1-B1-C51 105.5(3)°, O1-B1-C61 101.9(3)°). The bond length differences in the internal fragment’s diazene double bond, N3-N4 1.242(4) Å, N3-C2 1.434(5) Å and N1-C2 1.306(5) Å, are in the range of those for the other adducts (A1 and A2).
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  In solution, compound A3 has a 13C NMR signal for the carbonyl carbon atom (C2) at d 162.8 ppm. As expected, a single set of C6F5 resonances at ∆ -132.9 (o), -156.7 (p), and -163.1 ppm (m) was observed for the B(C6F5)3 group coordinated with the carbonyl function (Scheme 2), and the corresponding 11B NMR resonance was found at -6.02. The C6F5 ring produced a single set of o-, p- and m- 19F NMR resonances at ∆ -132.2, -155.8, and -162.3 ppm, respectively.

   

  Conclusions

  As stated in the introduction, our interest in this study was the synthesis and characterization of a variety of new ligands with additional functionality in the framework, which would allow the coordination to the metal center and to the other atoms. This means that there will be a free functional group, with lone electron pairs after the formation of the complexes. Scheme 1 provides a straightforward approach to generate diazenecarboxamide ligands in which the steric bulk on the diazene and carboxamide nitrogens can be controlled by aromatic substituents. Furthermore, the diazenecarboxamide-B(C6F5)3 adduct has been isolated and fully characterized. The binding of B(C6F5)3 with the carbonyl functionality (Scheme 2) results in a unique adduct formation. This species has more acidic NH protons, as was shown by the shift of the resonance (more than 0.53 ppm) toward low field compared to the free ligand. This is due to a redistribution of electron density within the electronically delocalized ligand-BCF framework.

   

  Supplementary Information

  Supplementary data (further experimental and spectroscopic details, CCDC reference numbers 1005207-1005212 and potential energy profiles for the deprotonated form of ligands L2 and L3) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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    Catalytic oxidation of hydrocarbons can be performed efficiently in the presence of tert-butylhydroperoxide (TBHP) under a low-valent transition metal as the catalyst. CuCl2 loaded with activated carbon had synthesized and characterized by X-ray diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDX), and then utilized as a catalyst for the oxidation of cyclohexane with molecular oxygen as the oxidant and the TBHP as the pro-oxidant under various conditions. The possible reaction mechanism was discussed and the effects of different factors on the oxidation of cyclohexane were investigated. Reaction conditions including catalyst type, oxidant, reaction time, reaction temperature, TBHP amount, solvent type and solvent amount were systematically optimized in order to achieve the highest conversion of cyclohexane and highest selectivity of cyclohexanone. Various other alkanes exhibited higher catalytic activity under the optimal conditions.

    Keywords: cyclohexane, cyclohexanone, cyclohexanol, oxidation, CuCl2.

  

   

   

  Introduction

  Labinger and Bercaw1 pointed out that the selective oxidation of hydrocarbons involving the activation of C-C or C-H bonds is challenging in modern chemistry. Transition metal complexes have attracted attention as reaction catalysts in C-H bond activation under mild conditions.2 The complexes of porphyrin and phthalocyanine are the most common catalyst in the oxidation of cyclohexane. L-Cysteine as the cocatalyst on the oxidation of cyclohexane by tert-butylhydroperoxide (TBHP) catalyzed by manganese tetraphenylporphyrin could significantly increase the selectivity of cyclohexanol, which the conversion rate of cyclohexane is 29.8% and ratio of ketone/alcohol is 0.43%.3 Xie and Zhang4 explored three types of unsupported and boehmite supported trans-A2B2-metalloporphyrin chloride complexes. The boehmite supported metalloporphyrins Co-D(p-Cl)PPCl/BM (boehmite or böhmite is an aluminium oxide hydroxide (γ-AlO(OH)) mineral, a component of the aluminium ore bauxite) has high catalytic activity in cyclohexane oxidation under dioxygen that the cyclohexane conversion and selectivity to KA oil (a mixture of cyclohexanone and cyclohexanol) are 6.83 and 83.30%, respectively. .4 In a temperature range of 300-400 °C at 1 atm of air, the conversion percent of cyclohexane is 32.6% with 37.3% selectivity of cyclohexanol and cyclohexanone, catalyzed by 10% cobalt phthalocyanines supported on γ-alumina.5 It has been demonstrated that two kinds of catalysts have low selectivity, and the phthalocyanines catalysts need high reaction temperature.

  When using molecular oxygen as oxidant in a solvent-free system, 9.87% conversion of cyclohexane were achieved over Au@TiO2/MCM-41 (Mobil Composition of Matter No. 41) catalysts at 423 K for 2.5 h.6 [AuCl2(η2-TpmOH)]Cl was used for the oxidation of cyclohexane to cyclohexanol and cyclohexanone [Tpm = HC(pyrazol-1-yl)3], yields up to 16 and 10% under heterogeneous and homogeneous mild conditions with aqueous H2O2, respectively.7 Two types of gold complex are too costly to mitigate for the benefits it provides. [Cu4(L1)2(µ4-O)(µ2-CH3COO)2(µ1,1-N3)(N3)] has the maximum catalytic activity with 47.5% conversion of cyclohexane to cyclohexanol (29.3%) and cyclohexanone (18.2%) when n(H2O2)/n(catalyst) ratio is 200 with the reaction time 48 h at room temperature [HL1 = 2,6-bis(morpholinomethyl)-4-tert-butylphenol].8 Li and Wu9 found a nearly 100% selectivity rate for cyclohexanone and a 24.4% conversion rate for cyclohexane with the phenanthroline-CuCl2 complex. However, the reaction time lasted for 72 h. Tsunoji and Ide10 succeeded in the immobilization of TiIV acetylacetonate onto the interlayer surfaces of a layered silicate Hiroshima University Silicate-2, Si20O40(OH)4·4[C5H14NO] (HUS-2), and the Ti-incorporated HUS-2 showed a high photocatalytic activity and excellent chemoselectivity in the cyclohexane oxidation under simulated solar light irradiation. Hassan and Sohaila11 showed that the nonsymmetrical Schiff base CuII(saldien)(H2O)]+ has high activity and selectivity toward cyclohexane oxidation (i.e., cyclohexanol 37% and cyclohexanone 54%) with H2O2 as the terminal oxidant. Anisia and Kumar12 found that the conversion rate of cyclohexane is 14.2% and the selectivity of cyclohexanone is 87.4% at 190 °C when the bimetallic macrocyclic Fe-Cu complex is used as a catalyst to oxidize cyclohexane with molecular oxygen.13 Various types of Ti-containing zeolites, i.e., Ti-MWW zeolite, have been displayed the highest selectivity and yield for cyclohexanone and cyclohexanol with values of 90.1 and 9.64% for the liquid-phase oxidation of cyclohexane using t-butyl hydroperoxide (TBHP, 7-8 wt.%) as model oxidant at 80 °C, respectively.14 The V-MCM-41 samples were effective in the oxidation of cyclohexane, and the conversion of cyclohexane increased with the vanadium content increase, and catalyst the conversion was up to 22.57% when the content of V-MCM-41 was over 8.1%.13 These catalysts are difficult to obtain and to be applied to production in the industry. In addition, researchers investigated other catalysts, among which Cu-based catalysts showed high cyclohexanone selectivity and high cyclohexane conversion rates.15-20

  Oxidizing organic compounds with an environmental-friendly oxidant remains a challenging task in catalytic chemistry. In this context, we have synthesized CuCl2 loaded with activated carbon based on the previous method and applied it as a catalyst to catalytic oxidation of cyclohexane. The CuCl2/AC is fine chemical products with high-value-added and broad prospects, which possess advantages of wide raw material sources, simple synthesis method and low cost. In addition, the catalyst featured higher yield and better product quality within a short period under mild conditions. It could be reused many times without polluting the environment. The effects of different experimental parameters, including catalyst type, oxidant type, reaction time, temperature, TBHP amount, solvent type and solvent amount were further investigated to optimize reaction conditions.

   

  Experimental

  Catalyst preparation

  A small amount of granular CuCl2.2H2O was placed into a watch glass. The sample was dried in vacuum at 120 °C for 6 h to obtain anhydrous CuCl2. Dried AC was then added (3.0 g, 0.25 mol) after dissolving CuCl2 (1.0 g, 5.8 mmol) in anhydrous ethanol (10.0g). The solution was mixed and then passed through N2 at 150 °C for 12 h until aqueous evaporation. The resulting catalyst was then analyzed at room temperature.

  Catalytic activity measurement

  In a 100 mL three-necked flask placed in a temperature controlled chamber, the reaction catalyst was added to a cyclohexane solution in acetonitrile. While there is no organic solvent added, the catalytic activity would be decreased. The mixture was stirred with a magnetic stirrer at 500 rpm for 30 min. The reaction was then initiated by adding TBHP in the presence of oxygen. The reaction started post-treatment after a certain period.

  
    

    [image: Figure 1. Oxidation of cyclohexone]

  

  The post-processing method was as follows. In brief, the reacting solution was cooled to room temperature and then added with 25 mL of 25% sulfuric acid. The solution was extracted twice with anhydrous ether and then twice with saturated aqueous NaHCO3. The extract was then dried using anhydrous MgSO4. The reaction mixture was concentrated on a rotary evaporator under reduced pressure. After adding an internal standard, chlorophenyl, the reaction mixture was examined through gas chromatography.

   

  Results and Discussion

  Characterization of catalyst

  In our research group, we have synthesized and characterized CuCl2 loaded with activated carbon. The X-ray diffraction (XRD) patterns were recorded on a Panalytical PW 3040/60 X’Pert PRO diffractometer with Cu Kα radiation. The diffraction patterns at 40 kV and 40 mA were recorded within the 5° to 80° Bragg angle (2θ) range at a rate of 5° min-1. Two activated carbon peaks were detected at 2θ = 26.6° and 54.7° (Figure 2). This peak pattern is in accordance with the XRD spectra of fresh activated carbon. A number of peaks for CuCl2/AC were detected at 2θ = 16.2°, 21.9°, 28.88°, and 33.9°, thereby confirming its successful preparation.21 Besides, the microstructure and constitution of CuCl2/AC were studied with energy-dispersive X-ray spectroscopy (EDX) analysis techniques. EDX S3400 scanning electron microscope was used to copper chloride component detection and analysis. Figure 3 is an EDX spectrum of supported copper chloride. Table 1 has the corresponding element mass ratio and the atomic ratio values of supported copper chloride. The atomic ratio of Cl content to Cu content was 1.95:1, which is closer to 2:1. These data prove that CuCl2 had been supported on activated carbon.
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  Catalytic activity effect of catalyst type on cyclohexane oxidation

  It is interesting to observe that, by the addition of CuCl2 and CuCl2/AC as a catalyst for comparison, two kinds of catalysts have considerable activity (Table 2). The conversion rate of cyclohexane was 33.73% when CuCl2 was used as catalyst. The reaction have weakness, one is responding to low selectivity, one is producing more by-product. While, when using CuCl2/AC as a catalyst, the selectivity of cyclohexanone and cyclohexanol was as high as 87.99%. Check experiments show that no cyclohexanol or cyclohexanone are formed in the absence of the catalysts under the same conditions. As well, the oxidation reaction of cyclohexane does not happen only using activated carbon as catalyst.

  
    

    [image: Table 2. The influence of catalyst]

  

  Effect of oxidant on cyclohexane oxidation

  Table 3 shows the influence of oxidants on cyclohexane conversion. Only a small portion of cyclohexane was oxidized because the reaction system did not contain TBHP. Cyclohexanone selectivity decreased after adding TBHP, although the conversion rates were relatively high without oxygen feeding. The maximum cyclohexane conversion and cyclohexanone selectivity rates were obtained when TBHP and molecular oxygen were used as co-oxidants. This result implies that using molecular oxygen as the oxidant and TBHP as the pro-oxidant significantly improves the catalytic efficiency of cyclohexanone.
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  Effect of reaction time on cyclohexane oxidation

  Table 4 shows the influence of reaction time on cyclohexane oxidation. Cyclohexanol yield and selectivity changed regardless of time, but cyclohexanone yield peaked at 2 h reaction time and declined as the reaction proceeded. This result can be attributed to the fact that the functional groups of cyclohexanone and cyclohexanol are more active than that of cyclohexane and are easily oxidized to adipic acid, glutaric acid, and other small molecules in the catalytic process. Moreover, the functional group of cyclohexanone is more stable than that of cyclohexanol. These results imply that 2 h is the optimum reaction time to obtain the maximum yield of cyclohexanone. At this point, the conversion rate of cyclohexane was 16.27%.
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  Effect of reaction temperature on cyclohexane oxidation

  The effect of reaction temperature was initially studied under a temperature range of 25-90 °C (Table 5). The selectivity and yield of cyclohexone increased with temperature, peaked at 70 °C, and then declined. The effect of the reaction temperature was mainly determined by three conditions. First, a radical reaction at high temperatures increased free radical generation. Second, extremely high temperatures reduced the amount of dissolved oxygen in the solvent and hence decreased the amount of raw materials in the reaction. Third, cyclohexane easily vaporized with increasing temperature and had insufficient time to participate in the reaction. Therefore, the optimum condition for the reaction temperature was 70 °C, and the conversion rate of cyclohexane was 17.33%.
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  Effect of TBHP amount on cyclohexane oxidation

  TBHP is a radical reaction initiator. Using a small amount of TBHP in the reaction corresponded to low free oxygen content. Large amounts of TBHP can reduce the cyclohexanone yield because the product can be oxidized by the initiator to form by-products, such as small molecule acids. As shown in Table 6, 5 mL of TBHP was determined as the optimal amount for cyclohexane oxidation. The conversion rate of cyclohexane was 19.45%.
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  Effect of solvent type on cyclohexane oxidation

  The results of effect of solvent type are listed in Table 7. Table 7 shows that, the oxidation reaction have higher yield and catalytic selectivity when using polar aprotic solvent. Among polar aprotic solvents, the optimum solvent for the reaction is acetonitrile. As shown in Table 7, differences exist among the cyclohexane oxidation because of their various solvents. Thus, the key to the high yield and catalytic selectivity of cyclohexanone lies in selecting appropriate solvents.

  
    

    [image: Table 7. Influence of the type]

  

  Effect of solvent amount on cyclohexane oxidation

  The amount of solvent was another parameter that influenced the yield of cyclohexane oxidation and thus should be further optimized. The results are listed in Table 8. Table 8 illustrates that the selectivity and yield of cyclohexane oxide are in relation to the amount of acetonitrile. The selectivity of cyclohexanone easily reached to 67.51% when the amount of acetonitrile was equal to 10 mL. However, the selectivity of cyclohexanol changed irregularly with acetonitrile increasing because of its instability. Therefore, the amount of acetonitrile of 10 mL was selected as the optimal amount for the oxidation of cyclohexane.
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  Catalytic activity of other alkanes

  Copper chloride had the strongest effect on the oxidation of alkane. The catalytic activities of other alkanes are listed in Table 9; allylic exhibited the highest catalytic activity among the tested alkanes. As shown in Table 9, α-pinene and 3-carene exhibited conversion rates as high as 100% and had high selectivity for ketone. It is a promising catalyst with a high catalytic activity for cyclohexone oxidation under optimal reaction conditions. However, the recyclability of this catalyst needs further investigation.
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  Recyclability of the catalyst

  Table 10 shows the selection of optimum conditions to study catalyst life in the reaction. The CuCl2 catalyst can be reused five times without losing its catalytic activity. Therefore, using this catalyst can decrease production cost, improve reaction yield, and reduce environmental pollution in oxidation reactions. Hence, we selected CuCl2 as a catalyst for cyclohexane oxidation.
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  Mechanistic studies

  On the basis of the experimental results, the oxidation of cyclohexane to cyclohexanone with molecular oxygen under the catalysis of CuCl2/AC was considered a radical reaction. Both molecular oxygen and TBHP were involved in the oxidation reaction. On the one hand, the transition intermediate of molecular oxygen was cyclohexylhydroperoxide, which was oxidized to cyclohexanol and cyclohexanone under the catalysis of CuCl2. On the other hand, TBHP produced cyclohexyl peroxide tert-butyl, which consequently generated cyclohexanol and cyclohexanone. The mechanisms of molecular oxygen and TBHP were similar, but experimental data reflected that the oxidation efficiency of TBHP was significantly higher than that of molecular oxygen. Cyclohexanone selectivity was slightly improved when molecular oxygen was used as the oxidant and TBHP was used as the pro-oxidant. Moreover, cyclohexanone was easily produced in the presence of molecular oxygen. The electronic configuration of the transition metal CuCl2 contained variable valence metal ions by alternately being involved in the reaction. As a result, it increased the free radical contents of the reactants and intermediates. A large amount of chlorocyclohexane was generated after the addition of CuCl2 and FeCl3. This result validates the mechanisms of cyclohexane. New methods for generating chlorocyclohexane must be explored in future studies.

   

  Conclusions

  The reaction conditions for the oxidation of cyclohexane were optimized. Maximum cyclohexone conversion (19.45%) and cyclohexanone selectivity (67.45%) rates were achieved when the reaction time, reaction temperature, and TBHP amount were 2 h, 70 °C and 5 mL, respectively.

   

  Acknowledgements

  The work was supported by the Shanghai Natural Science Foundation (No. 4ZR1440900) and Shanghai Alliance Program (No. LM201336). The authors are grateful to the Shanghai Institute of Technology for providing laboratory facilities and technical assistance.

   

  References

  1. Labinger, J. A.; Bercaw, J. E.; Nature 2002, 417, 507.

  2. Na, X.; Li, T. X.; Bai, F. Y.; Inorg. Chim. Acta 2014, 409, 360.

  3. Zhou, W. Y.; Tian, P.; Chen, Y.; Bioorg. Med. Chem. Lett. 2015, 25, 2356.

  4. Xie, Y. J.; Zhang, F. Y.; J. Mol. Catal. A: Chem. 2014, 386, 95.

  5. Ebadi, A.; Safari, N.; Appl. Catal., A 2007, 321, 135.

  6. Zhou, J. C.; Yang, X. F.; Catal. Commun. 2014, 46, 228.

  7. Almeida, M. P. D.; Martins, L. M. D. R. S.; Catal. Sci. Technol. 2013, 3, 3056.

  8. Nandi, M.; Roy, P.; Indian J. Chem. 2013, 52, 1263.

  9. Li, Y.; Wu, M. Z.; Catal. Lett. 2008, 123, 123.

  10. Tsunoji, N.; Ide, Y.; ACS Appl. Mater. Interfaces 2014, 6, 4616.

  11. Hassan, H. M.; Sohaila, A.; Chin. J. Catal. 2013, 34, 1456.

  12. Anisia, K. S.; Kumar, A.; J. Mol. Catal. A: Chem. 2007, 271, 164.

  13. Wu, K.; Li, B. S.; Appl. Catal., A 2014, 479, 70.

  14. Zhou, W. J.; Wischert, R.; ACS Catal. 2014, 4, 53.

  15. Aboelfetoh, E. F.; Pietschnig, R.; Catal. Lett. 2014, 144, 97.

  16. Silva, V. S.; Teixeira, L. I.; Appl. Catal., A 2014, 469, 124.

  17. Zhu, X. H.; Chen, Y. Z.; RSC Adv. 2014, 4, 2509.

  18. Milunovic, M. N. M.; Martins, L. M. D. R. S.; Dalton Trans. 2013, 42, 14388.

  19. Das, K.; Mukherjee, S.; Dalton Trans. 2014, 43, 3215.

  20. Antony, R.; David, S. T.; J. Surf. Eng. Mater. Adv. Technol. 2012, 2, 284.

  21. Sun, X. L.; Zhao, X. Y.; J. Chin. Chem. Soc. 2013, 60, 103.

   

   

  Submitted: May 24, 2015.

  Published online: October 21, 2015.

   

   

  
    *e-mail: xiaolingsun1@msn.com

  





  DOI: 10.5935/0103-5053.20150272

  ARTICLE

  
    Nawaz R, Ali K, Ali N, Khaliq A. Removal of Chromium(VI) from Industrial Effluents Through Supported Liquid Membrane Using Trioctylphosphine Oxide as a Carrier. J. Braz. Chem. Soc. 2016;27(1):209-220

  

  
    Removal of Chromium(VI) from Industrial Effluents Through Supported Liquid Membrane Using Trioctylphosphine Oxide as a Carrier

  

   

   

  Robila Nawaz*; Khurshid Ali; Nauman Ali; Alia Khaliq

   

  
    The present study describes extraction of chromium(VI) through supported liquid membrane (SLM), Celgard 2400, which was impregnated with trioctylphosphine oxide (TOPO) dissolved in toluene. The stripping phase was comprised of diphenylcarbazide (DPC) in sulfuric acid (H2SO4) whereas the feed phase consists of potassium dichromate (K2Cr2O7) and hydrogen peroxide (H2O2). The effects of concentrations of chromium, TOPO, DPC, and H2SO4 have been studied in order to evaluate the transport efficiency of chromium(VI) ion. The optimum experimental conditions for the chromium(VI) extraction were established as follows: 19.2 × 10−4 mol L-1 chromium ion, 1.5 mol L-1 H2O2 concentration in the feed phase, 0.1 mol L-1 TOPO concentration in the membrane phase and 0.001 mol L-1 DPC and 1.5 mol L-1 H2SO4 as stripping phase. The measurements of percent recovery, distribution coefficient, flux and permeability were made at the given optimized conditions. The extraction time and membrane stability were also investigated. Extraction efficiency of 80% was recorded in 180 min and the SLM system was found stable up to 10 days. The optimized SLM system was then applied on the paint industry wastewater; about 80% of chromium(VI) was successfully removed from the wastewater.

    Keywords: supported liquid membrane, trioctylphosphine oxide, diphenylcarbazide, CrVI extraction, transport efficiency.

  

   

   

  Introduction

  The extensive industrialization has caused environmental pollution at alarming level. The water near industrial sites is generally polluted by mixture of metals and organic compounds. Among many other metal pollutants chromium is one of the most serious threats to the living organisms. The total worldwide chromium production is about 16.4 million tons, while 15.38 million tons are produced in South Africa, India, Kazakhstan, Zimbabwe, Finland, Brazil and Turkey.1 Chromium compounds are mainly used in industrial processes, such as corrosion control, oxidation process, leather tanning process, electroplating, metallurgy, cement, textile dying, paper making, ink, paints and pigments, and photographic industry.2 Due to extensive use of chromium, various industries are discharging a significant concentration of chromium without prior treatment of the waste. Chromium concentration of 0.25 mg L-1 is responsible for the serious threats to aquatic as well as human life.1

  Generally, chromium occurs in the form of chromate and dichromate anions3 and their major oxidation states are CrIII and CrVI. The hazardous effect and reactivity of chromium depend on its chemical form and oxidation state. The trace amount of CrIII is essential for humans and animals to maintain the tolerance factor of the glucose and other metabolism processes.1 CrVI however, has comparatively high toxicity due to its solubility and high oxidation potential. Nickens et al.4 have reported the carcinogenesis and DNA damage effects by CrVI. Due to these health hazardous effects, various conventional techniques are used for the removal of CrVI from ground and surface water such as precipitation,5 extraction,6 ion exchange,7 electrochemical treatment,8 reverse osmosis,9 and membrane separation processes,10,11 but these techniques have their own limitations such as less efficiency, high capital and operating cost, secondary sludge formation, complex and sensitive operating conditions.12 Therefore, more effective and efficient methods are required to seek out these difficulties. Among these techniques, the removal of CrVI by membrane technique is getting popular nowadays. The different kinds of membranes used in this technique include bulk liquid membrane (BLM), emulsion liquid membrane (ELM), supported liquid membrane (SLM), activated composites membrane (ACM) and polymer inclusion membrane (PIM).13-17

  Among these, SLM technique is easy, involves low inventory of solvents, has low capital and operating cost as well as low energy consumption18 and allows the high amount of pollutants recovery. The use of supported liquid membrane technology helps to remove the toxic metal ions from the industrial effluents. Supported liquid membrane is very simple in operation and flexible. It can also minimize the use of chemicals and energy consumption, high interfacial area per unit volume which results in increased process efficiency,19 low solvent requirement as compared to conventional solvent extraction systems,20 high selectivity and effective separation of target metal ions. Hence, it has a strong impact on the capital cost of the process due to less operating parts involved in the extraction process and influences the economic feasibility. Another great advantage of SLM technology is that the extraction, stripping and regeneration processes combine in a single step process.21-24

  SLM has attractive applications in the analytical field, chemical and pharmaceutical industry as well as in hydrometallurgy. SLM has been extensively used for the treatment of wastewater to remove the toxic heavy metal ions25-27 and other hazardous chemicals such as phenols and ammonia, from different sources.28,29 SLM has also been reported for the separation and recovery of precious metals,30,31 alkali metals,32 and rare earth elements.33,34

  Removal of CrVI through supported liquid membrane using various synthetic carriers has been widely reported by the scientific community. Kozlowski and Walkowiak35 studied the CrVI transport across SLM with tertiary amines and quaternary ammonium salt (Aliquat 336) from acidic aqueous solution. Ashrafi et al.36 have reported the selective separation of CrVI with Alamine 336 carrier through flat and hollow fiber SLM. Winston Ho and Poddar37 have studied the removal of CrVI from wastewater by SLM with strip dispersion method. The secondary amine was used as a carrier in the membrane and sodium hydroxide as a stripping solution to remove the CrVI from acidic aqueous solution. Methyl tricaprylammonium chloride (Aliquat 336) with kerosene impregnated in SLM was reported for the extraction of CrVI from a biological sample like urine while sodium nitrate was used as a stripping phase.38 Venkateswaran and Palanivelu39 reported the recovery of CrVI from chromium plating wastewater by using tri-n-butylphosphate based flat-SLM. Park et al.40 studied the facilitated transport of CrVI through an SLM consisting of trioctylmethylammonium chloride as a carrier in the hydrophobic microporous polytetrafluoroethylene membrane, using potassium dichromate in the feed side, and sodium hydroxide in the strip side. The removal of CrVI through facilitated transport using Cyanex 923 as a carrier and stripping with hydrazine sulfate has been reported.41 Solangi et al.1 have described a comparative transportation of CrVI across supported liquid membrane containing different derivatives of p-tert-butylcalix[4]arene diamide which were impregnated onto supported membrane (Celgard 2500). They have carried out the selective separation of CrVI in the presence of many other metal cations. Alonso and Pantelides42 have presented the modelling and simulation of a complete plant for the removal and recovery of CrVI with Aliquat 336 using hollow fiber module. Bey et al.43 have prepared the hydrophilic hollow fiber membrane based on a modified polyether ether ketone by using Aliquat 336 as a carrier in kerosene. These prepared membranes were used for the extraction of CrVI from the aqueous solution. Gherasim and Bourceanu44 reported the removal of CrVI from aqueous solutions using Aliquat 336/polyvinylchloride inclusion membrane. Rajasimman et al.45 have investigated the statistical optimization of process parameters for the extraction of CrVI from pharmaceutical wastewater by emulsion liquid membrane. In this process, Aliquat 336 in kerosene was used as a carrier, while Span-80 was used as the surfactant and potassium hydroxide as internal reagent. Huang et al.46 investigated the transport of CrVI from aqueous solutions of pH 2-4 through a supported liquid membrane with tri-n-octylphosphine oxide (TOPO) dissolved in kerosene, using the porous membrane polyvinylidene fluoride (PVDF) with a mean pore size of 0.45 pm, porosity of 75%, and thickness of 125 pm. In the pH range of 2 to 4 the predominant species of CrVI are HCrO4- and Cr2O72–. The transport proceeds through membrane diffusion as a series of steps in which the equilibria between HCrO4–/Cr2O72– in the aqueous phase and between H2CrO4-(TOPO)/H2Cr2O7-(TOPO)3 in the membrane phase took place.46

  The scientific community has used various methods for the separation of CrVI in the field of supported liquid membrane and the literature published has been summarized in Table 1.

  In the present study, we have selected the system consisting of potassium dichromate with hydrogen peroxide in the feed phase whereas diphenylcarbazide was used in striping phase. The polypropylene membrane (Celgard 2400) was used as a solid support; this system has not been reported previously.

  Potassium dichromate is soluble in water and in the dissolution process it ionizes62 as

  
    [image: Equation 1]
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  In acidic medium, Cr2O72– reacts with hydrogen peroxide in feed compartment63 as

  
    [image: Equation 2]

  

  CrO(O2)2 or CrO5 decomposes to chromium(III)64 as

  
    [image: Equation 3]

  

  TOPO reacts with species CrO(O2)2∙H2O at membrane phase63 and stabilizes CrVI and avoids reduction to CrIII. Since TOPO has no H+ for ion exchange with metal ion the extraction of chromium only occurs via a solvating mechanism.65

  The complex CrO(O2)2∙TOPO at membrane-strip interface reacts with diphenylcarbazide (DPC) forming complex Cr(DPC)3.66,67 The reaction in the acidic medium in the strip side may be written as

  
    [image: Equation 4]

  

  Chemical equation related with extraction process in feed phase is given as follows:

  
    [image: Equation 5]

  

  The equilibrium constant for this reaction is as follows:

  
    [image: Equation 6]

  

  Since concentration of H2O remains constant, the equilibrium constant is given as:

  
    [image: Equation 7]

  

  The distribution coefficient (KDf) of chromium between aqueous and organic phases (membrane phase) in the feed phase is given by the following relation:

  
    [image: Equation 8]

  

  On the other hand, in the strip side the reaction is as follows:

  
    [image: Equation 9]

  

  The distribution coefficient (KDs) of chromium between membrane and strip phase is given as follows:

  
    [image: Equation 10]

  

  The influence of the studied parameters, such as concentration of TOPO, DPC, CrVI metal ion, and H2SO4, on the chromium transport was evaluated by means of the permeability coefficient (P) as described by the mass-transfer model proposed by Danesi.68 The permeability coefficient in the feed phase was obtained by using following equation:

  
    [image: Equation 11]

  

  where P is the permeability coefficient (cm s-1), Co is the initial concentration of CrVI in the feed phase, and C is the concentration of CrVI in the feed phase at time t (s). S is the effective membrane area (cm2), V (cm3) is the volume of the feed phase and t is the elapsed time.

  The permeability coefficient can be obtained from the slope of the linear plot of ln vs. time. In order to quantify the transport through the membrane, flux was calculated using equation 12:

  
    [image: Equation 12]

  

  where Jo is the initial flux (mol cm2 s-1), V (cm3) is the volume of the feed phase, is porosity of the membrane, Cf is the concentration of chromium (mol L-1) in the feed phase at elapsed time, is the time (s) and S is the membrane surface area. Flux (J) was determined from the slope of concentration of chromium in feed phase vs. time, i.e,  and putting it in equation 12, while the volume of solution was 250 mL, and the surface area of the membrane was 16.04 cm2 and porosity was 30%.

  The percent recovery of CrVI was also calculated as:

  
    [image: Equation 13]

  

  where Cs and Co are the concentrations of chromium at elapsed time and at the beginning, respectively.

   

  Experimental

  Chemicals and reagents

  Trioctylphosphine oxide (TOPO; Merck, analytical grade (A. G.), 98%) was used as extractant in toluene diluent (99%). Potassium dichromate (Fluka, A. G., 99%), and H2O2 (Sigma-Aldrich, A. G., 30%) solutions were used in the feed phase while diphenylcarbazide (DPC) (Sigma-Aldrich, A. G., 98%), and H2SO4 (Riedel de Haen, A. G., 99%) solution were used in the strip phase. Ethylenediamine (Sigma-Aldrich, A. G., 99%) and NaOH (Merck, A. G., 98%) were also used as receiving phase or stripping reagents. All the solutions were prepared in triply distilled water.

  Membrane

  The support for the membrane was a microporous polypropylene film (Celgard 2400), with thickness of 25 µm, porosity 41% and a mean pore diameter of 0.043 µm.

  Membrane cell (permeator)

  All ion permeation experiments were performed at 25 ± 1 oC with a simple batch type permeator (cell) shown in Figure 1. The permeator was made of acrylic material having two compartments with flanges to clamp the membrane between these compartments. Each compartment had enough volume capacity to accommodate 250 cm3 of test solutions. The effective membrane contact area was 16.04 cm2.

  
    

    [image: Figure 1. Schematic presentation]

  

  Instruments

  The atomic absorption spectrometer Perkin Elmer model 400 was used for determination of total metal ion concentration in the feed and strip solutions (λ = 357.9 nm, Δλ = 0.2 nm, reducing C2H2/air flame). Brookfield viscometer/rheometer LVDV-III was used for viscosity measurement of TOPO in toluene.

  Procedure

  The supported liquid membranes were prepared by soaking the membrane in a solution of TOPO in toluene for 24 h during which the pores of the membrane are filled with carrier solution by capillary action. Afterwards, the membrane was taken out of the carrier solution and allowed to drain off for 5 min to remove excess amount of carrier solution from the surface of the membrane. The cell compartments were filled with feed and stripping solutions with the membrane mounted in between the two compartments, such that the two solutions were separated from each other. The solution in each compartment was stirred with an electric stirrer at a speed of 1500 rpm to avoid concentration polarization at the membrane faces. For the permeator experiments, different concentrations of K2Cr2O7 (9.6 × 10−4-4.81 × 10−4 mol L-1) were used. Different concentrations of DPC (0.0005-0.004 mol L-1) were used in the stripping phase.

  Samples from the feed and the stripping solutions were drawn after regular time intervals and analyzed by atomic absorption spectrophotometry.

   

  Results and Discussion

  Effect of TOPO concentration on extraction of CrVI

  The effect of TOPO concentration on the extraction of CrVI has been studied. For this purpose, various concentrations of TOPO were employed in membrane phase. The range of TOPO concentration was from 0.001 to 0.2 mol L-1. It was observed that with the increase in TOPO concentration, the extent of extraction of chromium increases (Figure 2a). However, 0.1 mol L-1 TOPO concentration has exhibited maximum extraction. The same effect is shown in Figure 2b, wherein a decrease in CrVI in the feed phase can be observed with the increase in TOPO concentration. From Figure 2, it can be concluded the TOPO concentration of 0.1 mol L-1 is the one which shows the maximum extraction of the chromium ions but beyond 0.1 mol L-1 TOPO concentration the extraction decreases. The limiting value of extraction of chromium at 0.1 mol L-1 TOPO may be attributed to increased viscosity of TOPO solutions which hampers the movement of metal ions through the membrane (the viscosity data has not been included in the text).
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  The same phenomenon is being reflected in Figure 3, wherein the two curves show the said additive behavior, which is clear from their mirror image nature. By a careful observation, it can be analyzed that a decreasing trend in the concentration of chromium in the feed side is observed, however, the concentration goes to a minimum value at 0.1 mol L-1 TOPO where after, on further increase in the TOPO concentration the transport of chromium towards the strip side is reduced. This might be due to the increase in the viscosity of organic phase of the membrane which hampers the movement of complex through the membrane. This fact can be conversely observed from the strip side where the concentration of chromium increases with the increase of TOPO concentration, reaches a maximum at 0.1 mol L-1 TOPO, and then decreases afterwards. So 0.1 mol L-1 TOPO concentration was an optimum condition for chromium extraction.
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  Since 0.1 mol L-1 TOPO concentration was optimum concentration exhibiting maximum extraction of chromium, therefore, all subsequent calculations, i.e., percent recovery, distribution coefficient, flux and permeability coefficient, etc., were made at this concentration.

  At 0.1 mol L-1 TOPO concentration the chromium concentration was observed at the maximum level, i.e., 13.42 × 10-4 mol L-1, the percent recovery was found to be 69.84, i.e., almost 70%. The percent recovery decreased by further increase in TOPO concentration. This decrease may be attributed to the reason mentioned above.

  The distribution coefficient of chromium between aqueous and the membrane phases (TOPO-toluene) is given by equations 8-10 and were calculated by taking care of mass balance of chromium on the assumption that the total chromium has been distributed among three phases, i.e., feed, membrane, and strip, as shown in Figure 4 and given by the following relation:

  
    [image: Equation 14]

  

  
    

    [image: Figure 4. Mass transfer]

  

  where CrTot is the total chromium concentration and Crf, Crs, and Crm are the chromium concentrations in the feed, strip, and membrane phases, respectively.

  Here CrTot is the original or initial concentration taken for the experiment, and concentrations of chromium in the feed and strip sides, at any elapsed time of the experiment, were determined by flame atomic absorption spectrometry. The concentration of chromium in membrane phase was calculated by mass balance, i.e.,

  
    [image: Equation 15]

  

  This calculation was carried out at two different stages of the experiment, i.e., when the system has not attained the equilibrium and secondly when equilibrium has been attained. The first stage corresponds to the rising part of the chromium concentration vs. time curve in the strip phase (as for example in Figure 2a) and second one corresponds to the concentration vs. time curve when it becomes horizontal to x-axis. Mass balance calculation at the 60th min using equation 14 results in:

  
    [image: Equation 16]

  

  From this data we can calculate before equilibrium by using equation 8

  
    [image: Equation 17]

  

  On similar ground, KD at equilibrium point (i.e., 240 min), CrTot = 19.2 × 10–4, Crf = 5.02 × 10–4 and Crs = 13.41 × 10–4, which gives

  
    [image: Equation 18]

  

  The at equilibrium becomes

  
    [image: Equation 19]

  

  Thus, distribution coefficient at 0.1 mol L-1 TOPO concentration (optimum concentration) before equilibrium is 1.15 while it is 0.15 after the equilibrium level is reached. This indicates that the distribution of chromium is higher in the membrane phase at the earlier stage of the experiment as compared to at the later stage. It will be instructive if we can compare distribution coefficient at a given time, of feed and strip sides to elaborate this point further.

  The concentration of chromium at 240 min in strip side is 13.41 × 10-4 mol L-1 which gives a distribution coefficient of 0.057. Here the distribution coefficient at the feed side is 0.15 which is much greater than that of the corresponding value of 0.057, which is about 2.6 times greater. This comparison implies that there is a greater affinity of chromium for the membrane phase in the feed region and lesser at strip phase. Thus, there is a natural tendency of chromium flow from feed to strip side through the membrane and a driving force of diffusion exists at SLM together with enhanced chromium de-complexing at the membrane-strip interface.

  Flux of chromium through the membrane was calculated using equation 12 in which the volume of the feed solution (Vf) was 250 mL, the effective surface area (S) of the membrane was 16.04 cm2 and its porosity (∈) was 41%. The factor  was calculated from the slope of the concentration of chromium in the strip region vs. time curve which was taken at the initial time of the experiment, i.e., the initial slope of the concentration vs. time curve. This value was 2.92 × 10-7 mol L-1 s-1 which gives the flux value (Jo initial flux) of 1.11 × 10-7 mol cm2 s-1. Now let us check the status of the flux just before the establishment of equilibrium. The slope at this region is 4.03 × 10-8 mol L-1 s-1, which gives a flux value of 1.53 × 10-8 mol cm2 s-1. Here we note that the flux value decreases from 1.11 × 10-7 to 1.53 × 10-8 mol cm2 s-1, which is an obvious phenomena, as chromium transport decreases with the passage of time which becomes zero at equilibrium stage, as can easily be predicted from the zero slope where the curve becomes parallel to the x-axis.

  The permeability coefficient was calculated using equation 11, which was arranged in straight line form and slope of the ln vs. time curve (Figure 5) is equal to -∈Pt; where the porosity ∈ is equal to 41%, S is the effective surface area of the membrane which is 16.04 cm2 and V is the volume of feed solution which is 250 cm3. The average slope was calculated to be 3.33 × 10-5 thus P was calculated as 1.26 × 10-5 cm s-1.
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  Effect of diphenylcarbazide (DPC) concentration on extraction of CrVI

  DPC is the common complexing agent for chromium and widely used to extract it.27 In the strip side CrVI forms a pink complex with DPC. The concentration range of DPC studied in chromium extraction was from 0.0005 to 0.004 mol L-1, shown in Figures 6a and 6b. As indicated in Figures 6a and 6b, with the increase in concentration of DPC the extraction of chromium increases up to 0.001 mol L-1 DPC, beyond which a decrease was observed. DPC forms complex with chromium as Cr(DPC)3. This indicates that for every one mole of chromium three moles of DPC are required for the complexation. Therefore, initially with the increase in DPC concentration the chromium extraction increases up to 0.001 mol L-1 DPC concentration. Beyond 0.001 mol L-1 DPC concentration the decrease in the extraction of chromium ions has been observed. This might be due to the formation of dimer of DPC at elevated concentration which makes it unavailable for complexation.69 Thus, 0.001 mol L-1 DPC was an optimum concentration for chromium extraction. Therefore, all subsequent calculations were made on this optimum concentration of DPC. The maximum recovery calculated under the mentioned condition was 86%.
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  Distribution coefficient calculated in the feed region before equilibrium (at 60th min) was 0.008 and at equilibrium (at 240 min) it was 0.072 while corresponding value of strip side was 0.0082. Thus, KD value at feed side is 8.7 times higher than that of strip side. This suggests that reversal of chromium from strip to feed side is hampered by 8.7 times lower value of KD in strip side and the higher value of KD in feed side imposes a so-called pushing effect on chromium transfer towards the feed side.

  Flux value was calculated before establishment of equilibrium, i.e., at 60 min which was 1.21 × 10-7 mol cm2 s-1 while just before establishment of equilibrium, i.e., at 180 min its value was 1.1 × 10-8 mol cm2 s-1. The decrease in the flux is obviously due to the decrease in the concentration of chromium ions in the feed region. Permeability coefficient was 7.60 × 10-5 cm s-1.

  Effect of CrVI ion concentration on extraction of CrVI

  The effect of chromium ion concentration on chromium extraction was studied in the range of 9.6 × 10-4 to 48.1 × 10-4 mol L-1 concentration in the feed phase. The concentration of H2O2 in feed solution was adjusted to 0.5 mol L-1, DPC in stripping solution at 0.001 mol L-1 and TOPO in membrane phase at 0.1 mol L-1. As indicated in Figures 7a and 7b, the concentration of CrVI ion decreases in the feed side while at the same time it increases in the strip side. With the increase in CrVI ion concentration the extraction also increases and gives the maximum value at 19.2 × 10-4 mol L-1 and after that the decrease in the extraction can be observed. This could be attributed to the following reason: as the concentration of metal ions increases, the requirement of H2O2, to make CrO(O2)2 complex, also increases, whereas we have kept H2O2 concentration at a constant level which is insufficient to cater for the CrO(O2)2 complex.
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  Thus, 19.2 × 10-4 mol L-1 CrVI concentration was the optimum concentration for the extraction of CrVI ions from the solution and all the relevant calculations were made on this CrVI concentration. Recovery of 78% was obtained at 19.2 × 10-4 mol L-1 CrVI concentration.

  The distribution coefficient was calculated for both feed and strip sides. It was found that before equilibrium (at 60th min) in the feed side the KD value was 0.027 while at equilibrium (240th min) it was 0.0195. Similarly, on the strip side, the equilibrium value of KD was 0.0053. It can be noted that with the passage of time the concentration of chromium increases in the strip side in contrast to the feed side. This is supported by the 3.7 times higher KD value of feed side.

  The flux value before equilibrium was calculated as 8.32 × 10-8 mol cm2 s-1 while just before the equilibrium the flux value is 3.75 × 10-8 mol cm2 s-1. The decrease in flux value was due to the higher concentration of chromium in the strip phase than in the feed phase. At equilibrium the flux becomes zero. The value of permeability (P) obtained was 5.28 × 10-5 cm s-1. This indicates the higher transport of chromium from feed to strip side through membrane.

  Effect of H2SO4 concentration on extraction of CrVI

  The presence of H2SO4 in the strip solution dissociates the CrO(O2)2 complex at the strip-membrane interface and releases CrVI ions which form complex with DPC as CrVI-DPC complex.26

  The effect of H2SO4 concentration was studied from 0.5 to 2 mol L-1. Figure 8 indicates the effect of H2SO4 concentration on extraction of CrVI ions in the strip side. The chromium extraction increases with the increase in the H2SO4 concentration, which reaches the maximum value at 1.5 mol L-1 of H2SO4 concentration. Beyond 1.5 mol L-1 concentration the extraction decreases and this phenomenon might be due to the fact that at higher concentration of H2SO4, there will be inability of H+ to dissociate the [CrO(O2)2.TOPO] complex due to the overcrowding of H+ ions at strip-membrane interface.70 A concentration of 1.5 mol L-1 H2SO4 was the optimum concentration for the extraction of chromium ions, in which 84% chromium was recovered.
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  The initial flux value obtained was 7.35 × 10-6 mol cm2 s-1 at 60 min. Similarly, just before the equilibrium the flux value was 2.38 × 10-8 mol cm2 s-1 and at equilibrium the flux become zero. Initially, there is a rapid mass transfer of chromium from feed to strip side but, as time passes, as the equilibrium stage approaches there is a decline in a mass transfer rate and ultimately the value of flux becomes zero at equilibrium. The permeability coefficient calculated was 4.80 × 10-5 cm s-1.

  Extraction time

  Figure 9 shows the extraction time for chromium metal ion. At optimum conditions the extraction of chromium ion increases with time and at 180 min approximately 80% of chromium was extracted, after which no increase in the extraction was observed.
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  Membrane stability

  Despite their well-known advantages, SLMs suffer from instability with time. This is mainly due to the loss of carrier and/or membrane solvent from the membrane support which has an influence on both flux and selectivity of membrane.71 The SLM used in this study was found to be quite stable for 10 days. To study the long term membrane stability, the extraction experiments were carried out consistently for 10 days (one experimental run per day) made under the optimum conditions without re-impregnation of the membrane; however, the feed and strip solutions were replaced for each run. The cell was kept filled with distilled water, between the successive experiments, in order to prevent the dryness of the membrane. The optimum experimental conditions were as follows; CrVI concentration in the feed of 19.2 × 10−4 mol L-1, 1.5 mol L-1 H2O2, TOPO concentration in SLM of 0.1 mol L-1 in toluene, DPC concentration of 0.001 mol L-1, and 1.5 mol L-1 H2SO4 in stripping phase and stirring speed at 1500 rpm. The results show (Figure 10) that this SLM was quite stable during the investigated time and no decrease in flux and percent recovery of chromium was observed. The study was replicated thrice with relative standard deviation of ± 2%.
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  Extraction of CrVI ion from paint industry waste

  The SLM designed for CrVI ion extraction shows efficient transport ability. One of the major applications of chromium is its use in paint industry.1 The optimized conditions were employed for the recovery of chromium from paint industry wastewater. The wastewater was filtered with Whatman filter paper; 80 mL of filtrate was taken and diluted up to 250 mL with distilled water. The transport of chromium through the SLM was carried out in the presence of other metals, i.e., CoII, CdII, CuII and MnII. It was noted that only CrVI was transported through the membrane. This shows the selectivity of the TOPO towards CrVI under these experimental conditions. This analysis is shown in Table 2 and it shows that almost 80% of CrVI ions were selectively recovered (Figure 11).
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  A careful analysis of Figure 11 shows that the chromium concentration in the final solution after the extraction through the membrane contains 0.63 × 10-3 mol L-1 CrVI which corresponds to about 33 ppb chromium concentration. According to the World Health Organization (WHO) the recommended maximum allowable concentration in drinking water for CrVI is 50 ppb. In our case, the released water has 33 ppb concentration of CrVI, which falls under the safer range of chromium. However, if someone is interested in even lower concentration of chromium in the effluent water, the solution in the feed side (having 33 ppb Cr concentration) may be subjected to further extraction, thus, 6.6 ppb chromium will be left unextracted in the feed side, as 80% chromium will be extracted into the strip side.

   

  Conclusions

  The present study demonstrates that CrVI can be efficiently and selectively transported through the supported liquid membrane by using TOPO as a carrier. The effects of different parameters, such as concentrations of chromium ion, H2O2, TOPO, DPC, and H2SO4 were studied on the extraction of chromium. The experimental results revealed that maximum chromium extraction was achieved with 19.2 × 10−4 mol L-1 initial chromium ion concentration, 1.5 mol L-1 H2O2 as feed phase, 0.1 mol L-1 TOPO concentration in membrane phase, 0.001 mol L-1 of DPC, and 1.5 mol L-1 H2SO4 as stripping phase. The calculations of the percent recovery, distribution coefficient, flux, and permeability were made from the data on the optimum conditions. The extraction time for chromium ion transport was found to be 180 min at which the equilibrium has been established. The stability of SLM under optimum conditions was investigated and it was found that the membrane was stable at least up to 10 days. This SLM system was applied to remove CrVI from the paint industry wastewater with about 80% efficiency.
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  Supplementary data (details of other parameters and their graphical presentations) are available free of charge at http://jbcs.sbq.org.br as PDF file.
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  Introduction

  The growing demands of domestic consumption and export of foodstuff have stimulated an increase in the production capacity and quality of agricultural and livestock products. Therefore, the use of drugs in animal production has been virtually an imposition.1,2

  Fluoroquinolones (FQs) are synthetic antibiotics extensively used in veterinary medicine and also in the treatment of several human infections.3 In order to avoid bacterial resistance, regulatory agencies have established maximum residue limits (MRLs) for FQs in animal tissues and derivatives.4 In that sense, various studies have been conducted to develop methods of extraction and quantification of residues of these compounds in different matrices.

  The development of a methodology for analyzing drug residues in foodstuff involves the critical steps of extraction and purification of target analytes, which consume most of the analysis time and are more susceptible to experimental errors.5-8 Thus, many efforts have been devoted to develop methods for sample preparation that reduce the consumption of organic solvents, waste production and operating costs.9-13

  Within this context, the quick, easy, cheap, effective, rugged and safe (QuEChERS) method was developed by Anastassiades et al.14 for the extraction of pesticide residues in fruits and vegetables. This method consists of a single extraction step with acetonitrile, followed by the addition of anhydrous magnesium sulfate and sodium chloride, providing the partition effect known as salting-out, and subsequent clean-up by dispersive solid phase extraction, in which anhydrous magnesium sulfate and primary secondary amine (PSA) polymer phase are stirred together with the supernatant extract.14,15

  Since then, various modifications have been proposed to this method in order to increase its applicability,15 such as the addition of acetic acid to the extraction phase to provide an enhanced partition; the replacement of sodium chloride by sodium acetate, forming a buffer with the former acid; and the use of other polymeric phases, combined or not with PSA, such as C18 and graphitized carbon black (GCB).16-18

  The approach of the multivariate experimental design is a current trend in analytical chemistry, since it allows the simultaneous optimization of multiple variables in complex processes and the interaction effects between them.19-21 The advantages in using such designs include reduction in the number of experiments, which enables a less laborious and time-consuming optimization process; and enhanced statistical evaluations, since interaction effects between the parameters under investigation can be determined.22

  The Box-Behnken design (BBD) is a response surface methodology (RSM) that has been widely used in various experiments involving extraction of veterinary drugs from foodstuff.23 BBD is a second-order multivariate design based on a three-level incomplete factorial design with no axial points, which permits the assessment of the critical factors that significantly affect the analytical responses by a reduced number of experiments.24 The number of experiments (N) necessary for the optimization of a BBD is calculated as:

  
    [image: Equation 1]

  

  where k is the factor number and C0 is the replicate number at the central point.23 Therefore, the factors are never set simultaneously at their highest or lowest levels, which avoids an optimization performed under extreme conditions. So the design points are included in a secure operating zone.24,25

  The use of multivariate designs for the extraction of FQs is relatively scarce in recent literature. Cáceres et al.26 developed a high performance liquid chromatography with electrochemical detection for the determination of danofloxacin, sarafloxacin and difloxacin in chicken tissues. Prieto et al.27 optimized a microextraction by packed sorbent process for the quantification of ciprofloxacin (CIP), norfloxacin, ofloxacin and flumequine in municipal wastewater samples by liquid chromatography tandem mass spectrometry (LC-MS/MS). Rodriguez et al.28 performed an optimization of a pressurized liquid extraction method for the determination of six FQs residues in infant foods by liquid chromatography with fluorescence detection.

  The purpose of this work is the optimization of an extraction procedure of eleven FQs from poultry muscle and kidney using a QuEChERS approach. The factors under investigation that significantly influence the recoveries of FQs are evaluated by analysis of variance (ANOVA) and a 33 Box-Behnken design was used to achieve the best conditions to extract the analytes studied. The Microsoft Excel® 2010 software was chosen as a tool to perform statistical data treatment, taking into account the wide availability of this software and the easy use of its interface. The complete validation of the developed method has already been reported by the authors in a previous report.29

   

  Experimental

  Reagents, preparation of stock and standard solutions, LC-MS/MS instrument, chromatographic conditions, LC-MS/MS parameters and optimization of sample preparations steps were previously described by Rocha et al.29

  Software

  The statistical treatment was performed using Microsoft Excel® 2010 (Microsoft Corp., Redmond, WA, USA).

  Statistical treatment

  The Excel formulas and the matrices used in statistical treatment are available on an electronic link.30 In this electronic worksheet it is possible to introduce the response for a 33 BBD and obtain the model coefficients, pure errors of the coefficients, confidence intervals for the coefficients and one-way ANOVA.

  The estimators of the population parameters (b), once considered linear, were estimated by the least squares method from equation 2:31
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  where X corresponds to matrix containing the encoded factors and their interactions and y represents a vector containing the weighted sums of recoveries for each experiment in poultry muscle and kidney.

  Since the 33 BBD was carried out in triplicate at the central point, the pure error for each coefficient was estimated using the variance for the replicates at the central point (s2), according to equation 3:31
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  The confidence interval for the coefficients was estimated by equation 4:31
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  where bx is the corresponding coefficient; p.e.bx is the pure error of each coefficient; t(0.05, 2) is the value of Student’s t-test for two degrees of freedom at 95% confidence.

  The quality of the adjustments was evaluated by ANOVA after the models be obtained. Firstly, the predicted values ŷ were calculated from the equation 5:
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  where X is the matrix containing the encoded factors and their interactions and c is the vector of the model coefficients.

  After, the values of the sum of squares due to regression (SSR), residual sum of squares (RSS), pure error sum of squares (SSEP) and lack-of-fit sum of squares (SSLF) were calculated by the matrix equations shown in Table 1.31 The mean squares were calculated by the ratio between the sum of squares and the degrees of freedom (Table 1).
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  Next, F-test was performed by the ratio between the lack-of-fit mean squares and the pure error mean squares to evaluate the lack of fit of the proposed models.31

  Proficiency test

  In order to evaluate the accuracy of the developed method, as well as its potential applicability to other matrices and species, two proficiency tests were executed. The assays were conducted by the proficiency testing unit Centre for Veterinary Drug Residues (Canadian Food Inspection Agency, CFIA; Saskatoon Laboratory, Saskatoon, SK, Canada) in July 2013 and in January 2014. The first assay involved the analysis of four lyophilized equine kidney samples: XP1419, XP1420, XP1421 and XP1422, performed among ten laboratories. The four lyophilized veal liver samples related to the second assay were: XP 1343, XP1344, XP 1345 and XP1346, performed among twelve laboratories.

   

  Results and Discussion

  Optimization of extraction and cleanup steps by 33 BBD

  The optimization of a QuEChERS method for extraction of FQs in poultry muscle and kidney was conducted directly by a 33 BBD, since the relevant variables related to this process are widely known by practical laboratorial experience and correlated references.32,33 Fifteen experiments were then performed, using triplicate at the central point. The following factors were evaluated: water content in the extraction phase (−) acetonitrile, (0) acetonitrile:H2O (90:10, v/v) and (+) acetonitrile:H2O (80:20, v/v); percentage of acetic acid in the extraction phase at (−) 1, (0) 3 and (+) 5%; sorbent used at clean up stage at (−) 50 mg PSA, (0) 25 mg PSA + 25 mg C18 and (+) 50 mg C18.

  In order to perform the statistical evaluation, the analytical responses were taken as the sum of the recoveries of each FQ divided by the higher recovery in the corresponding assay (weighted sum). This combined statistical evaluation was accomplished employing Microsoft Excel® 2010 software and is available on the electronic worksheet.30

  Table 2 presents the coefficients related to the models set by the least squares method, for muscle and kidney and their pure errors and confidence intervals. For muscle samples, at the confidence level of 95%, the factors that were statistically significant in recoveries of FQs were linear term of the water content in the extraction phase and percentage of acetic acid in the extraction phase and their interaction. For kidney, the linear and quadratic terms of the percentage of acetic acid in the extraction phase, linear term of sorbent used in clean up, their interaction and the interaction between water content in the extraction phase and percentage of acetic acid in the extraction phase, were statistically significant. It is worth noting that the significance of the interactions between the evaluated factors could only be checked due to the multivariate optimization.
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  Using ANOVA, it was observed that the statistical models did not present evidence of lack-of-fit at 95% confidence. For the muscle samples, Fcalculated was equal to 10.45; and for the kidney samples, Fcalculated was equal to 8.72. These values are both lower than Fcritical(0.05; 3; 2) = 19.16.

  The residue graphics for poultry muscle and kidney showed a random distribution of residuals. The profile of these graphics was also used to confirm that there was a suitable fit between the models and the experimental data (electronic worksheet).30

  The response surfaces (electronic worksheet)30 showed that the addition of water to the extraction phase had the effect of improving analyte recovery, which can be explained by the fact that the water content present in poultry muscle samples (average 70%) was not high enough to promote good partition of analytes in the initial liquid-liquid extraction step of the QuEChERS method.32,34 A higher acid content in the extraction phase also contributed to an increase in the recovery values, which can be explained by the formation of ion pairs between protonated structures of the FQs and acetate anions produced in the acid dissociation.32 The formation of ion pairs likely neutralizes the charge of FQs, facilitating the migration of the compound formed to the organic phase. The evaluation of the use of the dispersive phase containing a mixture of C18 and PSA also indicated a positive effect on recoveries, which can be explained by the greater efficiency of C18 sorbent for the removal of non-polar compounds present in the matrix, whereas the PSA sorbent is suitable to remove interfering ions.12,14,15 In that way, the extraction phase consisting of the mixture acetonitrile:H2O (80:20, v/v) with addition of 5% acetic acid and the clean-up with the sorbent mixture of 25 mg PSA and 25 mg C18 were optimized for the extraction of FQs from poultry muscle.

  In case of the extraction performed in poultry kidney, the factors percentage of acetic acid in the extraction phase and sorbent used in clean-up showed positive effects. The extraction phase composition showed a significant and negative effect, demonstrating that the addition of water led to lower recovery levels. This behavior can be explained considering the average value of water content in poultry kidney samples of 82%,33,34 which compromised the partition of the target compounds to the organic phase, at a higher water level. Therefore, the extraction phase acetonitrile with addition of 5% acetic acid was chosen, and the same clean-up sorbent mixture was selected for the extraction of FQs from poultry kidney.

  Proficiency test

  Eight samples were analyzed by the developed method, in duplicates. The first proficiency test comprised the determination of CIP and enrofloxacin (ENR) in four samples (XP1343, XP1344, XP1345 and XP1346), in which one of them was a blind blank sample for the two analytes and another one was a blind blank to ENR. The second test involved the determination of ENR in four samples (XP1419, XP1420, XP1421 and XP1422), in which two of them were blind blank samples. The results presented in Table 3 showed Z-score absolute values lower than two for all analyzed samples, which meant that the results obtained by different laboratories were statistically similar. Therefore, the optimized QuEChERS method proved to be able to determine FQs in different matrices of animal origin.

  
    

    [image: Table 3. Samples analyzed]

  

   

  Conclusions

  This work presented the optimization of the extraction process of FQs from poultry muscle and kidney through a multifactorial approach using a 33 BBD and subsequent separation by LC-MS/MS.

  All data treatment was performed using Microsoft Excel® 2010, which is widespread software available to most computer users. The worksheets employed are available on the electronic link.30 The results in terms of analyte recovery were evaluated by ANOVA and RSM. The factors selected for the multifactorial optimization were statistically significant, as well as the interactions between them. Response surfaces were used to evaluate the influence of the investigated factors on the recoveries of the analytes. The significance of the fitted models was also confirmed, proving the suitability of the proposed method for the extraction of FQs.

  The two proficiency tests showed that the QuEChERS approach in this work proved to be adequate and promising for the extraction of FQs from animal tissue matrices. The method reconciles suitable extraction efficiency, low consumption of supplies and short analysis time.
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Figure 3. Intensity of NAS, interference and residual vectors obtained
from the calibration samples.
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Figure 2. Mid-infrared spectra of diesel and methyl cotton biodiesel.
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Figure 4. Metalfon (Za* and Cu") concentrations in soluble/suspension
phase (fltered <0.2 ym) at pH 2-10 for [metal ion/water] and [mycelium/
metal ion/water] complex systems.
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Figure 5. Potentiometric itration curves for [mycelium/metal ion/water]
combination systems. Experimental data ae presented inlight sreylines
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< 0.04) Water (standard 001016 mol L* HCI titration) curve was
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‘able 1. Percentage values of the minimum inhibitory concentration (MIC) of the blend (bio-oil + B10) for the tested inocula.

MIC/%
Microorganismn Tday 2days Sdays Tdays 10days
Paccilomyces varioti 2 2 3 4 T
Candida sibicola 2 2 2 4 4
Bacillus punilus 1 1 1 1 1
Uncharacterized inoculum (ASTM E1259) 025 025 025 025 025

*American Society for Testing and Materials, standart practice ASTM E1250.
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Figure 8. Slow-proton exchange entropy production (dS/dt) for
out.of-equilibium processes during tization for the [myceliumimetal on/
water] complex systems. [myceliuml, [mycelium/Zn?] and [mycelium/
Cu] complex systems are represcted by black, gray and light eraylines
respectively:. Entropy production values are normalized with respect (o
pH variation befween sequential ttration points (ApH") and mycelium
mass (g7).
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Figure 5. Multivariate control chartfor the samples under control, where
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Table 2. Conditional stability constants (equations 6, 7 and 8) calculated using Best7 software.™ Species diagrams are presented in Figure 6

Quotient Iog Quoient Quotient log Quotient
HAVIHIA] 3 [CulH) Yol 654
[HBJIHIIB] 461 [Culk) JIHYICuHY). ] s
H-CHHIC] 10 [Za(H) IIHVIZal 739
[H-DVIH-IID] 934 [Za(H) JIHYIZo(H) ] 113
[CuAVICulIA] 740 [Z0ANZnl[A] 339
[Cu*AVICuA[H'] kAt [ZalAVIZnA][H] 095
[Cu(H)  AJIHVICuA] 460 - -
[Cu(H) ATIHVICuH) Al 1082 - -
[CuBICullB] 619 [ZaBJIZn][B] 453
[Cub*BYICuBI[H'] 376 [ZnHBYIZnB]H] 249
[Cu(H") BIHVICuB] 575 - _
[CuCyICuliC] 513 [ZaCYIZalIC] 659
[Cu-CYICuCIIH] 651 [ZnH-CYZaC]lH] s44
[Cu(H) CIIHCuC] a2 [Za(OHICIHYIZaC] 719
[CubJICulID] 767 [ZaDV1Zn][D] 56
[Cu*DYICuD][H'] 558 [ZaHDJIZaDI[H] 806
[Cu(H*) ,D][HV[CuD] 498 [Zn(H*). ,DIH*Y[ZaD] 17






OPS/images/a12img06.png
ERe—

NAS Value

5 + i Tr
Biadisl content %

Figure 4. Relationship between the NAS vector and biodiesel

concentration. (@) group I (calibration set under control):; (#) group I

(validation set: under control; () group IV and (2 group V: out of

control samples.





OPS/images/a05img22.png
12

‘on

[species] / (mmol L")
2

S

>

o -
o N

[species] / (mmol L")
o
b

2 4 6 8 10 12

Figure 6. Species distribution diagrams for (a) [myeclivm/weater], (b)
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calculated with Aqueous Solutions software.* In graph (a) black lines
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Figure 7. I (2) it of the PLS models through the real versus predicted values of the prediction set. n (b) PLS residuals for the calibration and prediction
set for the methyl cotton biodiesel in biodiesel/diesel blends.





OPS/images/a05img23.png
0015

oot0{ |

Kis'

aMyes
- Myestiumicy’
= Myceliumizn®

R et

i é 3 o

0.005

i
‘
e Ml
e+ Mot
00 y

i85 6 7 & 9 1 1
pH

Figre 7. (2) Slow-proton exchange first order rate constant k and
(b) slow-proton exchange concentration [H-l forth studied [myceliumy/
metalion/water] complex systems. The [mycelium], [mycelium/Za] and
[mycelium/Cu] complex systems are represeed by black, gray and
lght gray lines. Positve [Halo values indicate ireversible proton flux
from the [mycelium/meta on] subsystem 1o the aqueous phase. Negative
[ vlues indicate the opposite, watr-to-[myceliummetaionl, proton
flux and/or the slow consumpion of protons by the added sirong base
titrant, as observed for [mycelium/Zn"] at pH 6.3-7.5 (see inset in b).





OPS/images/a12img08.png
|

Figure 6. Multvariate control charts for the samples out of control, where
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(12 samples from 8.0 to 14.00% of biodiesel).
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Figure 1. Cyclic voltummogram of the complex 3 (CH.CL,, 0.1 mol L
TBAP. scan rate 100 mV s°).
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Figure $20. ELMS spectrum of multibiphenyl C (3).
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Nucleic acids and carbohydrates (C-O-C skeletal modes) 516
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Lipids, proteins and carbohydrates (CH, and CH, asymmetric deformation) 1440
Proteins (amide, C=O stretch) 1654
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Protein (C-S stretch, CH, rocking) and adenine (CH, rocking) 7%
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structures)

Ergosterol (CH, twisting) 1286
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Lipids (CH.CH, twisting) 1313
Proteins (C-H deformation, amide I of a-helix) 1321
Phospholipids (C-H deformation) 1328
Protein, DNA, lipids, ergosterol and carbohydrates (C-H deformations, wagging and twisting) 1333.1354
Tryptophane (C-H deformations) 1357 and 1365
Saccharides, DNA and lpids (C-H deformation and ring breathing modes) 1370.1385
Lipids, amino acid chains and DNA/RNA (CH, rocking, C-N stretch, C=0 symmetri stretch, N-H in plane deformation) 13871400
€00 symmetsic sretch and C=C stretch 1411 and 1417
Proteins, lipids, DNA/RNA and carbohydrates (C—H, CH, and CH, deformation, scissoring, bending and stretching and 1420-1463
N-H in plane deformation)

Nitrogenous bases ring breathing and -NH;* modes 1485
Nucleic acid, amino acids and carotenoids (C=C stetching, N-H bending) 14991516
Carotencid (in plane vibrations of C=C and -C=C- conjugates) 15241528
Amide, amino acids, tryptophane and tyrosine (C=C stretch, amide Ill, N-H deformation and amide IT) 1540-1563
Nucleic acids modes (ring breathing C-C stretch) 1570-1580
Phenylalanine and olefin (C=C stretching and bending) 1584
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C=N and C=C stretches 1593
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Glutamic and aspatic acids, amino acids, eser groups in lipids (COO stretch) 1700-1740

Phospholipids. polysaccharides and pectin (C=0 stretch) 1745
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Table 2. Conditional stability constants (equations 6, 7 and 8) calculated using Best7 software.™ Species diagrams are presented in Figure 6
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[Cu(H") BIHVICuB] 575 - _
[CuCyICuliC] 513 [ZaCYIZalIC] 659
[Cu-CYICuCIIH] 651 [ZnH-CYZaC]lH] s44
[Cu(H) CIIHCuC] a2 [Za(OHICIHYIZaC] 719
[CubJICulID] 767 [ZaDV1Zn][D] 56
[Cu*DYICuD][H'] 558 [ZaHDJIZaDI[H] 806
[Cu(H*) ,D][HV[CuD] 498 [Zn(H*). ,DIH*Y[ZaD] 17
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Figure 2. Example of(2) out-of-equilibrium pH stablization measurement
from pH,,, o the previous tration point 0 pH,y, of actual titrtion point
(passing through (9 fast and (i) slow proton exchange) and (b) frst
order kinetic plot for the [mycelium/Cufwater] system at pHaes 7.27
(plot construction and derivation of [H",] and k are detailed in out-of-
equilibrum modeling section).
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{able 5. Regression coeflicients, confidence intervals and coefhicients of determination of the responses applied to the response surface methodology

Parameter o) PURA PUFA/SFA i ™
£ 59 s 0 059
Meen (57.393, 58.858)" (351.208, 366.653F (1129, 1.232¢ (0.419,0.447¢ (0563, 06177
10381 ) 0 003 006
©OT09. 11905 (0650, 238199 0040167 (00460003 01120008
140 a7 3 “on 006
N (0303, 2500¢ (5.116, 18,053¢ (0.021,0.133¢ (0036, 0.006) (0.064, 00177
R 0990 om0t 0657 0654 007

“Confidence interval for 95% level. n.3:total fatty acids from omega-3 series; PUFAL total polyunsaturated ftty acids; SFA: toal of saturated faty acids;
IA: index of atherogenicity: IT: index of thrombogenicity: x,: chia flour: x,: azuki flour: R coefficient of determination.
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Figure S11. sHMBC spectrum (400 MHz, CDCL. TMS) of compound 2a.
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Figure 6. Molecular sructure of the A, adduct (thermal ellpsoids are
shown at 30% probability).
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fable 2. Complete = design, the obtained responses Lo the sums, ratios and fatty acids indices

- Independent variable® ‘Sums and ratios of fatty acids/ (mg FA ' TL)

~ = PURA” PUFA/SFA® " [
I E 58 345 06 047 066
2 E 1 4850 35488 L7 05 061
3 1 el 31 36641 124 043 054
s 1 1 7025 38096 135 039 049
5 0 0 5904 36778 126 041 055
6 0 0 5830 3571 L3 044 062
7 0 0 16 30923 L0 05 063
8 0 0 S8 35018 L 05 063
0 0 0 5955 36368 12 041 057

“Expressed according 10 Table 1; "m fatty acid per g of tota lipid. x;:chia flour x.: azuki flour; n-3:total omega-3 fatty acids; PUFA: total of polyunsaturated
fatty acids: SFA: total of saturated fatty acids: IA: index of atherogenicity: IT: index of thrombogenicity.
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Figure $10. sHMOQC spectrum (400 MHz, CDCL. TMS) of compound 2a.
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Scheme 2. Synthetic pathway to the diazenecarboxamide-B(C.F.). adduct.





OPS/images/a09img09.png
fable 5. Results of ANUVA and F-test of the responses obtained in full = factonial design with central point

Frest
Source

DF 03 PUFA PUFA/SFA Iy [
x 1 579584 10990 8304 7436 12003
x 1 9742 3012 g 2604 1048
Lack of it 2 0078 0347 0370 0070 0462
Pure error 4 - - - B _

DF: degee of freedom; n-3: otal faty acids from omega-3 series; PUFA: tota polyunsaturated fatty acids; SFA: tota of saturated ftty acids; 1A: index
of atherogenicity: IT: index of thrombogenicity: x,: chia flour: x.: azuki flour.
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Figure S13. NOESY spectrum (400 MHz, CDCL. TMS) of compound 2a.
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Aable 4. Results of ANOVA, sum of squares of the responses obtained in full =" factorial design with central point

Sum of squares
Source

DF 03 PUFA PUFA/SFA 1A [
X 1 461169 S98.721 0033 0002 0014
x 1 7853 167364 0013 0001 0002
Lack of it 2 0181 48346 0.004 0.000 0001
Pure error 4 4655 854 0020 0002 0.006
Total S§ 8 469859 1092.961 0.069 0.005 0023

DF: degee of freedom; n-3: otal faty acids from omega-3 series; PUFA: tota polyunsaturated fatty acids; SFA: total of saturated ftty acids; IA: index
of atherogenicity: IT: index of thrombogenicity: x.- chia flour: x.: azuki flour: SS: sum of squares.
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Figure S12. J-resolved spectrum (400 MHz. CDCL. TMS) of compound 2a.
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Figure 7. Molecular structure of the A, adduct (thermal ellpsoids are
shown at 30% probability).
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Figure S1. "C NMR spectrum (100 MHz, CD,0D) of multibiphenyl A (1),
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Figure S7. "C NMR spectrum (100 MHz, acetone-d,. TMS) of compound 2a.
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Table 2. Selected bond lengths (A) and angles (degree) for compounds Ly, Ly, L, A, A; and A,

L L L A A A
Bond lengths (A)

o-c) 12170 12176) 12170 12600 1260 12518
N(-CQ) 13380) 1330) 13210 1305) 13090) 13065)
NG Lags2) 14640) 14620) 14230) L4320 14345)
NGING) 12460) 12276) 12530 12990 12520) 1202
OB - - - 15650) 15710) 15935)
Bond Angles ()

O-CND) 12130 12650) 12800 12170 2110 12136)
O-CNG) 12840 11650) 11800 11850 11850) 12156
OC1)-B(1)-CA1) - - - 0110 11100) 109.06)
O1)-B(1)-C61) - - - 10850 10600) 10456)
OC1)-B(1)-C61) - - - - 10210 101.96)
O(1)-B(D-C31) - - - 1093(2) - -
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Figure S2. 'H NMR spectrum (400 MHz, CD.OD) of multibiphenyl A (1).
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Figure 3. Molecular structure of the L, ligand. Only one of the two
independent molecules found in the asymmetric unit is shown (thermal
ellipsoids are shown at 30% probability).
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Figure §9. "H-"H ¢COSY spectrum (400 MHz, CDCL. TMS) of compound 2a.
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Figure 5. Molecular structure of the L, ligand. Only one of the two
independent molecules found in the asymmetric unit is shown (thermal
ellipsoids are shown at 30% probability).
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[fable Z. Ant-rotavirus activity of compounds 1-3*

No. CC/(psml)EC,/ (ugml’) ™

1 25722641 156113 10932121
2 134655834 1094165 12355175
3 1590832746 12732175 1258x168
Riboviin 2742721107 13612104 20142116

"Al results are expressed as mean = SD (n = 3): *CC,;- mean (S0%)
value of eytotoxic concentration; <EC,;: mean (S0%) value of effective

concentration: “TI: therapeutic index, CC/ECa.
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Figure S8. DEPT 135 (100 MHz, acetone-d.. TMS) of compound 2a.
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Figure 4. Molecular structure of the L, ligand (thermal ellipsoids are
shown at 30% probability).
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Figure S6. EI-MS spectrum of multibiphenyl A (1),
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Figure S3. Heteronuclear single-quantum correlation (HSQC) spectrum (600 MHz, CD.OD) of multibiphenyl A (1).
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Figure S4. Heteronuclear multiple bond correlation (HMBC) spectrum (600 MHz, CD,0D) of multibiphenyl A (1).
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Figure §9. "H NMR spectrum (400 MHz. CD.0D) of multibiphenyl B (2).
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Figure $2. CVs oblained witha GC elecrode (a) uncoated and (5)coated
with pyerole/pheaacetin MIP in the absence (dashed lines) and preseace
(solid Tines) of procaine. The electrode was modified in 0.1 mol L
HCIO, 1:1 (/) waterethanol, 12.5 mmol L- pyole, and 25 mimol L
phenacetin. The modification potential window ranged from ~0.6 t

L8Varsomy s
18V at S0 mV s

‘and the analysis potential window was from 1.0 o
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Figure S4. 'H NMR spectrum (400 MHz. acetone-d.. TMS) of compound 2a.
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Scheme 1. Synthetic pathway to the diazenecarboxamide ligand.
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Figure S1. CVs obtained during the modification process of a GC
electrode surface with the pyrrole/phenacetin MIP performed in a
0.1 mol L-* HCIO, waterlethanol 1:1 (v/v) solution in the presence of
12.5 mmol L pyrrole, 25 manol L-* phenacetin. Potential window: from
0610 1.8V at S0 mV s'. Number of cyclic voltammograms recorded: 10.
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Figure S3. 'H NMR spectrum (400 MHz, CDCL. TMS) of compound 2a.
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Figure 2. Examples of complexes with basic exocyclic functionalities.
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Figure S7. ELHRMS spectrum of multibiphenyl A (1),
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Figure S6. DEPT 135 (100 MHz, CDCL. TMS) of compound 2a.
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Figure S8. "C NMR spectrum (100 MHz. CD.0D) of multibiphenyl B (2).
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Aable 1. Factors and levels investigated in the experimental design for the development of a 2" full factonal design

Level
Factor Unit Symbol Type

] [ 1
Chia flour eKe' c numeric 100 150 200
Azuiki flour gKe' A numeric: 100 150 200






OPS/images/a18img15.png
o 150 180 150 130

o

Chemical shift/ ppm

Figure S5. "C NMR spectrum (100 MHz, CDCL. TMS) of compound 2a.
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fable 1. Selected spectroscopic parameters of the diazenecarboxamide ligands L, L, L, and the diazenecarboxamide-BCE adducts A,

L L L A A A
NMR 5'H/ ppm
NH 869 803 750 on 861 849
He - 319 36 - 299 205
Mer - 123 124 - L1 Lis
NMR 8°C/ pom
(©0) 1579 1604 1593 1608 1638 1629
FTIR /e

w(C=0) 1700 1702 1693 1646 1649 1648
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Figure 2. Image acquisition of flow cell and area selected in Image).
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Figure $22. sHMOQC spectrum (400 MHz. acetone-d.. TMS) of compound 2b.
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Aable 2. Central composite design. NEL and sulphanilamide concentration

Factor Level
NED/ (%, miv) 003 005 010 05 o7
Sulphanilamide / (%, mix) 13 15 20 25 27
Coded values 141 - 0 ! 141

*N-1-Naphthylethylencdiamine dihydrochloride (NED).
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Figure S21. "H-'H ¢COSY spectrum (400 MHz, acetone-d.. TMS) of compound 2b.





OPS/images/a10img07.png
o
for
s
i
o2
o
Lo
% 1201 Green solution. @00mgL’|
o0 —
i% v
i . 4000mgLt
o .
P
201 saomgur 00me
g MNL_A/\LM)L LWL
S S S R R S S
. oo
B .
| ! e
- L omomr
saomges mOmRL
0] X VYL
T e @ w s e
mels
e
Redsobton
nomg:
ooy WOmGLY
L
15 swomgLt
fuo o0omt
£ "
200
gos . 1000mgt’ u L
oo
o
L I I T )
s

Figure 3. Transient signals (o increasing concentrations of the dyes red,
green and blue, obtained by the flow analysis system and detection by
webcam and spectrophotometer.
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Figure S$24. J-resolved spectrum (400 MHz. acetone-d.. TMS) of compound 2b.
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Figure $23. sHMBC spectrum (400 MHz, acetone-d.. TMS) of compound 2b.
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Figure S12. 'H-"H COSY spectrum (600 MHz, CD,0D) of multibiphenyl B (2).
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Figure S18. “C NMR spectrum (100 MHz, CDCL. TMS) of compound 2b.
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Figure S13. ELMS spectrum of multibiphenyl B (2).
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Figure S17. 'H NMR spectrum (400 MHz, acetone-d,. TMS) of compound 2b.
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Figure $10. HSQC spectrum (600 MHz, CD,0D) of multibiphenyl B (2).
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Aable 1. Valve switching course

Siep Ve Ve v Ve ime /s Description
Nitite

T T T O 0 5 TR, with sample

x 1 0 0 1 1 sampling R*

¥ 0 0 0 0 2 sampling §*

4 0 0 0 0 is measure signal

Nitrae + Nitite

5 0 0 T 0 0 I B, and 7 with buffer solution
6 1 1 1 0 10 1B, and G, with sample

7 0 0 1 1 sampling R

5 0 0 1 0 2 sampling §*

9 0 0 0 0 15 measure signal

V.V, solenoid valves, 0and I, solenoid valves
reagent (2.1 mL min"); °S: sample (4.3 mL min"}

tched offor on, respectivel
‘C. Cd reduction mi

(08 mmi.d_x 60 cm): repeated steps (5 sampling cycles); ®R: Griess
lumn (3 mm i.d. x 6 cm).
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Figure $20. DEPT 135 (100 MHz. acetone-d.. TMS) of compound 2b.
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Figure S11. HMBC spectrum (600 MHz. CD.OD) of multibiphenyl B (2).
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Figure 1. Flow disgram of the system fo itsite and nitate determination.
V,-V,: solenoid valves; C: buffer solution (pH = 7.2) (43 mL min');
S: sample (43 mL min’); R: Griess reagent (2.1 mL min"); CR: Cd
reduction mini-column (3 mm .d. x 6 cm): B, (0.8 mmi.d. x 60 cm) and
B, (0.8 mm i.d. x 90 cm): coiled reactors: x and y: confluence sites; FL:
fluorescent lamp: webcam: detector.
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Figure $19. °C NMR spectrum (100 MHz. acetone-d,. TMS) of compound 2b.
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Figure $16. 'H NMR spectrum (400 MHz, CDCL) of multibiphenyl C (3).
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Figure S17. HSQC spectrum (600 MHz, CDCL.) of multibiphenyl C (3).
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Figure S14. ELLHRMS spectrum of multibiphenyl B (2).

Page 1

Aucapec P
Cid
i





OPS/images/a04img19.png
g8 o2 3
meg 9B 9ER B3
g 3z uus ]
R i

£

7 s
w0

75 Tims

Tias

1or
s

-

e
o1

-

4T

Figure S15. "C NMR spectrum (100 MHz. CDCL,) of multibiphenyl C (3).
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Figure 2. Principal components analysis for complete 2 experimental
design with central poiatin quintuplicate. PC: rincipal component; A: st
B test2; C:test 3D test 4 ests 5,6, 7, 8 and 9: -3: sum of faty
acid from omega-3 seres; PUFA: polyunsaturated aty acids; SFA: toal
saturated fatty acids: IA: atherogenicity index: IT: thrombogenicity index.
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Figure S15. IR spectrum (KBr) of compound 2b.
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Figure 1. Response surfaces to sum, proportion and indices of fatty
acids. -3 sumof futy acid from omega-3 series; PUFA: polyunsaturated
ftty acids; SFA: total of saturated faty acids; IA: atherogenicity index;
IT: thrombosgenicity index.
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Figure S14. HR-ESI-MS spectrum of compound 2b.
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Experimental
General remarks

All manipulations were performed under an inert
atmosphere using standard glovebox and Schlenk-li
techniques. All reagents were used as received from
Aldrich unless otherwise specified. All solvents were
dried with molecular sieves. The starting compounds
(2.,6-diisopropylphenylisocyanate'® and frans-
chloro(phenyDbis (triphenylphosphine) nickel(Il)* was
synthesized according to literature procedure. NMR spectra
were obtained using 400 Bruker Advance spectrometer
(400.133 MHz for 'H, 100.16 MHz for "C, 200 MHz for
“F and 160.984 MHz for *'P) using deuterated solvent
with tetramethylsilane (TMS) as an internal standard.
FTIR spectra were recorded on a Bruker Vector-22
spectrophotometer using KBr pellets.

Synthesis of ligands
N,2-Diphenyldiazenecarboxamide (L,)

Phenyl isocyanate (1.38 g; 11.6 mmol) was added to
a solution of phenyl hydrazine (125 g; 11.6 mmol) in
anhydrous acetonitrile (40 mL). The mixture was stirred
for 1 h. The white precipitated is formed. The solvent was
evaporated under vacuum to obtain (2.39 g; 10.5 mmol)
of intermediate product C,H,NHNHCONHC,H,.
Then. crude product was suspended in a mixture of

CH,CI/CH,CH,0H (5:1) and pyridine (0.83 g; 10.5 mmol).
‘The solution was cooled by water, and (191 g; 10.7 mmol)
N-bromosuccinimide was added dropwise during 5 min
with stirring. The solution changed its color to deep red.
‘The resulting solution is left stirring for 10 min at room
temperature and was washed in turn with water (2 15 mL),
then 10% NaOH (10 mL) and water (2 x 15 mL). The
solution was dried over MgSO,, filtered and evaporated
under vacuum. The crude product was dissolved in
‘minimum amounts of methanol and recristalized and orange
solid was washed with cool hexane. Yield 2.07 g (19.5 %).
Anal. caled. for C,;H,,N,O: C. 60.32; H, 4.92; N, 18.66;
found: C, 69.27; H, 456; N, 18.81.

X-ray crystal structure analysis of L,

Formula C,;H,,N;0; M 225.25; orange crystal;
047 x 035 x 0.25 mm: a 11.4783(2), b 13.1911(2),
© 15.8362(3) A: B 103.823(1)°; V 2328.34(7) A*;
Po 1.285 g cm™; p 0.085 mm; empirical absorption
correction (0.961 < T < 0.979): Z 8: monoclinic: space
group P2,/c (No. 14): 4 0.71073 A; T 223(2) K. ® and
 scans, 17780 reflections collected (xh, =k, =I);
4655 independent (R, 0.042) and 4020 observed
reflections [/ > 26())]; 315 refined parameters; R 0.044;
WR? 0.107; max. (min) residual electron density
0.15 (-0.15) e A”* the hydrogen atoms at N1A and NIB
were refined freely: others were calculated and refined as
riding atoms.
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Figure S18. HMBC spectrum (600 MHz, CDCL.) of multibiphenyl C (3).
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Afable 6. Faity acid quantification and (-test for comparison between
optimum experimental point and control cake

‘Composition (mg ke of product)

Faty acid Optimum pValue
el pom__ €

0 6612017 4532081 00315
60 122007 Li2s01 00413
80 1382006 1062006 00139
100 2532026 2492013 08192
120 3572040 3712014 05T
140 2882281 3083138 00146
150 370+116 18932050 00013
160 15620353 172612324 0.0006
16:10.9 5782038 6502017 00315
170 1382003 1282006 03798
180 65162000 91302382 00099
18109 230692318 240582288 03101
18107 9902013 9732008 02893
18206 07264347 20132748 00844
18306 3455002 3252014 00005
18303 0252003 24392138 00005
00 1492005 1422002 01892
20 515001 4742007 00061
Sums and atos of faty acid

= 025200 24392138 00005
PUFA 6112359 6T62760 00006
PUFA/SFA 1372003 0982003 00003
Indices ofth quality of the lpid fraction

0y 0402005 0312002 00017
rr 049000 0842003 00007

Mean and standard deviation for optimum experimental point and
control cakes; n-3: total faty acids from omega-3 series; PUFA: total
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of atherogenicity: IT: index of thrombogenicity.
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'H COSY spectrum (600 MHz, CDCL) of multibiphenyl C (3).
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Figure 3. (2) Conditions of restictions and responses of the desirabiliy function for complete 2 experimental design with central point n quintuplicate. n-3:

sum of fatty acid from omega-3 series; PUFA: polyunsaturated futy acids; SFA; otal saturated faty acids; 1A: atherogenicity index; IT: thrombogenicity
index: (b) response surface for the optimum region using the application of desirability functions.
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Figure $16. 'H NMR spectrum (400 MHz, CDCL. TMS) of compound 2b.
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Figure 7. Comparison of webcam detector and conventionl method in
groundwater samples: (a)determination of nitrite; (b) determination of nitrate.
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Figure 5. (o) Transient signals; b) calibration curve for determination of
the 0.2-2.0 mg L NO--, using detection by webcam.
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Figure $20. "H NMR (300 MHz. CDCL) spectrum expansion of compound 6.
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Figure 6. (a) Transient signals; b) calibration curve for determination of
the 1.0-10.0 mg L NO.- using detection by webcam.
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Aable 5. Mean values and uncertainties (n = 3) for recovery of nitrite and nitrate in groundwater samples by the proposed and reference procedures

Compound added  Forification / Reference proceduret® Proposed Procedure Eeror /%

in samples (me L Found/ (mg L") Recovery /% Found/ (mg L") Recovery/ %

Nitste 160 1562001 9.5 1552003 %9 06
120 1242001 1033 1312003 1092 56
060 060001 95 060001 1000 0

Nitrate 300 8322012 1040 8252014 103.1 08
600 600018 1000 611011 1018 18
300 2982007 95 3002016 1000 01

NBR 12619 method for nitrite): "APHA 4500-NO. 1 method (for nitrate).





OPS/images/a18img40.png
TS s s s m e e E s E S e e e e e e e

~2.700376000
2476528000
~1.206746000
~0.140373000
~0.321694000
1590141000
1158102000
1923449000
1035495000
1442185000
1.094007000
2227593000
2705319000
—4.022824000
~5.203876000
~6.440300000
~7.622565000
~7.690375000
~6.471098000
3331398000
3.609395000
4914701000
5.973129000
5715025000
4400129000
7.238672000
3317960000

~0.189263000
—1576651000
2124287000
1250199000
0124702000
0659400000
1631588000
~0478314000
0777585000
1468261000
1064081000
2568685000
3121497000
0412591000
~0.198558000
0610595000
0025523000
1431895000
1806268000
0554454000
~0.839063000
~0.905465000
0685448000
~0409191000
~0354285000
0762672000
2246298000

0247480000
0172026000
0263815000
0435186000
0507387000
0412496000
0538464000
0.992629000
0632744000

0675137000

1750639000

0619692000
0613117000
0.161639000

~0.028463000

0076742000

0317419000

0561812000
0088354000
0474085000

~0.867203000

~1.324000000

0443265000
0.896587000
1345369000

~0.950611000
0.045827000

1043982000
745262000
1946308000
1075297000
3358690000
3281074000
1.884839000
4058571000
5264642000
—8.740788000
~7.364695000
7.106014000
2795297000
5131599000
6.534995000
4210898000
7883274000

Zero-point correction = 0342335 (Hartree/Particle)

é

3.192667000
1731991000
~0.537491000
1478614000
3941076000
2391054000
3517205000
1493812000
1270572000
—1.641993000
~2.007008000
1715954000
~1012501000
~1.127194000
0254055000
~0.164795000
~0.602661000

Thermal correction to energy = 0.366262
‘Thermal correction to enthalpy = 0.367206.
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Figure $23. Infrared spectrum (KBr) of compound 6.
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Figure $24. 'H NMR (300 MHz, CDCL) spectrum of compound 7.
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Figure S21. “C NMR (75.46 MHz, CDCL,) spectrum of compound 6.
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Figure $22. “C NMR (75.46 MHz, CDCL) spectrum expansion of compound 6.
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Figure $27. “C NMR (75.46 MHz. CDCL) spectrum expansion of compound 7.
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Afable 4. Opumized parameters of the multicommuted Hlow system for
nitite and nitrate determination

Parameter Interval_ Selected value
Flow rate-persaltc pump/ (mLmin®) 3166 3

B2 reactor leagth / cm 50-100

Sampling cycles 37 5
Sample volume / uL. 3570 o
Reagent volume / uL 370 B

pH of the buffer solution 6085 72
Sulphalamide / (%, miv) 1327 23
NED* (%, miv) om0 o
Phosphoric acid / (mol L) 0315 05

*N-1-Naphthylethylenediamine dihydrochloride (NED).
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Figure $26. HR-ESI-MS spectrum of compound 2b.
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Figure S28. Infrared spectrum (KBr) of compound 7.
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Aable 3. Correlation between the measurements performed using the webcam and absorbance values for ditferent concentrations of red, green and blue

solutions with regression parameters (Y = mC + )

Webcam “Absorbance
Solution E v - o [ -
Red 033466 0.06906 0.9986 000216 000139 09999
Green 012916 009243 0.9997 000101 004123 09993
004649 09997 000154 00633 09988

incar regression coefficient,
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Figure S25. NOESY spectrum (400 MHz. acetone-d,. TMS) of compound 2b.
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Figure $25. 'H NMR (300 MHz, CDCL,) spectrum expansion of compound 7.

)
Crameatshnpom





OPS/images/a03img31.png
1L L

B A T A S S S

Figure $26. °C NMR (75.46 MHz, CDCL,) spectrum of compound 7.
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Figure 4. Central composite design of sulphanilamide and NED
concentration. RGB-based value = 49.67 + 2.10NED — 2.46(NEDY
+ 2.86(sulphanilamide) — 2.71 (sulphanilamide)* + 0.25(NED)
(sulphanilamide).
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Figure $29. 'H NMR (300 MHz, CDCL) spectrum of compound 8.
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different conditions, a follows: unstimulated condition (a and d) and under influence of electric potential at 100 mV (b and ¢) and 1V (c and ). The
lighterareas (yellow) represent surface regions while the darker areas (purple) represent the deepest regions of the gel. The electrical stimulation induced
a discrete motion in the gel mesh. It is possible to observe this phenomenon in highlighted areas (blue cyan rectangles).
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Aable 51. Mean values ol the circuit elements obtained from the hitled impedance results (r

et NeoLipolg unstimulaied NeaLipoAlg 100 mV NeoLipoAlg 1V

Rs/1F0 GI/107F Cpe/10°0 Ra/I06n  Rs/I0°0  CA/I0VF Cpe/I0°Q Ra/IFQ  Rs/I60  GI/I0"F Cpe/l0Q Ra/ldn

209018 3572004 5405014 2095004 3512003 3102005 3972015 252200 3442003 2992005 3972005 2322000

5232028 3952006 5255007 1812005 8035075 3285002 451010 2325015 652035 323002 451=010 2342003
10 1592003 4442008 5155006 1692003 1562001 3572001 4552004 2005002 1562001 3572001 4555004 200002
s 242088 3725001 5055005 L63:003 1562075 357s010 454203 2002002 217:075 3772005 4542032 1772025
2 1582091 3862001 S01£004 1525002 2072090 3725030 4602025 1782001 1572045 3112006 460025 172006
25 5232069 3952008 5255006 1812005 322001 4781001 463:002 128025 322001 478001 463:012 1282025
30 1512033 4832026 5062004 1452005 4822002 7472003 4582015 0925020 4825002 7472003 458015 0922020
35 23:019 368005 5055003 1375002 2042003 315002 4672025 LIT04 2045003 3152002 4672025 LIT=04
0 1282014 4592002 5082004 1332005 2232001 5812001 4642042 07803 2731001 581015 4642042 078203
s 5232013 3955001 5255005 181000 1025005 5105071 4642050 075005 273047 SSI002 4642050 0782002
50 6542025 4172039 5095004 1312007 3232002 BIS£002 465067 054027 323001 8152001 4652067 0542027
55 1562013 4802016 5095004 LI7£003 1692001 320204 4632055 0832045 1692002 320203 463055 083045
&0 1522014 4812001 5115005 1125004 1382003 4915001 4605047 0642036 1382003 4915002 460047 064036

Rs: resistance of the solution; CdI: capacitance of the double layer: Cpe: constant phase element: Ret: charge transfer resistance.
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Figure S1. NeoLipoAlg kinetics ited according tothe following mathematical models: (2 zero-order, (b)first-order, (¢) Higuch, (¢) Korsmeyer-Peppas
and (¢) Baker-Lonsdale.
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Figure 1. The instrumental signal decomposition in three differnt
contributions: NAS vector () o monitring the amlyt of ntrest,
the interference vector (r..) and the residual vector (r..).
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Figure $30. 'H NMR (300 MHz, CDCL) spectrum expansion of compound 8.
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Figure 3. Nyquist diagrams of NeoLipoAlg at different conditions: (2)
unstimolated, (b) 100 mV and (c) 1 V. The results were recorded every
10 min during a maximum period of 1h.
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Figure S31. “C NMR (75.46 MHz. DMSO-) spectrum of compound 8.
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Figure 2. Digital images of pure alginate before (a-c) and afer editing (d-f) with ImageJ software. The edited images represent the gel at three different
conditions, a follows: unstimulated condition (a and d) and under influence of electric potential at 100 mV (b and ¢) and 1 V (c and ). The lighter areas
(yellow) represent surfuce regions while the darker areas (purple) represent the deepest regions of the gel. The electrical stimulation induced a discrete
motion in the gel mesh. It is possible to observe this phenomenon in highlighted areas (blue cyan rectangles).
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Figure 5. Represetation ofthe resstance values vs.time for NeoLipoAlg
systems at unstimulated condition, 100 mV and 1V conditions.
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Figure S34. “C NMR (75.46 MHz, DMSO-.) spectrum of compound 9.
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Figure $35. °C NMR (75.46 MHz. DMSO-d,) spectrum expansion of compound 9.
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Figure $32. Infrared spectrum (KBr) of compound 8.
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Figure $33. 'H NMR (300 MHz, DMSO-,) spectrum of compound 9.
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Figure 2. Selected HMBC (H—C) and *H-'H correlation spectroscopy
(COSY) (=) correlations of 1.
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Aable 2. Simulated results for the release profile according to mathematical models

Potential [V
Model 0 [
3 = 3 = 3 =

Zero-order o7 0.9957 145 0.9928 155 0.9937
Firstorder 313%10° 09728 S8Tx10° 0919 651107 09174
Higuchi 87 0.8802 s 0.8695 273 08783
Korsmeyer-Peppas 1.06 0.9966 100 09890 L6 0.9967
Baker-Lonsdale L6100 0.8805 38x10° 0849 42x10° 08437

k release rate constant. - correlation coefficient.
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Hable 1. "t and " NMR data for compounds 1-3 (@ in ppm, f and 2in CDL00, 31n CDCL,, 100 and 200 MHz)

T P 3
N S ppm 6w /M0 ppm  bc(m) ppm  bu(mJH Ippm  Oc(m)/ppm  Ou(mJ.Ho)/ppm
T 965 s 23
) 1975 1a2s s
) 14495 1205 Laiss
; 13505 1195 275
5 12 1065 L
¢ 10590 626618 10664 a1 10554 653610
, 1385 13465 s
8 131.7d 7.00 (dd, 1H, J 8.8 Hz, 2.4) 131.8d  7.11(dd, 1H,J84Hz, 1.9) 1303d 7.16(d, 1H,J 8.6 Hz)
9 115.7d 674 (dd, 1H, /8.8 Hz, 2.4) 1160d  682(dd, 1H,J84 Hz, 1.9) 1148d 6.86(d, IH,J 8.6 Hz)
10 1571 15775 15555
1 115.7d 674 (dd, 1H, /8.8 Hz, 2.4) 1160d  682(dd, 1H,J84 Hz, 1.9) 1148d 6.86(d, IH,J 8.6 Hz)
12 131.7d 7.00 (dd, 1H, J 8.8 Hz, 2.4) 131.8d  7.11(dd. 1H,J84Hz, 1.9) 1303d 7.16(d, 1H,J 8.6 Hz)
v B8 IU@MICTHACH) 1470 641@IHJI0IHD  2LIC 25920066 HaCl)
r 130.7d 5.44(t, 1H,J6.7Hz) 12444 548(d. 1H,J10.1 Hz) 330t L72(t,2H,J 6.6 Hz, CH,)
v 13465 68 475
4 TS5t 4.33 (s, 3H, CHy 690t 4.27(d, 1H,J 11.5 Hz, CHy) 267q 1.39(s, 3H, CH,)
14 107 15 s i)
1404 196ICH)  Bag L 27q 1395, 31, CH)
SeSq  ATGIMOCH)  SeSq  3SSGIHOCH)  Selg  3866.3H0CH)

1m9s 1265
208q 1.9 (s, 3H, COCH,) 207q 2.00(s, 3H, COCH,)
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fable 1. Temperature program of EIAAS lfor determination of Cr™

Step Tempersture /°C time /s AEOn 0w e/
(L min®)
Dry 85 5 3
Dry 95 40 3
Dry 120 10 3
Ashing 1000 3
Ashing 1000 0
Atomization 2600 32 0
Cleaning 2600 2 3
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Figure $36. Infrared spectrum (KBr) of compound 9.
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Figure 1. New biphenyls from Garcinia multifiora.
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Figure 4 (2 Influence of pH and (b)solvent composition (H,Oracetonitile)
on the adsorption of ciprofloxacin on different polymers.
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Figure $23. “C NMR spectrum (100.6 MHz, CDCL) of 6b.
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Figure $22. "H NMR spectrum (4001 MHz, CDCL) of 6b.
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‘able 2. Vanability in the synthesis of /-chloroquinoline-1,2,3-tnazoyl-4-carboxilates 5*
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“Reactions were performed using 4-azido-T chloroquinoline 1 (03 mmol), p-keto-esters 2a-1 (03 mmol) and pyrrolidine (10 mol%) in DMSO (03 mL)
as solvent a oom temperature for 24 hours under air atmosphere; "yields are given for isolated products; obtained 25 a 10:1 mixture of regioisomers;
“reactions were performed in 48 h.
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Hable 5. Ciprofloxacin adsorption isotherm parameters for different molecularly imprinted polymer (MIF)
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“Langmuir; *Freundlich; <Langmuir-Freundlich; ‘Redlich-Peterson; “Toth; Dubinin-Raduskevich; Temkin; acrylic acid, ‘acrylamide; 1-vinylimidazole;
‘adsorbate-adsorbent affnity; ‘maximum adsorption capacity; =heterogeneity of binding sites; “mean square of residuals. Resulls are expressed as mean
value = standard deviation based on three replicates (n = 3).






OPS/images/a21img34.png
R, N

Figure $25. HRMS spectrum of 3d.
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Figure 5. Influence of contact time on the adsorption profile of

ciprofloxacin on molecularly imprinted polymer (MIP).
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Figure 6. Experimental isotherms of molecularly imprinted polymer
(MIP) synthesized with different monomers: acrylic acid (A, acrylamide
(ACL) and I-vinylimidazole (1-VN).
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Figure $24. HRMS spectrum of 3¢.
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Figure 1. Biologically important quinolines.
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Figure 2. Results of the free energy of association of the semi-empirical
quantum chemistey method for ciprofloxacin (CIP) and interfering
o ecnles
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Figure $20. 'H NMR spectrum (400.1 MHz, CDCL) of 6a.
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‘able 5. ICx and MIC values of complexes 1-3, free igands and reference drugs, measured in 1.0% DMS0 solutions

[ TR S
Complex MDAMB231 1929 MIC/ (mg mL*) MIC/ (uM mL?) [Carmic
1 0532041 03203 i s [

2 0352017 450201 156 16 51
3 026141 530227 2 29 183
Dope >20 >200 625 >80 525
Derp >20 >200 500 > 121 17
Dopt >20 >200 >50 >0 522
Bipy >20 >200 257 1601 12
Hpym >20 >200 25 s 09
Cisplain 2442020 0142019 NM NM. NM.
tsoniarid NAL NM. 003 02 -
Cycloseine NAL NM. 125500 12249 -

ICs;: drug concentration at which SO0% of the cells are viable relative 10 the control; H37Rv: M. tuberculosis strain; SI: slectivity index calculated by
dividing IC., for the mouse cells by the MIC for the pathogen: MIC: minimal inhibitory concentration: N.M.: not measured.
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5C NMR spectrum (100.6 MHz, CDCL) of S¢.

Figure S19.
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ire 3. Scanning electron microscopy (SEM) images of molecularly imprinted polymer (MIP) and non-imprinted

solymer (NIP).
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Scheme 1. General scheme of the reaction.
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Aable 2. Specihic surface area of the polymers

poymer ‘Specific surface area / (m*
AAT(M4)ACL*(M5) LVN* (M16)

Molecularly imprinted polymer 3922 3825 3809

Non-imprinted polymer 331 304 313

*Acrylic acid: "acrylamide: <1-vinylimidazole.
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Figure S21. “C NMR spectrum (100.6 MHz, CDCL.) of 6a.
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Hable 3. Selected bond distances and bond angles of complexes 1-3.

Complex 1 2 3
Bond distance / A

Ru-P(1) 2288811 229319 23413(10)
Ru-P(2) 2206310)  22981018)  23308(10)
Ru-N(I) 2119¢) 212265 21290)
Ru-NG) 21094) 21136) 21270
Ru-N4) 2123 2136(5) 21020)
Ru-S(1) 2407411 24026(18)  24165(10)
S(-C() 174365 17207) 1731
Fe-C (average) - - 20414
Bond angle / degree.

NG-RuND)  8963(11) 9022) 89.63(11)
NG-RuN@)  T658(12) 30 765812)
NO-RuN@)  8469(11) 8400) 8469(11)
NG-RuPQ)  104078) 1007316 104078)
NO-RuPQ) 92329 93.48(15) 923209
N@-RuPQ)  1T6958)  1768215)  17695()
NG-RuP()  10L0KE)  1081705)  10L0IS)
NO-RuP()  165869)  16046(16)  165869)
N@-RuP(I)  S8TIE) 93.26(15) 8871(8)
NG-RuS() 1S5278)  15698(15)  155278)
POI-Ru-S() 8676(4) 87726 8676(4)
P(1)-Ru-S(1) 10029(3) 93.107) 100.293)
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Figure $16. “C NMR spectrum (100.6 MHz, CDCL.) of Sa.
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Figure S8. "C NMR spectrum (100 MHz. CD.CL) of A..
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fable 2. Crystal data and rehinement parameters for complexes 1-3

Complex 1 2 3
Empirica formula [CHNPSRul PF, [CLHNPSRUPEJACH,0)  CLH,NPSFeRuIPF,Y(CH.OH)
Formula weight 91176 %6285 108374
Crystal system orthorhombic orthorhombic monoclinic
Space group P22, Poaa e
Unit cel dimensions / A 11.9615(1) a= 18.5805(1) 2=33.43156)
1527420 b=203401015) b=175844(5)
2147863) €=21919019) ©=2092256)
B=1235010°
Volume  A° 3924198) 828789) 10256.55)
z 4 s 8
Density calculaed)/ (mg m*) 1563 1543 Lo
Absorption coeficient/ mm 0630 0611 o7
F000) 1848 3028 439
Crystalsize / 027%016x0.12 022%020%003 043031026
6 Range / degree 314102673 20410250 292102649
Index ranges JIs<hsis _18<h<21 41<hg30
—195k<19 23ck<n nck<n
sisy 23212 6515%
Reflcctions collected 20335 e 35825
Independent reflection 8300 [RGn) = 0.0332] 7049 [R(in0) = 009951 10459 [Rein0) = 0.0877]
Completeness 108/ % %4 985 084
Masimum and miimum transmission 0933 40 0872 0979104 0,886 0843 and 0721
Data/ restrint/ parameter 8300/0/552 7049/0/530 10459/1/598
s 1047 1055 1006
Final R indices [1> 26()] RI=00321 RI=00669 RI=00574
WR2=0.0795 WR2=0.149
Rindices al data) RI=00423 RI=00853
WR2=0.0842 WR2=0.1695 1684
P 30 P/ (€ A2) 0383 and 0437 0.503 and 0,696 0809 and 1397

Z: number of formula units per cell; F(000): zero-order structure factor: S: goodness-of-fit on F2: p__ and p: largest diff. peak and hole.
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Figure S15. 'H NMR spectrum (400.1 MHz, CDCL) of 5a.
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Afable 3. Samples analyzed by the proficiency tests performed to evaluate the method's accuracy for enrofloxacin and ciprofloxacin.

Specic Tissue ‘Sample Analyte Lab's esults / (up ) Assigned value / (ug g”) Zscore
ar 0.02420002 0021 065
XP1343
ENR 000020003 0.000 000
ar 002820002 0025 055
XP1344
ENR 001920003 0017 053
Veal liver
ar 001420002 0016 057
XP134s
ENR 003420003 0034 000
ar 0.00020.002 0.000 0.00
XPI346
ENR 0,000 0003 0.000 000
XPI419 ENR 0.00020.003 0.000 0.00
XP1420 ENR 0.000£0.003 0.000 000
Equine. kidney
xp1a21 ENR 004220003 0042 000
XP1422 ENR 001620003 0015 030

CIP: ciprofloxacin: ENR: enrofloxacin: n = 2.
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Aable 4. Data from electronic spectra of complexes 1-3 in dichloromethane

D MLCT
Complex

e/ 0 (€ (mol? Lem?) e/ o (€ (ol Lem?))
[Ru(Spym)bipy)(dppe) PF (1) 292 (32570) 410 (4665)
[Ru(Spym(ipy)(dpppIPF @) 20032613 00
[Ru(Spym)(bipy)(dppDIPF, 3) 29220479 416 3841)

IL: intraligand transition: MLCT: metal-

ligand charge transfer transition: A_: wavelength of maximum absorption: £: molar absorption coefficient.
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Figure S18. 'H NMR spectrum (400.1 MHz, CDCL) of Sc.
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Figure 3. Crystal slf-assembly of the complex 3 viewed along the c-axi,
showing the hydrophobic channel.
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Figure $17. “C NMR spectrum (100.6 MHz, CDCL,) of 5b.
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fable 1. Upumization of the reaction conditions™

Tsolated yield

ety Calyst/molfi  Temperature/°C oyl V!

T EGNH (10) 0 7

2 Leproline (10 k] 57

3 pyrroidine (10) k] 93

4 piperidine (10) k] 57

5 ELN(10) k] El

& - 0 18

* pyrroidine (10) k] 89

8 pyrrolidine (10) 50 89

9 pyrroidine (10) o %0

10 pymolidine (5) o s
pymolidine (1) o 3

12 pyrroidine (10) o 50

IE] pyrroidine (10) o 57

14 pyrolidine (10) o traces.

“The reactions were performed using 4-azido-7-chloroquinoline 1
(03 mmol) and ethyl acetoacetate 2a (0.3 mmol), using DMSO as
solvent (03 mL) under air atmosphere for 24 h; *ields are given for
isolated products; the reactions were performed in 48 h: “he reaction
was performed using 0.6 mL of DMSO: “the reaction was performed
in PEG-400 (03 mL); the reaction was performed in EOH (0.3 mL);
“the reaction was performed in glycerol (0.3 mL): r.: room temperature.
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Figure S6. "C NMR spectrum (75 MHz, CDCL) of compound 3c.
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Scheme 1. Chemical structures of thenium(l) polypyridyl compounds.
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‘able . Iron and zinc levels (n = 3), in hair samples from pre-adolescent,
mensiruating ifls in schools n the state of Minas Gerais, Brazil

Iron Zinc
Sample  Concentration/ ~ RSD  Concentration/  RSD

(eg? @=3) (eg? =3
1 58 167 1794 213
2 250 266 1888 L10
3 194 084 1607 160
s 158 156 1759 050
5 29 153 1867 ol6
6 23 211 1803 112
7 162 064 172 210
8 22 123 1759 216
9 27 174 1810 094
10 195 147 1912 177
1 181 075 175 129
1 22 174 1647 308
13 199 159 1521 058
14 139 207 1302 120
15 182 180 1206 098
16 199 158 1471 0s7
17 BN 250 1691 258
18 152 206 1756 037
19 182 086 1760 126
) 150 056 1880 376

RSD: relative standard deviation.
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Jable S2 Antibactenal activity (MIC and MBC in pg mL") for limonin (), imonin derivatives Sa-o, limonin-/-oxime (4), limonin-/-oxime denvatives
Sa-c and 1.2, 3-siazolyl limonins 6a and 6b

‘Gram.positive bacteria MIC and MBC/ (g mL")
Siaphylococcus  Bacillas Bacills Enterococcus Enterobacter. Tisteria Tisteria
aureus. subiilis cereus spp. aerogenes innocus____monocytogenes
MIC__MBC _MIC_MBC _MIC_MBC _MIC MBC _MIC MBC _MIC _MBC _MIC _MBC

Compounds
and controls

T 200 >200 100 5200 200 >20 200 >20 20 >20 100 >200 235 >200
3 200 200 NTONT 200 >200 200 >200 20 >200 100 20 100 >200
3 520 - NT NT 200 >200 >200 - 3200 - 100 >200 50 >200
3 50 100 100 100 S0 S S 100 S0 100 S0 >200 25 200
3 50 50 S0 >20 S0 >200 S0 >200 100 >200 S0 >200 100 >200
% 200 200 NTONT 200 >200 200 >200 20 200 100 >200 100 >200
3 200 >200 NTONT 200 >20 20 200 200 >20 100 >20 S0 200
3 S0 >200 100 200 S0 200 S0 >200 100 >200 25 200 25 >200
3n 520 - NTNT >200 - 200 >200 200 - 100 200 50 >200
3 200 200 NTONT 200 200 200 200 >20 - 100 20 S0 >200
3 200 >200 NTONT 200 >200 200 >200 20 200 100 20 S0 >200
3k 100 100 100 100 100 100 100 100 S0 S0 S0 200 25 >0
3 200 200 NTONT 200 >200 200 >200 20 200 100 200 S0 >200
3m S0 100 100 200 S0 200 S0 200 100 >200 S0 200 S0 >200
3n 200 200 NTONT 200 >200 200 >20 20 200 S0 200 S0 >200
30 200 200 NTONT 200 >20 20 >20 200 >20 S0 200 S0 200
n S0 100 100 200 S0 200 S0 >200 100 >200 100 20 S0 >200
sa S0 >200 100 200 S0 200 S0 200 100 200 S0 200 25 200
sb S0 >200 100 200 S0 200 S0 200 100 >200 S0 200 S0 >200
s 100 520 >200 - 100 >200 S0 >200 200 200 100 >200 25 >0
6 S0 100 100 200 S0 >200 S0 >200 00 200 S0 200 25 200
&b S0 100 100 200 S0 200 S0 20 100 >200 S0 200 25 >200

Ampicillin 077 0 07 50 50 50 25 50 50 50 125 S0 125 S0
Azibomyin 077 S0 077 077 155 155 155 62 125 125 31 62 31 62
Levofloxacin 070707 0T _07__0W 07 07 07 07 07 07 071 071

‘Gram-negative bacteria MIC and MBC/ (ug mL")
Tschericia _ Enierobacter  Burkholderia  Pseudomonas  Shigella Salmonella  Morganella
coli cloacae cepacia aeruginosa sonnei ophimarium ___morganii

MIC__MBC _MIC_MBC _MIC _MBC _MIC _MBC _MIC MBC _MIC _MBC__MIC _MBC
W0 200 >0 - >0 - 100 >20 20 200 200 >200 100 >200
200 200 200 200 200 >200 200 200 200 >200 200 >200 100 >200

>200 520 - 200 - 200 >0 20 - >200 - >0 -

00 100 50 100
S0 >200 100 >200
W0 >0 W >200

500 23 50 50 S0
0050 100 50 >200
w0 -

0w 50 100

520 100 >200

ggee
§
5

T
3
3
3 50
3 50
3 200
3 200 - 200 200 5200 200 >200 3200 - >200 - 100 >200
3 S0 >200 100 200 S0 100 S0 200 S0 >200 S0 200 S0 >200
3n 5200 - >0 - 3200 - 200 >0 200 - 200 - 100 >0
3 5200 - >0 - 200 200 200 >0 200 200 >20 - 100 >200
3 00 200 200 >200 200 >200 100 200 200 >200 200 >0 100 >0
3K S0 100 100 100 100 100 S0 S0 S0 S0 S0 100 S0 100
3 0 200 200 200 200 >200 100 >200 200 200 200 >200 100 >200
3m S0 >200 100 200 S0 S0 S0 100 S0 >20 S0 >200 100 200
3n 00 200 200 >200 200 >200 200 >0 200 >200 >20 - 100 >0
3 0 200 200 200 200 >200 200 >0 200 200 200 >20 100 >200
s 100 5200 100 >200 SO S0 S0 200 S0 200 S0 >200 S0 >200
50 S0 20 50 200 S0 S0 S0 100 S0 >20 S0 200 S0 200
sb S0 200 100 200 S0 S0 S0 100 100 >20 S0 200 S0 200
sc S0 200 100 200 S0 S0 S0 100 00 >20 S0 200 S0 >200
6 S0 200 S0 200 S0 S0 125 >20 S0 >20 S0 >200 S0 200
b S0 200 100 200 S0 S0 S0 100 S0 >20 S0 100 S0 >200
325 0 0 S0 S0 25 50 25 50 07 07 07 62
1SS 31 07 155 155 31 125 25 Al Al 3l 62 Al 62
325 S0 50 35 50 S0 S0 25 007 _07m 07 62

MIC- minimal inhibitory concentration: MBC: minimal bactericidal concentration: NT: not tested..
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Figure S8. "C NMR spectrum (75 MHz, CDCL) of compound 3d.
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Figure S7."H NMR spectrum (300 MHz, CDCL) of compound 3d.
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‘lables of the results of antimicrobial activities in pg mL™

Table S1. Antifungal activity (MIC and MFC in pg mL*) for limonin (1), limonin derivatives 3a-o, limonin-7-oxime (4), imonin-T-oxime derivatives
Sa-c and 1,2 3-trazoly! limonins 6a and 6b.

SaR! =alyl 5bR'= p-BBn,
scR'=

30R = (RICH(CHs)Ph, 3h R 62 R = 1,60 K= Me.

5 R~ 2 biopnanaotht,

Microorganism MIC and MFC / (ug mL")

Candida Candida Candida Candida Croplococcus  Cryplococess
”&;’m! albicans tropicalis krusei parapslosis neoformans gatti
MIC MFC_MIC MFC__MIC _MFC__ MIC _ MRC__ MIC _MEC__MIC _ MFC
1 0 S0 0 10 6 23 s 10 3 50 50 50
N S100 - s0 - 62 S 10 sl0 3 >0 S0 50
» S10 - 10 »10 125 10 100 100 25 00 50 50
% 0 s s s ks s s s 5 5 3
) 0 50 0 w00 23 0 10 sl0 35 5 50 S0
% W 0 0 0 25 0 S 10 RS s 3 S
] W 0 50 0 62 0 s 50 25 s 23 s
% W 10 50 s 62 50 S 10 25 >0 50 50
n S100 - 100 - 15 100 100 100 25 s10 25 10
] 00 >0 10 sl0 125 23 S0 10 125 100 5 50
) 0 0 10 10 62 23 s 10 62 S 25 10
Y s w0 s s 2 s s s 23 23 S 50
] MW >0 100 >0 15 25 s 10 23 s 5 50
m M s100 100 0 23 10 s 10 25 3 50 50
n 0 >0 100 s100 62 25 S0 100 23 S0 5 50
% W >0 10 »10 125 s 0 100 6 S0 5 50
s S0 s0 100 100 50 s 50 10 3 10 35 S0
sa 0 50 50 w00 25 s0 50 10 3 l0 25 S0
b S0 50 50 100 25 »100 50 s10 23 10 35 S0
e S 10 100 100 25 s100 S0 s10 23 10 50 S0
G 0 50 s w0 25 s100 50 10 3 10 35 S0
& S0 50 50 s100 25 »100 S0 10 3 10 25 S0
Nystatin o 3 1 a1 om  om  om 1 18 31 31 3l

MIC: minimal inhibitory concentration: MFC: minimal fungicidal concentration.
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Figure 83."H NMR spectrum (300 MHz. CDCL) of compound 3b.
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Aable 3. Analytical parameters of ment

Parameter Iron Zin
3 0998 09992
Charactristic mass*/ pg 58206 96208
LOD (serum) / (g 1) 07 0s
LOD (hai)/ (ug ke) 03 o1
LOQ (serum) / (g L) 23 17
LOQ (hain /(g ke') 10 03
Precision’ (RSD, n=3)/ % <12 <08

Accuracy of Trace Elements Serum L-1¢/ 140202 172020032
(mg L)

Accuracy of trace clements in human hair 1
IAEA-086¢/ (mg kg')

18 Mas

“Recommended values: Fe = 5.0 pg and Za = 10.0 pg: “concentration
of 1.9/ mg L of Fe and 7.7 mg L of Zn; certifed serum values:
14:£0.1 mg L for Fe and 1742.2 82 g L for Zn:certified air values:
123 2 13 mg kg for Fe and 167 2 8 m kg for Zo. £ cocfficient of
determination: LOD: limit of detection; LOQ: lmit of quantifcation;
RS relative standand deviation
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Figure S31. HRMS spectrum of 4.
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Figure S2. "C NMR spectrum (75 MHz. CDCL) of compound 3a.
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Figure 2. Absorption signal for 16 ng of Fe in hair sample using Nb
(500 pg) as permanent modifier.





OPS/images/a21img39.png
- b,

I T

Figure $30. HRMS spectrum of 3n.
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Figure S5.'H NMR spectrum (300 MHz. CDCL) of compound 3c.
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Figure S4. "C NMR spectrum (75 MHz. CDCL) of compound 3b.
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Aable 4. lron and zinc levels (n = 3), in serum from pre-adolescent,
menstruating girlsin schools n the state of Minas Gerais, Brazil

Iron Zinc
Sample  Concentration/ ~ RSD  Concentration/ ~ RSD
(mg LY (=3 (mgLY) =3

1 132 005 691 030
2 136 009 690 012
3 124 002 28 o015
s 131 003 275 02
5 066 006 1 033
6 070 004 717 018
7 096 010 784 040
8 108 008 768 080
9 080 006 629 006
196 012 661 008

188 L 665 009

153 009 69 021

13 157 041 699 018
14 106 013 795 038
15 L12 ost 808 023
16 109 092 650 006
17 098 03 690 o015
18 L6 ol6 650 on
1 12 018 652 016
) 153 066 683 012
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Figure 3. Effect of compounds 3a and 3k on nitric oxide (NO) radical
scavenging assay. Data are reported as the mean (s) = standard error of
the mean (S.E.M.) of 34 independent experiments performed in duplicate
and expressed as percentage (%) of inhibition. (+4) denotes p < 0.01 as
compared t0 induced (sample only with inductor of oxidative damage -
SNP) (One-way ANOVA / Newman-Keuls).
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Aable 1. femperature program for treatment of graphite tubes with
permanent modifiers
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Figure $27. HRMS spectrum of 3.
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Figure 2. Efect of compounds 3a and 3k on lpid peroxidation levels
induced by sodium nitcoprusside (SNP)inrat lve. Data ar reporcd as
the mean (5 = standard eror of the mean (S.E:M) of 34 independent
experiments performed in duplicat and expressed a percentage (%) of
induced. (+) denotes p < 0.05 and (+¥) denotes p< .01 25 compared to
induced (sampl with inductor of oxidtive damage - SNP) (Onc-way
ANOVA / Newman.-Keuls).





OPS/images/a15img14.png
Aable 4. Selectivity parameters obtained lor the polymers

Polymer O/(mgl”) @/ (umolg’) K!/(mLg) o I s
ar 84 42 166.73
M 641 P 217
AMX® 164 13 259
555
ap 122 28 7696
NIP 116 AMX¢ 039
AMX¢ 129 26 6651
ar o1 39 14415
MR 652 P 1
NAL® 169 L1 210
542
ar 7 29 Bl
NIP 1203 NAL® 032
NAL® 126 26 6990
ar 93 39 13825
M 713 P 214
o 174 09 17.90 o
ar 130 25 658
NIP 0705 e 02
[y 19 29 8125
ar 99 36 12197
MR 1355 P 103
NOR: 14 E %001 .
ar 100 36 11865
NIP 1032 NOR: 078
NOR: 102 35 11499
ar 89 39 14681
M 8252 P 204
e 174 09 1779
16
ar 129 25 655
NIP 1082 oL 029
e 133 24 6036
ap 79 43 180,68
MIP 7750 e 273
uRC 167 12 531 o
ar 129 26 6608
NIP 0844 URC 030
uRC 121 289 7831

“Molecularly imprinted polymer; *non-imprinted polymer; ciprofloxacin; ‘amoxicilin; ‘naldixic acid; ‘chloramphenicol; *norfloxacin; ™etracycline
hydrochloride; uric acid; inal concentration of compounds i the supernatant concentration; concentration of compounds per gram of polymer; dsorbate
partition coefficient; "separation factor: “imprinting factor: “specific selectivity factor.
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Figure $26. HRMS spectrum of 3i.
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Figure S1. 'H NMR spectrum (300 MHz, CDCL) of compound 3a.
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Figure 1. Absorption signal for 1.7 pg of Fe in serum sample using Zr
(500 pg) as the permanent modifier.
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Figure $29. HRMS spectrum of 3m.
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Figure 4. Effect of compounds 3a and 3k on (a) 22-diphenyl-I-
picrylhydrazyl (DPPH) radical scavenging: (b) 22-azinobis-3-
ethylbenzothiazoline-6-sulfonic acid (ABTS) radical scavenging and
(¢) ferric reducing antioxidant power (FRAP) assays. Data are reported
as the mean (s) = standard error of the mean (S.EM.) of 34 independent
experiments performed in duplicate and expressed as % of control (DPPH
and ABTS) and absorbance at 593 nm (FRAP) (One-way ANOVA /
Newman-Keuls).
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fable 2. Temperature program lor the determination of Fe and Zn in serum and hair samples by GF AAS

Step Temperature / °C Ramp /s Hold /s ‘A flow rat / (L min)
Dry 100 5 Y 20
Dry 140 15 15 20
Pyrolysis 14002700 1000 800+ 10 i 20
Atomization 2500 16002 2400 1600¢ 0 5 0 (read)
Clean 2600 ! s 250

*Fe in serum: "Zn in serum: “Fe in hair: °Zn in hair.
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Figure S17. "H NMR spectrum (300 MHz, CDCL,) of compound 3.
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{able 5. Chemical potential (), chemical hardness (n), and electrophilicity index () of Cu,

LANLIDZ" QZYIAQZY QZP-DKHIAQZP-DKH" Experimental
WiV nieV eV uieV nieV_wleV u/eV_nieV_wleV _ uieV n/ev. wleV

Cu 41673 3526 24636 44504 33798 29302 45989 34481 30669 —44795=00050 32445200050 30923 =0.0068
Co, 41948 38748 24393 43042 35373 26188 ~44444 36154 27317 —43701=00061 3534100061 27019200071
32671 25030 21322 33051 24998 21850 34065 25459 22790 4085000412 171000412 48651 =0.1359
3411 26272 28079 39441 26161 29732 ~40743 26722 31060 4300007517 28500207517 32439= 11727
38585 23034 32318 39516 23019 33919 —40841 23398 35644 4120001118 2150001118 3893202404
39824 30749 25789 ~40757 30216 27487 ~41767 30650 28458 4555007517 2595007517 39977+ 14871
37728 21951 32422 38273 2195 33357 39489 22213 35101 4130001118 1970001118 4329202964
38748 27605 27195 39603 26952 29095 ~40538 27300 30099 4360007517 2790007517 3406712379
“BIPWO1 results from reference 10: *his work (B3PWO1), all-clectron basis set from references 22 and 25; this work (DKH2-B3PWO1), all-clectron
basis set from references 24 and 25: 1 chemical potential: n: chemical hardness: o electrophilicity index.

Cluster

CR
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Table 2. The percentage of a-helix structure of BSA in the presence of
Jac-[Re(CO)(NN)(py)] complexes (BSA:complex)

JacARe(COLNNpy)I [ L10/%
phen 50 2
phphen a8 El
Clphen % w0

phen: 1.10-phenantheolne: ph.phen: 4.7-diphenyl-110-phenanthroline:
Clphen: 4. 7-dichloro-1.10-phenanthroline.





OPS/images/a07img25.png
w55 =
[ B
sore =
oo -
s
. )
Ein =tz =
~FE
e =
)
[
RE
H
H
o
wm—\
vez e
w0 —
e —
soue % ~
B\
oo — -
o =
jreo-
o =
s —— -

T
200
opm )

Figure $16. “C NMR spectrum (75 MHz, CDCL) of compound 3h.
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{able 4. Vertical iomization potentials (1) and electron afhnities (EA) of the fully opimized structures of copper clusters Cu,

Choser LANLIDZ: QZF___AQZP__QZPDKH'__AQZP-DKH' Experimental
/v EA/eV  IP/eV  EA/Y  TP/ev. EA/eV. P/ EAT/eV
Cu T 0em 7802 10707 S0470 11508 T8 123520005
Co, TR0 05880 T84S 07670 80598 0829 TOMIS 00008 083620006
Cu, STI0 07641 S8M9 08054 59523 08606 5802004 2372001
Cu 64682 12139 65602 13280 67465 Lot 7152075 1452005
cu, 61618 15551 62535 16497 64239 17443 63201 1942005
Cuc T0ST3 09075 709 10541 12016 L7 7152075 1962005
Cu, 5918 ISTT 6029 16316 61702 17275 612005 216201
Co, 66353 LI 66555 12650 67838 13239 7152075 1572005

“B3PWOI results from reference 10 “this work (B3PW9I), allclectron basis set from reference 22; <this work (B3PWO1), alelectron basis set from
reference 25; this work (DKH2-B3PW91), all-electron basis set rom reference 24; <this work (DKH2-B3PWOI), all-electron basis set from references
24 and 25; ‘reference 3: *reference 5: “reference 4: 'reference 2: IP: jonization potentials; EA: electron affinities.
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Figure 5. Circular dichroism spectra of BSA in the presence and the

absence of fac-[Re(CO),(phphen)py)l*. [BSA] = 1 x 10 mol L+ and

[complex] = 1 x 10 mol L-* and 1 % 10-* mol L-
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Figure $19. "H NMR spectrum (300 MHz, CDCL) of compound 3j.
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Figure 1. Structures of dihydrobenzofuran neolignans 2a and 2b.
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Figure $2. Changes in emission spectra of fac-[Re(CO)(Clphen)py)I
(3% 10 mol L") a5  function of BSA additon (0 5) 10 mol L-"
.= 350 nm at room temperature.
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Figure S18. “C NMR spectrum (75 MHz, CDCL) of compound 3i.
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Table 6. Static electric mean dipole polanzability (o), mean dipole polanzability per atom (at/n), polanzability anisotropy (Acx), and second hyperpolanzability
@

Cor LANL2DZ TZVP-FIPI AQZP
Glau @h/as  Aafev.  G/aw  @h/av.  Aalsv. G/aw  @i/av.  Aclaw 100xylew
Cu 99 99 00 a0 a0 00 4641 4647 00 627
Cu, 76 391 439 50 3925 Ve T80 3935 4520 8130
Cu, 1384 461 808 13006 453 8996 14101 4700 12195 2105
Cu, 1545 386 1410 15149 IET 12624 15457 3860 13563 2241
Cu, 197.1 304 125 19207 3841 13029 1910 3922 665 WA
Cu 213 369 118 21764 3627 14142 2068 3695 183 31939
Cu, 19 37 65 WAL B30 686 M1 5T 6809 36503
Cu, 2639 30 452 2683 300 4731 26425 3303 429 3

B3PWOI results from refereace 13: "BPS6 results rom reference 6; this work (B3PWOI),all-clecron basis set from reference 25; equalion 7 reduces
0= 350+ 2 eqtion 7 rdUCeS (07 (o + B+ 1 215 static electric mean dipole poarizability: 3/ mean dipole polaizability
per atom: Ad: polarizability anisotropy: 7: second hyperpolarizability.
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Figure S1. Changes in emission spectra of fac-[Re(CO),(phen)(py)l
(3.1 % 10 mol L) as  function of BSA additon (0 — 5) 10 mol L-".
*e = 350 nm at room temperature.
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Hfable 3. HOMO and LUMO energies of the lully optimized structures of copper clusters Cu,

Closer LANL2DZ' Qzv QZP-DKH'

e/ eV e leV —euleV. —eleV —ealeV. elev
Cu 5182 2752 5259 2778 5426 2916
Cu, 549 2112 5609 220 S84 235
Cu, 3976 2501 4007 2735 415 285

4682 2671 4793 2749 4950 2857
Cu. 453 2966 e 308 4788 3157
Cu, 545 2007 5505 2233 5633 2318
Cu, 4418 2080 4484 203 4611 313
Cu, 5008 2375 5136 2504 5249 2626

“B3PWOI results from reference 10; his work (B3PWO1), all-electron basis set from reference 22; <this work (DKH2-B3PW91), all-electron basis set
o o 9
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Figured. Plotoflog[(1,—D)/Tversuslog[BS Al offac-[Re(CO)(phophenXpy)l*.
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fable 1. Calculated values for rhenium(l) complexes titrated with BSA
at room temperature

Jac Re(COLNNIpY_ Ko/ (Lmol) K,/ (Lmol) o

phen 096X 10 SIx10n 094
phaphen 124x10° 13%10° 093
Clphen 420x10 48x10 03

Ky Stern-Volmer constant; K,: binding constant; phen:
1,10-phenanthroline; phophen: 4,7-diphenyl-1,10-phenanthroline;
Clphen: 4. T-dichloro- 1.10-phenanthroline: n: number of binding sites.
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Figure S14. “C NMR spectrum (75 MHz, CDCL) of compound 3g.
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Aable 2. Binding energies of the fully optimized structures of copper clusters Cu,

Cluster LANL2DZ: eV QP QZPDKF eV Experimenta/ eV Experimenta /cV.
Co, 1925 1780 1903 2042017 T8I=014
Co, 3006 2794 3019 3192026 2572027
Cu, sm 4934 5306 5912033 4602081
Cos 7138 6734 723 1762037 6192113
Cu, 9633 9.102 97m2 10322049 7992137
Co, 11852 11365 213 12982066 9042158
Cup 14325 1363 145% 1592075 1202177

“B3PWOI results from reference 10; his work (B3PWO1), all-electron basis set from reference 22; <this work (DKH2-B3PW91), al-electron basis set
from reference 24: “reference 7- “reference 8.
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Figure S13. "H NMR spectrum (300 MHz, CDCL) of compound 3g.
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‘able 1. Opumized bond lengths ry (see Figure 1) for Cu, clusters. The symmetry is given in parentheses

Cluser BPWOULANLIDZ /A BIPWOIDZP A DKH2B3PWOUDZP DR/ A

Cus (D =225 =225 =229

Cu; (C) 112 =2.326; 1,3 = 2.690 2= 2.305; 1, = 2.532 2= 2.278; 1, = 2,485

Cu, (D) £p= 24475, =201 £,=2399:0,=2279 £= 2365 1, =2.057

Cu, (€ 361:1,=2.406: =2341;1,= 230500, = 2367;
07 =238

Cu, (Dz) 1= 2.365; 1,5 = 2425 15 =2.333; 1, = 2.398.

Cu; (Ds) % 1. 2449 12 =2412 13 =2418

Cu, (C)

0= 2491 5y = 2683

24250 =253 =250
“From reference 10, "his work. all-clectron basis set from reference 22 this work. all-clectron basis set from reference 24: fexperimental value 2.2107 A
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Figure S15. "H NMR spectrum (300 MHz, CDCL.) of compound 3h.
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Figure $10. “C NMR spectrum (75 MHz, CDCL) of compound 3e.
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Figure §9. "H NMR spectrum (300 MHz. CDCL) of compound 3e.
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Figure S12. “C NMR spectrum (75 MHz, CDCL) of compound 3f.
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Figure 2. Changes n the emission spectraoffac-[Re(CO),(phphen)py)l
(25% 10 mol L") as a function of BSA adciton (0 — 9) 10 mol L-".
A= 350 nm at room temperature.
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Figure S11. "H NMR spectrum (300 MHz. CDCL) of compound 3f.
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Figure 1. (2) Electonic spectra and (b) normalized emission spectra of

acARE(CO)(NN)py)I, NN =phen (), Clphen () or pphen...)
A
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Figure 3. Currents registered by a platinum microelectrode (r = 12.5 ym)
at 50 ym from substrates modified with pyrrole NIP or pyrrole/phenacetin
MIPin | mol L+ NaNO, solution. Inset: CVs obtained witha GCelectrode
modified with pyrrole/phenacetin MIP in  solution containing | mol L
NaNO,. The electrodes were modified in 0.1 mol L HCIO, in 1:1 (v/)
waterlethanol, and 12.5 mmol L-* pyrrole (NIP); or 0.1 mol L-* HCIO,
in 1:1 (v/v) waterfethanol, 12.5 manol L pyrrole, and 25 mmol L
phenacetin (MIP). The modification potential window was from —0.6 t

8V 50 mV s, and the analysis potential window was from —0.6 o
2V at 50 mV -1






OPS/images/a18img10.png
fable 5. Root mean square (rms) values Irom the comparison of
experimental 'H and °C chemical shifts of compounds 2a and 2b with
those calculated for their cis-(75,8R) and trans-(TR 8R) diastereoisomers

‘Compound 22 Compound 26°

irans cis irans dis
Only 8y 046 049 039 042
Onlyo, 652 691 73 79
bu+ 0. 509 539 81 629

*Calculated in CDCL: "calculated in acetoned,.





OPS/images/a23img03.png
‘able 3. Matnx-eflect, determination coefhcients (R7), limit of detection (LOD), lumit of quantification (LOX) and recovenes for the evaluated compounds

Matrix-matched calibration External calibration
pestcide ® LOD/(pgg) __ LOQ/ (g™ Recovery” Recovery” Maefeet
Bispyribac-sodium 0.9932 0048 0159 10076 82 081
Cyclosulfamuron 09919 o045 0150 0582 172
Cycloxydim 0.9934 0039 0129 10268 133
Clomazone. 09914 0009 0027 o176 Lo7
Bthoxysulfuron 0.9915 0048 0159 0968 3
Fenoxaprop-p-cthyl 0.9900 0048 016 10120 004
Imazapic 0.9918 0048 0156 9820 026
Imazapyr 0.9930 0048 o165 10080 2106 012
Imazethapyr 0.9943 0036 0120 10175 2508 047
Metsulforon-methyl 0.9991 o012 0036 %960 1003 126
Oxadiazon 0.9960 0003 0015 10198 812 065
Thiobencarb 0.9905 0006 0018 10152 1030 148

*LOD and LOQ were determined from the signal to noise ratio, -1 and 10:1, respectively. To obain the results i g . the mass of sample and also the
volume of solvent used i the extraction procedure were considered: 'ecovery values calculated for 3 concentration levels. Results expressed as average:
frecovery values calculated for 4 concentraion levels. Results expressed as average:" ‘results expressed asthe rati between theslopes obtained from the
matrix-matched calibration and external calibration curves: “data obtained from Rebelo ef al.™*
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Figure 2. ificen CVs obtained with a GC electrode moified with the
pyrole NIP in the absence (dashed lines) and presence (sold lines) of
25 mmol L-* phenacetin. The eectrode was modifiedin .1 mol L HCIO,
in 1:1 (vA) waterlethanol with 12.5 mmol L pyrrole. The modification
poteniial window ranged from —0 6o 1 8V at S0mV s, and th analysis
potential window was from —1.0 to 1.8 V at 50 mV s
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Figure 4. Graphics with H plus "C chemical shif (8, + 8, ppm) experimental values vs. calculated values fortrans-(TR 8R) and cis-(7S,8R) diasteroisomers

of neolignans 2a and 2b.
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Aable 2. Perlormance parameters of the method
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“Ten consecutive injections of the intermediate concentration level (prepared by dilution of concentrations corresponding 10 the maximum residue limit
values esablished by ANVISA) ofthe calibration curves; ®obzined by 8 preparations of the intermediate level of the calibration curves and ijected in the
same day; obtained by § new preparations of the intermediate level of the calibration curves injected another day and compared with the results obtained
in the repeatability assay: RSD: relative standard deviation.
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Figure 5. CVs obtained with a GC electrode (2) uncoated and (b) coated
with pyrrole/phenacetin MIP i the sbsence (dashed lines) and presence
(solid lnes) of acetaminophen. The electrode was modified in0.1 mol L
HCIO, 1:1 (v/v) waterlethanol, 12.5 mmol L pyrrole, and 25 mmol L
phenacetin. The modification potential window anged from 0.6 to
18V at S0 mV s, and the analysis potential window was from —1.0 o
18V at SO mV 1.
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Figure 82. ESL-Q-TOF of compound 2a.
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Figare 4. CVs obtained with a GC elctrode (a) uncoated nd (b) coaed
with pyerole/pheaacetin MIP in the absence (dashed lins) and prescace
(ol lnes) of aminopyrine. The clectrode was moifiedin 0.1 mol L
HCIO, 1:1 () waterethanol, 12.5 mml L- pymole, and 25 mmol L
phenacetin. The modification potential window ranged from ~0.6 t

L8Varsomy s
18V at S0 mV s

‘and the analysis potential window was from 1.0 o
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Figure S1. IR spectrum (KBr) of compound 2a.
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Figure 1. Chromatograms obtaincd by liquid chromatography tandern
mass spectrometsy (LCMSIMS) with eectrospray ionizaton (ES) i
posiive fonization and single eaction mnitoring (SRM) me fo the
herbiides, which were valdated using the method by matrix-matched
calibration. QIT and RT correspond to the quantification ion transiton
and retention time, respectively.
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Figure S7. Circular dichroism spectra of BSA in the presence and the

absenc of fac-[Re(CO(phen)(py)l. [BSA] = 1 x 10° mol L and
[complex] = 1 % 104 mol L-* and 1 x 10 mol L.
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Scheme 2. Scheme o the reactions involved in the oxidation of phenacetin (a) 0 ethanol (¢) and N-acetyl-p-benzoquinone imine (NAPQL d) through an
intermediate species (b). The reduction of NAPQI () o acetaminophen (¢) and chemical transformation to p-benzoquinone (h) through two intermediate
species (f and g). Reduction of p-benzoquinone (h) to hydroquinone (i).
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Figure 3. Main nuclear Overhauser effect (NOE) corelations observed
in the nuclear Overhauser effect spectroscopy (NOESY) spectra of
compounds 2a and 2b.
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Aable 1. Tandem mass spectrometry (M5/MS) parameters optimized for each herbicide

reide SR wnston () GBI T T Py Duell
ar o Qar o QT time/ms
Bentazon 2105519910 20005510700 51 13 35 30 B 6 0 0
Bispyibacsodium 43103527500 43L03>41300 21 19 19 50 I8 6 6 10
Cydosulfumuron  42203>26090 4203521800 31 2 31 50 18 6 4 10
Cycloxydim M6I2010 32611518000 3 1725 40 6 6 4 10
Clomazone ULIS>12600 2LIS>12500 36 25 25 70 W4 4 4 10
Ethoxysulfuron 39905526070 39905521800 41 23 39 25 3 4 4 10
Renowproppathyl 3630628000 36306>7710 106 19 79 40 I8 6 4 10
Imazapic M612>2LI0 M612>16300 6 2 39 45 14 4 4 50
Imazapye 21552700 2621536010 41 2 39 65 14 4 4 50
Imazethapye 201258610 2015524500 46 41 20 50 16 4 4 10
Mesulfuronmehyl  38210> 16700 38210514100 31 19 21 55 0B 4 4 10
Oxadiazon 34606530400 3606518490 31 17 ¥ 65 0B 6 4 10
Picloram 2075249 2029751990 31 15 2 65 14 4 4 10
Prwoslfmuon  41501>18200 41S01>8300 31 23 7 45 2 4 4 10
Quinclorae 200516200 23005249 2% 15 48 30 14 6 4 10
Pendimenthalin W00>2119 22005910 2% 15 3 4015 4 4 10
Triclopyr 25709521180 25799514790 4 17 3 30 1 4 4 10
Thiobencarb 25005512600 2905512500 26 21 2 55 14 4 4 10
Sulfamethorasole (IS) _25402>15600 25402>10810 31 19 3 55 14 4 4 10

“Single reaction monitoring; "quantitation ion transition; confirmation ion transition; e-clustering potential;“collsion energy; entrance potential; collsion
cell entrance potential: "collision cell exit potential: internal standard.
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{able 4. 2L NMR data for compound b (400 MHz, acetone-dg)
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“Gradient-selected correlation spectroscopy; "gradient-selected
heteronuclear multiple bond coherence; sgradien.selected heteronuclear
multiple quantum coherence; “nuclear Overhauser effect spectroscopy.
+mean weak conrelation.
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Figure S8. Circular dichroism spectra of BSA in the presence and the
absence of fac-[Re(CO)(Clphen)(py)]. [BSA] = 1 x 104 mol L* and
[complex] = 1 x 10 mol L+ and 1 % 10-* mol L
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Figure 1. (A) CVs obtzined with a GC electrode moified with the pyrrole
phenacetin MIP in the absence (dashed lines, five cycles) and presence
(solid lnes, ffteen cycles) of 25 mmol L-* phenacetin. The solution used
for electrode modification was 0.1 mol L HCIO, 1:1 (v/y) waterfethanl,
12.5 mmol L pyrrole, and 25 mmol L phenacetin. The modification
potential window ranged from —0.6 0 1 8V at SOmV s, and the analysis
potential window was from —1.0t0 1.8 V 2t S0mV s-'. (B) Emphasis on
the voltammograms obtained in the absence of 25 mmol L+ phenacetin
(dashed line), and the (a) first and (b) second voltzmmograms obtained
in the presence of 25 mmol L-' phenacetin.
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Scheme 1. Chemical structures of phenacetin (a), procaine (b), and aminopyrine (c).
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‘able 3. Hland " NMR data assignments for compound Zb (300 MHz,
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Multiplictis assigned on the basis of distortionless cnhancement by
polarization transfer (DEPT) 135 experiments; muliplicites and coupling
constant values measured within 'H-NMR and J-resolved spectra with the
help from "H-'H correlation spectroscopy (COSY) results.
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Figure S21. °C NMR spectrum (expansion) (75 MHz, CDCL.) of compound 3j.
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Figure 2. Expansions of the 'H NMR spectrum of compounds 2a and 2b obtained in CDCl, and acetone-d,.
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Figure $20. “C NMR spectrum (75 MHz, CDCL) of compound 3;.
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Scheme 1. () Ag.0, (CH).CO.CH, 35, £t 20 h (2a: 36% yield; 2b:
3% yield).
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Figure §23. °C NMR spectrum (75 MHz. CDCL) of compound 3k.
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‘able 2. 2L NMR data for compound Za (400 Mz, CDCL,)
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‘Gradient-selected correlation spectroscopy; “gradient-selected
heteronuclear multiple bond coherence; ‘gradient-selected heteronuclear
multiple quantum coherence; “nuclear Overhauser effect spectroscopy.
+mean weak conrelation.
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Figure S6. Plot of log [(F, ~ F) / F] versus log [BSA] of
fac.IRe(CONClphen)py)]-.
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Figure $22. 'H NMR spectrum (300 MHz, CDCL) of compound 3k.
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‘Muliplicities assigned on the basis of distotionless ehancement
by polasizaton transfer (DEPT) 135 experiments; "maltipliciies and
coupling constant values measured within"H NMR and -reslved specta
with the help from "H-'H correlation spectroscopy (COSY) results.





OPS/images/a22img17.png
oz

04

s 64 2 60 58 sa 44
og BSA]

FigureS5. Plotoflog [ (F,— FYF] versuslog [BSA]of fac-[Re(CO)x(phen)py)]*
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Figure 5. Efect of phenyflorone concentrtion o extraction of Cr”
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Figure 4. Effectof sample pHon the extraction of Ce*. Conditions: sample
volume, 40 mL; phenylfivorone concentration, 2.5 x 10*mol L'*; amount
of sorbent, 15 mg: extraction time, 15.0 min; stirrng rat, 1000 rpm;
eluent concentration, 2.0 mol L eluent volume, 350 L. and amount
of Cr". 12 ng.
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table 1. Literature review of the extraction of Cr™ through SLM

Feed Phase Membrane/method Membrane phase Stripphase__ Reference
K.Cr0, PVDF ‘Cyanex 921/Solvesso 100 HN-NH, a7
K.Cr0, HFSLM Aliquat 336/dodecane HNO, 48
K.Cr0, PVC-based SLM Aliquat 336, NPOE/THF. NaCl 9
K.Cr,0, + HCl Millipore GVHPO4700 CYPHOS IL101oluene: NaOH 50
K.Cr0, PIFE membrane Aliquat 336kerosene HNO/NaNO, st
K.Cr0, antifcial neutral networks. Alamine 336 NaOH 52
K.Cr0, bulk liquid membrane  dicyclohexano-18-crown-G/dichloromethane  KOH. 53
K.Cr0, polymer inclusion membrane TOA/ONPPEdichloromethanc NaOH 54
K.Cr0, sLm Alamine 336 NaOH 55
Blectroplating/tannery effluents emulsion liquid membrane  bis-(2-ethylhexyl)-phosphate/kerosene HSO, 56
containing Cr*"

K.Cr0, emulsion liquid membrane Alamine 336/kerosene NaOH 57
K.Cr0, PVDF ‘methylcholatefoluene. HNO, 58
€ from tannery wastewater sLM trioctylamine NaOH 59
K.Cr0, polymer inclusion membrane Aliquat 336fertary amines NaOH 0
KCr0, ‘microporous PYDF. Hostarex A327/cumene NaOH il

PVDF: polyvinylidene fluoride; HFSLM: hollow fiber supported liquid membrane; PVC: polyvinyl chloride; SLM: supported liquid membrane;
NPOE: o-nitrophenyloctyl ether: THF: tetrahydrofuran: PTFE: polytetrafiuoroethylene: TOA: tri-octylamine: ONPPE: o-nitrophenylpentyl ether.
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able 3. Determination and speciation of chromium in real samples (n = 3)

Added/ (ng L") Found” (ng L) Recovery /%
Semple ce [ ce c cer co
0 0 B53a3) N - B
Subterranean water 100 0 14174 - %4 -
0 100 - 1012G5) - 1012
50 150 9%937) 19505 1032 91
0 0 104238 w05@n - -
— 100 0 w303 - 1031 -
0 100 - 163429) - 1029
50 150 153167 w11@n 918 1044
0 0 %8G9 19765 - -
—_— 100 0 1954G36) - 1016 -
0 50 - 9200 - 990
100 50 196839 9848 1030 1002
0 0 184169 1025G7) - -
100 0 Bla@s) - 973 -
Cosplansea water 0 100 - 46610 - 1021
100 50 22969 1502(46) 988 954
0 0 250464 %740 - -
Serum sample. 0 0 29507 120729 955 1050
50 50 W45 1512G5) %0 1030
*Values in parentheses are cocfficient of variation (%): "ND = not detected.
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dable Z. Tolerance himits of foreign 1ons lor the determination of
chromium(V1)

fon ‘Molar rato Gon/C) Recovery'/ %
K 10000 997243
Nat 10000 992235
co 10000 967238
NO;- 10000 987226
cr 10000 985225
S0 10000 99.123.1
A 1400 977238
Mg 1000 979242
Za 1000 1018225
Co 00 085234
ca 400 1015238
Cu o 1032231
AP o 1024238
P o 1081241
N a0 965231

“Average and standard deviation of three independent analysis; "afer
masking by addition of EDTA.
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Figure 1. Structure of PF-Cr¥ complex.
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Aable 10. Recyclabihity of CuCL/AC

Cyclohexane Cyclohexanone. Cyclohexanol
Usage count

conversion / % Yield/ % ‘Selectivity /% Yield/ % Selectvity /%
1 1945 302 6694 an 1913
2 197 1291 6100 364 1889
3 195 1287 6686 361 1875
s 1855 1130 609 a4 1693
5 1801 10.12 56.19 203 1627

Fixed reaction conditions: 5.0 g cyclohexane, 10.0 mL acetonitrile, 0.2 ¢ CuCl/AC. 5.0 mL TBHP, 30 mL min* Os. 2 h. 70 °C.
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Aable 3. Catalytic oxidation on the other substrates

Compound Conversion % ProductYield /%
Methylbenzene 3 benzaldehyde 28,16, phenylcarbinol 33.90
Diphenylmethane 87 benzophenone 8470
acPincae 1000 verbenone 75.40

3-Carene. 1000 3-carene2.5-diketone 61.20

Fixed reaction conditions: 5.0 g reaction material, 10.0 mL acetonitrile, 0.2 g CuCL/AC. 5.0 mL TBHP, 30 mL min* O.. 2 h, 70 °C.
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Figure 2. FTIR specira of (2) MNPs; (b) ionic liquid: (c) MNPs coated
with T
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Figure 4. Reaction mechanism for the oxidation of cyclohexane catalyzed by CuCL/AC.
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Figure 1. Disgram of the luminometer. D; and D; = photodiodes: OA,
OA, and OA, = operational amplifiers OPOT; S, = generated signal
(mV): 1, and I, = radiation beams emanated from the reaction coil;
11 = chemiluminescence reaction coil
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Afable 4. Comparison of analytical charactenistic of the proposed method with some SFL published method for speciation of chromium

Specic Detection echnique __LOD"/ (s L") V% [ Reference
cen FAAS* I <1 5 39
cen FAAS* 23 30 219 50
cen FAAS* 77 - 7 6
cen ETAAS: 00061 61 18 st
ce ETAAS: 0003 40 35 2
cen ETAAS: 019 18 - B
cen ETAAS: 003 20 - 54
ce ETAAS: 0018 10 10 B
cen ETas: 0003 32 n tis work

“Limit of detection (LOD); *coefficient of variation (CV); ‘enhancement factor (EF); #flame atomic absorption spectroscopy (FAAS); “electrothermal
atomic absorption spectrometry (ETAAS).
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Figure 2. Diagram of the flow system module. § = sample or standard
solution; Cs = carrier fluid; R, = hexacyanoferrate(lll) solution;
R,= luminol solution; P, P, P, and P, = solencid mini-pumps; x, ¢
o= joint flow lines machined in acrylic; B = reactor coil of polyethylene
tube, 50 cm long and 0.8 m inner diameter; D, and D,= photodiodes;
Ac=acrylc plate, 2.0 mm thickness and 6.0 mm wide; L1 = luminescent
reactor coil, polyethylene tube, 20 cm long and 0.8 mm inner diameter; S,
and Sc = shielded cables to be connected to the input of the operational
amplifers (see Figure 1); w = waste. T,, T, T, and T, = switching time
diagram of the solenoid mini-pumps P,, P, P.and P,, respectively. St
St and St, = sampling step, luminol inserting step and washing step,
respecively. The shadow surface bencath of the time lines indicales that
corresponding device was switched on.
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Figure 1. Structure of limonin (1).
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Figure 4. Mass transfer diagram of chromium ions.
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Scheme 2. () BiCH,CH.CH.Br, DBU, CH,CL, relux, 3 b (i) NaN,, EtOH/H,0 20°%, reflux, 35 h; ii)) PRCCH or CH,CH(OH)CCH, CuS0, 5H0, Na
ascorbate. reflux. 24 h: (iv) MaOs. CH.Cl.. £t 24 h.
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fable 2. Assayed parameters and selected values

Parameterstudied Range Selected
KFE(CN)] / (mmol L) 0830 20
[NSOH] / (mol L) 00105 03
Sampling cycles (P, + ) 416 10

Luminol inserting cycles (Ps + ) 416

2
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Scheme 1. (i) EXOH, NaCN (aq.). reflux, 30 min: (ii) HNO,, reflux, 2 h: (iii) EtOH, KOH, HINCONH,, reflux, 3 h."*
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Figure 1. Dose-response curves ofthe riazolic compounds against HMPV
(a) compound 8: (b) compound 7.
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Figure 7. Records of the luminometer readout. From left foic acid
standard solution 0.0, 0.1, 0.2, 05, 0.7, 10, 13, 1.7 and 2.0 mg mL
followed of five folic acid samples.
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Figure 2. Variation n C:*" on concentration with e inh (x) stripand (b eed solutions at various concentrations of TOPO (nital €] = 19.2 104 mol L,
[H.0.] = 0.5 mol L. [DPC] = 0.001 mol L. [H,80,] = 1 mol L. [TOPO] = 0.001-0.2 mol L.
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able 1. Cytotoxicity and antiviral activity of the tnazolic compounds /-9

Compound CCf/(ugml") _lahibitionat CCy /% CC./ (ug L) ED/(ueml’)  SE/(CCEDL)
7 500 99 >500 385 > 1987

8 125 65 23605 85589 27

9 500 29 >500 ND ND
Ribavirin' 50 99 >200 168 > 11904

0% cytotoxic concentration; *50% cytotoxic concentration; ©50% cffective dose: “selectivity index: “not determined: ‘standard compound.
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Figure 6. Effectrelted 10 the use of two photodiodes. Records (a) and
(b) correspond to the measurements carried out using two and only one
photodiode, respectively.
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Figure 1. Schematic
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Figure 3. Records of the luminometer readout. Curves (a) and (b) are
signals generated using a blank solution and 3 0.6 mg mL folic acid
solution, respectively.
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Aable 1. Etlect of the oxidizing solution concentration

(KAFe(CNI/ Linear equation (n= 6) ®
(mmol L)

08 y=-149411AFF + 66037 099
10 y=-1T628 [ART + 75209 0986
20 y=-20008[AFF + 1007.70 09%
30 y=-220TIAFE + 114250 059

*Acid folic concentration (mg mL").
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NaOH medium and a 20 mmol L hexacyanoferrate(I1I) solution.
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Aable 4. Results of sample analysis
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“Concentration per pill, determined employing the proposed procedure. Results are average of four consecutive measurements.
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table 3. Perlormance comparison

Parameter Proposed procedure____Reference S Refernce 6 References, Reference26,
Lincar range o or1s [ED 043530 01400
Lincarity () 09% 0999 - 0599 0597
Limit of detecton ose 350 oo 02 -
Detetion photodiode i Py Py fuorimetry
RSDF/% <05 <25 < 26 30
Consumption'/ mg Ki[Fe(CN),] - K{Fe(CN)] [ -

66 e 78 pg 0

uminol uminl 50,

et 708 g 1300}
Sampling e 156 30 30 30 >
Waste®/ mL <09 160 160 10.0 14

“Concentration in mg mL"; ‘concentration in pg mL"; ‘ng mL"; ‘photomultplie; relative standard deviation; reagent consumption per determination;
snumber of determination per hour: "waste generation per determination.
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Figure 3. Varition in Ce* ion concentrationinthe feed and srp soution
a various concentrations of TOPO Gnitial [CF7] = 192 x 10% mol L,
[.0.] = 05 mol L', [DPC] = 0,001 mol L', [H,S0,] = I mol L'
[TOPO] = 0.001-0.2 mol L.
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Figure8 Varationin C¢"ion conceniration with time inhe () feed and (b) strip solution a various concentrations of HLSO), nitial Cr#] = 19.2x 10+ mol L,

[H.0.] = 0.5 mol L, [DPC] = 0.001 mol L, [H,S0,] = 0.5-2 mol L, [TOPO] = 0.1 mol L.
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{able 1. Effect of ptiof the 5F on the competitive transport of the six metal cations across DCM-MPusing 1,1-(1,5-phenylene)bis(-allylthiourea) as a carrier

PH Ag o Cu 7 Co N
s

Receving! /% 854 - - - - -
Membrane? 6 337 o 198 on - -
I mol perb) 178 - - - B B
I

Receving: /% 1797 - - - - -
Membrane? % 1038 052 2 - - -
1/ mol pert) 37 - - - B B
5

Receving! /% 3178 - - - - -
Membrane? 6 2123 152 450 - - -
1/ mol pert) 808 - - - - -
55

Receving: /% 3153 - - - - -
Membrane? % 1502 192 199 0is - -
1/ mol pert) 657 - - - - -
3

Receving! /% 56 - - - - -
Membrane? 6 121 220 252 - - -
1/ mol pert) s - - - B _
6

Receving! /% 1057 - - - - -
Membrane? % uzs 155 159 - - -
1/ mol pert) 408 - - - B _

“Percent o total metal cations in the RP after 24 h; percent of total metal cations in the MP after 24 b <all J (flu rate) values are x 10 “he hyphenated
symbols means that the values are about zero or they are with high uncertainties.
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Figure S3. 'H NMR spectrum (400.1 MHz, CDCL, + CD.OD) of 3a.
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Figure 10.tabilty of SLM, flx s ime iniial [CF]= 19.2x 10* mol L,
[H.0.] = 15 mol L', [DFC] = 0001 mol L, [HS0,] = 1.5 mol L
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Figure S2. "C NMR spectrum (100.6 MHz, CDCL) of 1.
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Figure 9. Variation in Cr" ion concentration with time (initial

19.2x 10* mol L, [H,0;] = 15 mol L, [DPC] = 0.001 mol L,

1.5 mol L. [TOPO] = 0.1 mol L),
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Scheme 1. Synthesis of 1.1°-(1 3-phenylene)bis(-allylthiourea).
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Scheme 2. Reagents and conditions: (i) sodium ascorbate (NaAso),
CulOAC), H.0, THF:H.O (1:D), I-(aridomethy)-bromobenzene or
|-(azidomethyl-methylbenzen, £t.. 10h. Yield: 78% (6a)and 71% (6b).
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Figure 5. Plot of In C/ C, vs. time at 0.1 mol L TOPO concentration.
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Figure S2. Color disgram of the extract with NaOH GCxGC/TOF MS:
(a) bidimensional diagram and (b) tridimensional diagram.
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Figure 3. ORTEP plot of limonin-T-oxime (4).
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Figure 2. The spectrum of ligand solution (1.0 10 mol L") n acetonitile
and increasing concentration of Ag* ion solution (1.0 x 10 mol L),

Absorbance
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Table 4. Antibactenial activity (MIL and MBL in pmol L) for limoain (), fimonin denivatives Ja-a, limonin-/-oxime (€), limonin-/-oxime dervatives
Sa.c and 1.2 3-riazoly imonins 6o and 6

Gram-positive bacteria MIC and MBC/ (ol L)
Staphylococcas Bacillus Bacillus Enterococcus Enterobacter Listeria Listeria
aureus subtlis cereus. sp aerogenes innocua____monocytogenes
MIC _MBC _MIC MBC _MIC MBC _MIC MBC _MIC MBC _MIC _MBC _MIC _MBC

Compounds
and controls

T W5 >4 22 >45 45 45 4B >4 45 >4B 22 4B B 4B
3 346 >M6  NT ONT M6 >36 346 >3M6 346 >3 I3 346 1B >36
3 >3 - NTNT 37 >3 >3 - >R - 168 >3 8 >3
3 2 e 16 16 82 m 82 l6 82 16 8 39 41 >3
3 7T T 310 71 30 TT »30 15 310 77 310 155 >310
3 3 >3 ONTONT 3 38 BE >3 38 B 169 >3 169 >3
3 3 >3 NT ONT 3 38 3§ 388 38 >3 160 >3 84 3%
3 84 >3 169 38 84 >3 84 > 169 >3 4 B 42 >3
3n >36 - NT ONT >M6 - M6 >36 >346 - I3 >3 86 >34
3 3 >3 NTONT 32 >33 3 >3 >3 - 176 35 88 >3%
3 33 >33 ONT ONT M3 >33 343 >33 343 >33 71 >33 86 >343
3K 161 16l 16l 161 161 161 161 161 80 80 80 >32 40 >0
3 39 >3 NT ONT 39 379 379 >309 379 >30 189 39 95 >379
3m 95 190 190 380 95 >380 95  >380 190 38 95 380 95  >380
3n 38 >3 NT ONT I8 38 38 38 38 >3 94 38 04 >3
30 38 >3 NT 388 >33 388 388 38 >38 97 8 97 38
n 103 206 206 >412 103 >412 103 >412 206 412 206 >412 103 >412
50 95 >3 190 380 95 >3 95 30 190 380 95 380 47 >380
sb 76 >305 I3 >305 76 >305 76 >305 I3 »305 76  >305 76 >305
sc 10 >3 >39 - 170 >33 85 >3 339 39 170 >392 >3
6 68 135 135 21 68 >21 68 >0 135 21 68 > 34 201
& 74 M9 M9 207 T4 >207 T4 >207 149 297 T4 >27 3T >207
Ampicillin 22 43 22 43 M3 3 71 43 18 143 36 143 3% 143
Azibomyéin 10 67 10 10 20 20 20 83 167 167 41 83 41 83
Lewfloxscin 21 20 21 21 20 21 21 21 21 21 21 21 21 21
‘Gram-negative bacteria MIC and MBC / (umol L")
Tscherichia _ Enterobacier _ Burkholderia  Pseudomonas _ Shigella Salmonella Morganella
coli cloacae cepacia aeruginosa sonnei ryphimurium morganii
MIC _MBC _MIC MBC _MIC MBC _MIC _MBC _MIC _MBC _MIC _MBC _MIC _MBC
45 435 >4 - 435 - 212 >4 45 45 45 4B 22 >4
346 >3M6 M6 >3 M6 >36 36 M6 346 >3 346 346 I >36
>3 - 37 - 3T - 3T 37 »37 - 31 - 3T -
£ e 8 16 8 R 4 8 82 2 8 16 82l
To»30 U5 30 77 T T U 7 30 7 T 71 »310
3} >3 @ >3 B >3 169 B >3 - B >3 169 >33
ST - 38 B B¢ >3 B >3 >} - >3 - 160 >38
84 >3 169 38 84 169 84 3 B4 >3 84 >3 84 >3
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MIC: minimal inhibitory concentration: MBC: minimal bactericidal concentration: NT: not tested..
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Figure 7. Variation in Cr* ion concentration with time in the (a) feed and (b) strip solutions at various concentrations of Cr* ion (initial

1Ce™] -
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Figure 6. Variation in Cr" ion concentration with ime in the (a) foed and (b)stip solutions at various concentrations of diphenylcarbazide (DPC) (nitial
[Ce™] = 192 x 10* mol L. [H.0.] 1 mol L),
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[fable 3. ldentilication of the phenolic compounds obtained by the extract
with ultrapure water

Phenolc compound Formia_ Areal %
Phenol CGHO 3758
Phenol, C1, isomer 1 GHO 1483
Phenol, C1, isomer 2 GHO 2072
Phenol, C1, isomer 3 CHO, 420
Benzenediol, methory- cho, o
Phenol, C2,isomer | o 0w
Phenol, C2, isomer 2 CHWO 19
Phenol, C2, isomer 3 CHWO 724
Phenol, C2, isomer 4 CHWO 47
Phenol, C2, isomer 5. CHWO 113
Phenol, C3, isomer 2 cHO 03
Phenol, C3. somer 3 cHo 1
Phenol, C3, isomer 4 CHL0 018
Phenol, C3, isomer 5. CHL0 065
Phenol, C3, isomer 6 CHL0 053
Phenol, C3, isomer 7 CHL0 016
Phenol, C3, isomer § CHO 04
Phenol, C3. somer 9 CHO 03
Phenol, C3, isomer 1 CHL0 034
Phenol, C3, isomer 2 CHL0 017
Phenol, C3, isomer 3 CHL0 029
Phenol, methory, C2 GHO, 08
Phenol, dimethoxy- cHo, o4l
Benzenetriol cHO, o0

Phenol, C4 C.H0 010
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{able 2. Distnbution of compounds, number of peaks and their areas in the extract with ultrapure water and { mol L™ NaOF

Number o peaks Percentage of peaks per class /% Awal %
Clas HO NaOH HO NeOH HO NaOH
Acd 10 5 359 280 3 092
Alcohol 3 2 467 L2 261 106
Aldehyde 2 2 o7 L2 091 037
Ketone 56 B 014 1854 1287 815
Ester 3 1 107 056 037 006
Phenol 30 n 1079 045 3021 763
Furanone % 6 935 337 806 209
Hydrocarbon 37 u 1330 1348 213 21
Mixed 5 4 179 225 032 038
Nitto 8 s 126 449 659 171
Nitrogen 38 0 1366 s& 1276 330
Pyranone 10 u 350 618 254 121

Total 278 178 10000 10000 100,00 100.00
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Afable 1. Upumization of the reaction conditions

Solvent Catalyst. ime (80°C)/ min Yield/ %
CH.ON K10 0 &
THE K10 30 &
EOH K10 30 8
14-Dioxane K10 0 55
CH.ON - 0 s
THE - 30 El
EOH - 30 a
14-Dioxane - 0 2

*Yield after chromatography. MW: microwave: THF: tetrahydrofuran.
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Figure S1. Color diagram of the extract with H.0 GCXGC/TOF MS: (@

bidimentional diagram and (b) tridimentional diagram.
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Scheme 1. Reagents and conditions: () hydroxylamine hydrochioride,
pyridine, cthanol,relux, 91%: (i) RBr or RCI, NaH, DMF, 0 °C to .
800,
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Afable 4. ldentihication of the phenolic compounds obtained by the extract with [ mof L~ NaOH

Phenolic compound. Formula__ Areal % Phenolic compound Formula__ Areal %
Indanol CHO 060 Phenol,C3, isomer 6 cHo 6l
Indanol, C1, isomer | CHi0 0.40 Phenol, C3, isomer 7 CHO 278
Indancl, C1 cHO 067 Phenol, C3, isomer § CHO 0ss
Indanol, C1 CuHi0 047 Phenol, C3, isomer 9 CHO 204
Indanol, C1 CHi0 050 Phenol, C3, isomer 10 CHO 062
Indanol, C1 CHi0 0.17 Phenol, C3, isomer 11 CHO 119
Phenol GHO 320 Phenol, C3, isomer 12 CHO 056
Phenol, methoxy, isomer | cho, on Phenol, C3,isomer 13 cHo 0B
Phenol, methoxy, isomer 2 cHO, 002 Phenol, C3-unsaturate, isomer | CHO 031
Phenol, methoxy, C2 cHO, L6 Phenol, C3-unsaturat,isomer 2 cHO 01
Phenol, methoxy, C3 Cano, 004 Phenol, C4,isomer o 12
Phenol, allyl cHoO 00 Phenol, C4, isomer 2 cHO o 0m
Phenol, C1, isomer | CHO 526 Phenol, C4, isomer 3 CuH 0 213
Phenol, C1, isomer 2 chHo 2507 Phenol, C4, isomer 4 CHO 016
Phenol, C1, isomer 3 CHO 092 Phenol, C4, isomer 5. CuHL 0 077
Phenol, C2, isomer | CH0 051 Phenol, C4, isomer 6 CuH 0 047
Phenol, C2, isomer 2 CHO 840 Phenol, C4, isomer 7 cHo  on
Phenol, C2, isomer 3 CH0 0.06 Phenol, C4, isomer 8 CuHL 0 028
Phenol, C2, isomer 4 CHO 108 Phenol, C4, isomer 9 O 0s
Phenol, C2, isomer 5§ CH0 0.03 Phenol, C4, isomer 10 CuH 0 031
Phenol, C2, isomer § o 2m Phenol, C4, isomer 11 CHO s
Phenol, C2, isomer 7 CH0 377 Phenol, C4, isomer 12 CuHL 0 046
Phenol, C3, isomer 1 CHO 06 Phenol, C4, isomer 13 O 013
Phenol, C3, isomer 2 CH0 4.00 Phenol, C4, isomer 14, CuH 0 004
Phenol, C3, isomer 3 CH0 024 Phenol, CS, isomer | CuHL 0 075
Phenol, C3, isomer 4 CH0 077 Phenol, CS, isomer 2 CuHi O 005
Phenol, C3, isomer 5 CHO 594 Phenol, CS, isomer 3 CHO 019
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Figure 2. ORTEP plot of 1 (), derivatives 3a (b) and 3h (c).
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Figure 4. FTIR spectrum of (a) ligand and (b) Ag*ligand complex.
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Figure S1. 'H NMR spectrum (400.1 MHz, CDCL.) of 1.
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Figure S12. “C NMR spectrum (100.6 MHz. CD.OD) of 3L
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Figure 2. The molecular structures of (a) [Ru(Spym)(bipy Hdppe) PF
(b) [Ru(Spym)(bipy}dppp)IPF, and (c) [Ru(Spym)(bipy)(dppDIPF,
The selected atoms are labeled and ellipsoids are drawn at the 30%
probability level.
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Figure S14. “C NMR spectrum (100.6 MHz, CDCL) of 4.
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Aable 2. Statstical evaluation by the least squares method for the extraction of fluoroquinolones (FQs) in poultry muscle and kidney

Parameter Sample Coeficient Pure eror Confdence it
o5t o5%
00 ‘Muscle 737 [ ) 77
Kidney 790 005 769 sl
(1 Extraction phase (L) Muscle 05 005 00 048
Kidney —0n 003 056 030
) Acetic cid /% (1) Muscle 060 005 037 08
Kidney 065 003 052 o7
® Sorbent (1) Muscle 00 005 00 i
Kidney 0 003 030 055
(1 Extraction phase (Q) Muscle 016 008 o8 050
Kidney 015 oo o o
) Aceic cid % Q) Muscle 025 008 059 0w
Kidney 06 oo o2 o
® Sorbent @ Muscle oo 008 o1 036
Kidney o0t oo e o1
ey Muscle 040 008 007 o
Kidney 085 oo —los 06
Oee) Muscle o 008 01 ou
Kidney EE oo —040 003
e Muscle o010 008 e [
Kidney o o0 —on 0o

L linear term of the fitted model: Q: quadratic term of the fitted model.
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Aable 1. Monomers used for semi-empirical quantum chemistry and their

chemical structures.
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Figure S13. 'H NMR spectrum (4001 MHz, CDCL) of 4.
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‘able 1. Analysis of vanance (ANOVA) for the evaluation of the proposed
models ft by the least squares method

Sum of square Degree of freedom
SR Gop-G-y 6 p-1
RS ,-$F-0h-9) © n-p
SSEP (-3 -0 D n-m
S G-30-G-3) _® m-p

SSR: sum of squares due Lo regression; RSS: residual sum of squares;
SSEP: pure error sum of squares; SSLF: lack-of-fit sum of squares;
p: number of model parameters (p= 10);: total numberof assays (n= 15);
m: number of istinct assays (m'= 13); §: predicted value: y: mean value;
t: transposed matrix.
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Figure 8. Effect of the siing speed on the transport efficiency of Ag’
ions. SP: L solution containing (1.0.x 10 mol L") metal caions and
25 10° mol L picic acid at pH 3: MP: 10mLof ligand in DCM at
concentration f 6.0 10-*mol L:"; RP:  mL solution containing thiourea
(5.0 x 10 mol L) at pH 3: stirred for 4 h at different stirring speed.
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Figure S9. 'H NMR spectrum (400.1 MHz, CDCL,) of 3.
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Figure 7. Effctof thiourea concentrationin the RP i the transportof Ag-
ions. SP: 5 mL solution containing (1.0 10°* mol L1 metal cations and
25 % 10 mol L") picri acid at pH 5; MP: 10 mL of ligand in DCM
at a concentration of 6.0 x 10 mol L% RP: 5 mL solution containing
different concentrations of thiourea at pH 3: stirred for 4 h at 400 rpm.
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Figure S8. "C NMR spectrum (100.6 MHz, CDCL + CD,0D) of 3e.
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‘Sable 4. Recovery (%) and relative standard deviation (RSD), %) of real
environmental water samples

Water sample Recovery /% RSD/%
Tap water 023 53
River water 892 85
Ground water 82 48

RSD: relative standard deviation.
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Figure S11. "H NMR spectrum (400.1 MHz, CD.OD ) of 31,
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Scheme 2. Schematic diagram of liquid membrane system for transport
of Ag* jons.
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Figure $10. “C NMR spectrum (100.6 MHz, CDCL) of 3f.
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Figure 5. Effect of ligand concentration in the MP on the transport of Ag*
ions. SP: 5 mL solution containing 1.0  10° mol L of metal cations
at pH 5: MP: 10 mL of ligand in DCM at different concentrations; RP:
S m. solution containing thiourea (5.0  10° mol L) at pH 3; stirred
for 4 h at 400 rpm.
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Figure S5. 'H NMR spectrum (400.1 MHz, CDCL,) of 3b.
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Figure 11. Variation in Cr" ion concentration in the feed and strip

solution vs. time (paint industry waste solution in feed) (initial

20 % 10° mol L, [H,0,] = 1.5 mol L, [DPC] = 0.001 mol L,
5 mol L, [TOPO] = 0.1 mol L),
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fable 2. Data for six metal cations compelitive Lransport across organic solvents as ME with ligand

Solvent A e - Zo o N
cHCl,

Receiving!/ % 2504 - 123 - - -
Membrane? /% 1759 195 650 - - -
1/ (mol perb) 540 - 026 - - -
120CE

Receiving'/ % 1832 023 223 - - -
Membrane? /% 1605 43 750 - 059 078
1/ (@mol pert) 38 005 046 - - -
DeM

Receiving!/ % 3005 - - - - -
Membrane? /% 245 150 420 - - -
1/ (@mol pert) 832 - - - - -
NB

Receiving'/ % 1526 a8 323 - - -
Membrane? /% 221 680 847 - 042 -
1/ (@mol pert) 318 100 067 - - -

“Percent of total metal cations in the RP after 24 h; “percent of total metal cations in the MP after 24 b <all J (flux ate) values are x 10°% “the hyphenated
symbols means that the values are about zero or they are with high uncertainties.
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Figure S4. "C NMR spectrum (100.6 MHz, CDCL, + CD.0D) of 3a.
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Aable 2. Analysis of paint industry wastewater

o e Metal ion concentration/ (mol L)
) Before extraction _ Afterextraction

0 c 245%10° <LoD
2 o 000 <LoD
3 o 321100 258x10°
s u 269%10° <LoD
5 Ma 728% 10 <LoD

T OD: limit of detection.
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Aable 3. Ellect of type of stripping agent on the Ag* transport

Stripping Concentraion/ _Percentage Percentage
: transporiedinto remaining in
sgent  (mollh RPI% SP/%
KSCN ) rx) 28
EDTA o001 13 5621
NasSO, 001 223 53
Thiowrea 001 520 852

NaSO, 001 5325 3751
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Figure S7. 'H NMR spectrum (400.1 MHz, CDCL, + CD.OD) of 3e.
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Figure S3. Variationin Crion concentraion with time inthe irp solution
at various concentrations of H,0, Gnitial [CF*] = 19.2 x 10 mol L,
[H.0.] = 0.5-2 mol L, [DPC] = 0.001 mol L, [H,S0,] = 1.5 mol L.
TOPO] = 0.1 mol L),
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Figure S4. Effect of H.0, cancentration on flux (initial

[C7]= 192 104mol L, [H0,]=05-2 mol L, [DPC=0.001 mol L.
[H:50,1= 15 mol L", [TOPO] =0.1 mol L)
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Figure 6. Effect of picric acid in the SP on the transport fficiency of
Agions. SP: 5 miLsolution containing (1.0 x 10 mol L") metal cations
and different concentrations of picric acid at pH 5: MP: 10 mL of ligand
in DCM at the concentration of 6.0 10 mol L% RP: 5 mL solution
containing thiourea (5.0 x 10~ mol L-*) at pH 3; stirred for 4 h at 400 rpm.
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Figure S6. "C NMR spectrum (100.6 MHz, CDCL) of 3b.
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Effect of nature and of stripping reagent

The stripping reagent plays a vital role in transport
of metal ions from the organic membranc phase to the
stripping phase. Different stripping reagents were used to
study the effects of the strippent on the extraction of Cr*.
The experiments were carried out in sodium hydroxide,
ethylencdiamine and diphenylcarbazide to evaluate the
stripping ability of these reagents. As indicated in Figure S1
is clear that aqueous diphenylearbazide shows relatively
higher extraction percentage as compared to other reagents.

.

Extracion efficiency / %

0

NaOH Enyonedamine
Compounds

Diphenyicartazde.

Figure S1. Effect o various siripping reagents on extraction of Cr".

Effect of H,0; concentration on extraction of G

H,0, was used to convert chromate ions into the
Cr" oxide species, which reacts with TOPO at the feed-
membrane interface and form an unstable complex. This

Interface In the presence of H,50,, which releases
the chromium in the strip solution. Figures S2 and $3
indicate the effect of H.0, concentration on extraction of
chromium ions in the feed and strip phases. The extraction
of chromium ion increased with the increase in the
concentration of H0,, with maximum at 1.5 mol L' and
decreased afierwards. The flux was maximum at the same
concentration (Figure $4). The flux increases gradually
at relatively lower concentration of H,0; and it reaches
maximum at 1.5 mol L beyond which it abruptly drops
off. This decrease in the flux afer the maximum value may
be attributed to the accumulation of Cr¥" oxide species at
the feed-membrane interface, which hampers the extraction
of chromium.

= 0ImIL'HO, —A—1moILHO,

20, —0-05mOL'HO, —v—15malL’HO,

—e—2molL"HO,

o s 100 150

time / min
Figure 2. Varition in Cr ion concentration with timein the feed solution
at various concentrations of H0; (initial [Cr"] = 19.2 x 10* mol L,
[H,0,] = 0.5-2 mol L, [DPC] = 0.001 mol L', [H,S0,] = 1.5 mol L',
[TOPO] = 0.1 mol L),

00 20 300
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Aable 3. Application of proposed methodology for recovery of Ag* from
slver plating and photographic waste solutions
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[M] in SP: metal concentration in source phase.
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Figure S5. 'H NMR spectrum (400 MHz, CDCL) of L..
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Figure S4. "C NMR spectrum (100 MHz, CDCL,) of L,

N-(2,6-Diisopropylphenyl)-2-(perfluorophenyl)
diazenecarboxamide (Lo)

(2.6-DiisopropylphenyDisocyanate (1.50 g: 7.4 mmol)
was added to a solution of pentafluorophenyl hydrazine
(14 g 7.4 mmol) in anhydrous acetonitrile (40 mL).
The mixture was stirred for | h. The white precipitated
is formed. The solvent was evaporated under vacuum
to obtain (2.7 g; 6.7 mmol) of intermediate product
C,F,;NHNHCONH 2,6-iPr,C,H,. Then, crude product was
suspended in a mixture of CH,CL/CH.CH.OH (5:1) and
pyridine (0.53 g: 6.7 mmol). The solution was cooled by
water, and (1.24 g; 6.9 mmol) N-bromosuccinimide was
added dropwise during 5 min with stirring. The solution
changed its color to decp red. The resulting solution is left
stiring for 10 min at room temperature and was washed in
turn with water (2 x 15 mL), then 10% NaOH (10 mL) and
water (2 x 15 mL). The solution was dried over MgSO,
fltered and evaporated under vacuum. The crude product
was dissolved in minimum amounts of methanol and
recristalized and orange solid was washed with cool hexane.
Yield 1.43 g (49%). Anal. caled. for C,,H, FN,0: C, 57.
H. 4.54; N, 10.5; found: C, 57.25; H, 4.08; N, 10.64.

X-ray crystal structure analysis of Ly

Formula C,oH,FN0; M 399.36; orange crystal;
0.20 x 0.13 x 0.07 mm: a 9.0620(4), b 25.6197(9),
© 17.2406(4) A; B 102.693(2)°; V 3905.7(2) A*:
Pu 1358 g cm™; p 1.031 mml; empirical absorption
correction (0.820 < T < 0.931): Z 8; monoclinic: space
group P2/ (No. 14); & 1.54178 A; T 223(2) K: © and
 scans, 31228 reflections collected (h, =k, 1); 6767
independent (R, 0.053) and 5098 observed reflections
1> 20(D); 521 refined parameters: R 0.049; wR 0.128,
max. (min) residual electron density 0.14 (-0.22) ¢ A
the hydrogen atoms at N1A and N1B were refined freely:
others were calculated and refined as riding atoms.

Synthesis of diazenecarboxamide-B(CyFs)s adduct
N,2-Diphenyldiazenecarboxamide-B(C,F), adduct (A,)

A ssolution of B(C;Fy), (0.1 g: 0.13 mmol) in anhydrous
dichloromethane was added to L, (0.05 g; 0.13 mmol)
previously dissolved in anhydrous dichloromethane. The
mixture was stirred for 2 h at room temperature. The
solution was filtered and evaporated to dryness. The solid
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X-ray crystal structure analysis of A,

Formula Cy,H,,BF,N;0; M 737.24; red erystal;
0.18 x 0.12 x 0.04 mm: a 32.4585(8). b 9.2877(2),
¢ 10.5857(6) A; B 93.985(1)°: V 5890.1(3) A%
Peux 1663 g cm™; 1 0.168 mm; empirical absorption
correction (0970 < T < 0.993); Z 8; monoclinic; space

group C2/e (No. 15); 2 0.71073 A; T 223(2) K, ® and
 scans; 32876 reflections collected (<h, =k, +I); 7200
independent (R,, 0.057) and 4676 observed reflections
17> 20(1)): 464 refined parameters: R 0.054; wR? 0.126;
max. (min) residual electron density 021 (-0.19) ¢ A%
the hydrogen atom at N1 was refined freely: others were
calculated and refined as riding atoms.

Figure S7. 'H NMR spectrum (400 MHz, CD.CL) of A .
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Figure S6. "C NMR spectrum (100 MHz, CDCL,) of L.

was washed twice with anhydrous pentanc and dry in  analysis were obiained from dichloromethane/pentane by
vacuum to obtain A, like a red solid in quantitative yield.  the diffusion method. Anal. caled. for Cs,H,,BF,:N0: C.
Single red crystals of A, suitable for X-ray crystal structure ~ 50.50: H. 1.50: N. 5.70: found: C. 50.30: H. 1.56: N, 5.87.
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hexane. Yield 0.63 g (52%). Anal. caled. for C,,H, N,O: C.
73.76;H.749; N, 13.58; found: C, 73.47; H. 7.5 1; N, 13.68.

X-ray crystal structure analysis of L,

Formula C,,HN;0; M 300.40; pale yellow crystal;
033 x 0.17 x 0.03 mm: a 8.2018(2). b 24.6137(5),
¢ 8.9360(3) A; B 100.4002)% V 1720.22(9) A%
Pesx 1195 g cm™; 1 0.075 mm; empirical absorption

correction (0.975 =T = 0.997): Z 4, monoclinic: space
group P2,/n (No. 14): & 0.71073 A: T 223(2) K. © and
 scans; 5367 reflections collected (<h, =k, =1); 3471
independent (R,, 0.042) and 2426 observed reflections
17> 20(D; 216 refined parameters; R 0.073; wR? 0.155;
max. (min) residual electron density 021 (-0.28) ¢ A%
the hydrogen atom at N1 was refined freely: others were
calculated and refined as riding atoms.

Figure S3. 'H NMR spectrum (400 MHz, CDCL) of L.
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Figure 52. "C NMR spectrum (100 MHz, CDC,) of L,

N-(2,6-Dilsopropylphenyl)-2-phenyldiazenecarboxamide
(L)

(2.6-Diisopropylphenyisocyanate (0.79 g: 3.91 mmol)
was added to a solution of phenylhydrazine (0.42 g;
3.91 mmol) in anhydrous acetonitrile (40 mL). The mixture
was stirred for 1 h. The solvent was evaporated under
vacuum to obiain (0.84 g; 2.71 mmol) of white solid product
C,H,NHNHCONH 2,6-iPr.C,H;. Then, crude product was
suspended in a mixture of CH,CL/CH.CH,OH (5:1) and

pyridine (021 g:2.71 mmol). The solution was cooled by
water, and (0.49 g: 2.75 mmol) N-bromosuccinimide was
added dropwise during 5 min with stirring. The solution
changed its color to deep orange. The resulting solution
is left stirring for 10 min at room temperature and was
washed in tun with water (2 x 15 mL), then 10% NaOH
(10mL)and water (2 x 15 mL). The solution was dried over
MgSO,. filtered and evaporated under vacuum. The crude
product was dissolved in minimum amounts of methanol
and recristalized and orange solid was washed with cool
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Figure S10. “C NMR spectrum (100 MHz, CD,CL) of A,

N-(2.6-Dilsopropylpheny)-2-(perfluorophenyl)diazene-
carboxamide-B(C,F); adduct (A;)

Assolution of B(C,F,), (0.06 g: 0.13 mmol) in anhydrous
dichloromethane was added to L; (0.05 g; 0.13 mmol)
previously dissolved in anhydrous dichloromethane. The
mixture was stirred for 2 h at room temperature. The
solution was fltered and evaporated to dryness. The solid
was washed twice with anhydrous pentanc and dry in
vacuum to obtain A, like a red solid in quantitative yield.
Single red crystals of A, suitable for X-ray crystal structure
analysis were obtained from dichloromethanc/pentanc by
the diffusion method. Anal. caled. for C,,H,,BF,N,0: C,
48.76: H. 1.99: N. 4.61: found: C. 49.01: H. 2.15: N. 4.67.

X-ray crystal structure analysis of A,

Formula C,;H,BF,N,0; M 91135; orange crystal;
0.23 x 020 x 0.05 mm: a 21.3600(4), b 18.5923(3),
©20.9253(4) A; B 117.711(1)°% V 7357.0(2) A%
P 1646 g cm; p 0.170 mm'; empirical absorption
correction (0961 < T < 0.991); Z 8; monoclinic; space
group P2/c (No. 14); 2 071073 A: T 223(2) K: © and
 scans; 45360 reflections collected (<h, 2k, =1); 12737
independent (R, 0.057) and 8671 observed reflections
17> 20(D): 1133 refined parameters: R 0.071: wR? 0.178,
max. (min) residual electron density 0.46 (-0.24) ¢ A
the hydrogen atoms at N1A and N1B were refined freely:
others were calculated and refined as ric






OPS/images/a24img21.png
N={<,6-Dlisopropyiphenyl)-2-phenyldiazenecarboxamide-
B(CeFs); adduct (A;)

A solution of B(CF), (0.09 g; 0.17 mmol) in
B(C,E), in anhydrous dichloromethane was added to L,
(0.05 g; 0.17 mmol) previously dissolved in anhydrous
dichloromethane. The mixture was sirred for 2 h at room
temperature. The solution was filtered and evaporated
to dryness. The solid was washed twice with anhydrous
pentanc and dry in vacuum to obtain A, like a red solid
in quantitative yield. Single red crystals of A, suitable
for X-ray crystal structure analysis were obtained from
dichloromethane/pentane by the diffusion method. Anal.
caled. for C;HyBF,;N.0: C, 54.10; 2.82; N, 5.12; found:
C.53.80; 3.00; N, 5.23.

k. J

A-ray crystal structure analysis of A,

Formula C;;H,,BF,N;0; M 821.39; red crystal;
030 x 020 x 0.15 mm; a 10.7352(1), b 17.8758(3),
© 18.2497(3) A: B 9T.113(1)°: V 3475.2(1) A%
Pu 1570 g cm; p 0.151 mml; empirical absorption
correction (0956 < T < 0.977); Z 4; monoclinic; space
group P2,/n (No. 14): & 0.71073 A: T 223(2) K. ® and
 scans, 20532 reflections collected (h, =k, 1); 6016
independent (R,, 0.037) and 4950 observed reflections
11> 20(1)): 522 refined parameters: R 0.045; wR? 0.007:
max. (min) residual electron density 0.18 (~0.18) ¢ A
the hydrogen atom at N1 was refined freely: others were
calculated and refined as riding atoms.

Figure $9. "H NMR spectrum (400 MHz, CD.CL,) of A.,.
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Figure 1. Oxidation of cyclohexone catalyzed by CuCL/AC.
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Figure S11. 'H NMR spectrum (400 MHz, CD.CL) of A,

Figure S12. "C NMR spectrum (100 MHz, CD.CL) of A,

References 2. Wang, Y. L; Wang, X. Y:; Li, J. P; lan, D.; Wang, H.; Synth.
Commun. 1997, 27,1737,
1. Pieters, L; Kosmrlj, J; Lenarsic, R ; Kocevar, M.; Polanc, §:; 3. Hidai, M.; Kashiwagi, T Ikeuchi, T Uchida, Y.; J. Organomet.

Arkivoe 2001, v. 42, Chem. 1971, 30, 279.





OPS/images/a25img06.png
Aable 3. The influence of oxidant to the cyclohexane conversion

[
Oxidant

05 1015 20 30 40
0, 017 025 075 0% 104 108

TBHP 1077 1234 1265 1376 IST3 1612
TBHPIO, 1113 1236 1341 1408 1667 1156

TBHP: fert-butylhydroperoxide. Fixed reaction conditions: 5.0 g
cyclohexane, 10.0 mL acetonitile, 0.2 g CuCl/AC, 3.0 mL TRHP.
30 mL min-! O, 50 °C.
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Aable 2. The influence of catalyst type to the cyclohexane conversion

S Cyclohexanone Cycloheranl
Yield /% Selectivity /% Yield /% Selectivity /%

cuct, 1339 3969 1036 3071

cuci/AC 718 838 206 1961

Fixed reaction conditions: 5.0 g cyclohexane, 10.0 mL acetonitrile, 0.2 ¢ catalyst, 3.0 mL TBHP, 30 mL min-' O.. 8 h. 50 °C.
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Aable 5. Influence of the reaction temperature (0 the oxidation of cyclohexane

Cyclohexanone.
Temperature /°C
Yield /% Selectivity /% Yield/ % Selectivty /%

5 B 5628 218 529
0 663 061 21 216

50 970 6386 360 1867

0 1130 709 339 1817

% 1116 6164 307 1654

Fixed reaction conditions: 5.0 g cyclohexane, 10.0 mL acetonitrile, 0.2 ¢ CuCL/AC. 3.0 mL TBHP, 30 mL min"* O.. 2 h.





OPS/images/a25img07.png
Aable 4. Influence of the reaction time to the oxidation of cyclohexane

it Cyclohexanone Cycloheranl
Yield /% Selectivity /% Yield/ % Selectivity /%

05 595 En 300 2749

10 720 5821 2 2065

20 038 5870 333 250

30 820 5033 278 057

35 830 6066 204 2008

10 7 068 248 1963

Fixed reaction conditions: 5.0 g cyclohexane, 10.0 mL acetonitrile, 0.2 g CuCl/AC, 3.0 mL TBHP, 30 mL min"* O.. 50 °C.
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Figure 2. XRD of AC. CuCl, and CuCL/AC.
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Afablel. Atomic and mass ratio of supporied copper chloride.
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Figure 3. Encrey dispersive X-ray spectrum of supported CuCL.
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Aable 7. Intluence of the type of solvent to the oxidation of cyclohexane

Cyclohexanone Cyclohexanol
Type of solvent / mL.

Yield/% Selectivity /% Yield/ % ‘Selectivity /
Ethanol 747 5947 350 2786
Acetic acid 730 5125 440 3450
Eihyl acetate 650 5349 469 3860
Dimethylsulforide 144 6805 350 08
Acctonitsile: 1302 6151 an 2001
n-Hexane 765 5417 651 255
12 Dichloroethane 61 5195 465 3998

Fixed reaction conditions: 5.0 g reaction material, 10,0 mL solvent, 0.2 g CuCI/AC, 5.0 mL TBHP, 30 mL min-' O.. 2 h, 70 °C.
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Aable 6. Intluence of the amount of TEHF 1o the oxidation of cyclohexane

Cyclohexanone Cycloheranl
Amount of TBHP /L.

Yield /% Selectivity /% Yield/ % Selectivity /%
) o1 %35 059 125
20 250 568 035 13
30 383 sis L7 1501
) 734 g 330 un
50 1302 151 3n 2001
60 825 620 28 1939
70 700 04 207 1957

Fixed reaction conditions: 5.0 g cyclohexane, 10.0 mL acetonitrile, 0.2 g CuCL/AC, 30 mL min-* O.. 2 h, 70 °C.
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Aable 8. Intluence of the amount of solvent to the oxidation of cyclohexane

Cyclohexanone. Cyclohexanol
Amount of solvent / mL.
Yield/% Selectivity /% Yield/ % Selectivty /%

0 750 668 445 EX)

50 841 a6 285 221
100 1302 6151 an 2001
150 890 “n 321 534
00 780 5379 180 1241

Fixed reaction conditions: 5.0 g cyclohexane, 0.2 g CuCL/AC. 5.0 mL TBHP, 30 mL min* O,. 2 h, 70 °C..
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Figure S1. 'H NMR (300 MHz. CDCL) spectrum of compound 3.
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Figure S2. 'H NMR (300 MHz. CDCL) spectrum expansion of compound 3.
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Aable 2. Mechanisms of action of compounds /. § and 9

Vinucidah  Receplor _ Penciration® _Iniracellular®
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*Results in percentage of inhibition.
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Figure S5. Infrared spectrum (KBr) of compound 3.
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Figure S6. 'H NMR (300 MHz, CDCL) spectrum of compound 4.
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Figure §3. "C NMR (75.46 MHz, CDCL) spectrum of compound 3.
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Figure S4. "C NMR (75.46 MHz. CDCL.) spectrum expansion of compound 3.
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Figure §9. Infrared spectrum (KBr) of compound 4.
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Figure S7. 'H NMR (300 MHz, CDCL) spectrum expansion of compound 4.
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Figure S8. "C NMR (75.46 MHz, CDCL) spectrum of compound 4.
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Figure $12. °C NMR (75.46 MHz, DMSO-.) spectrum of compound 1.
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Figure S13. “C NMR (75.46 MHz. DMSO-) spectrum expansion of compound 1.
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Figure $10. 'H NMR (300 MHz, DMSO-,) spectrum of compound 1.
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Figure S11. 'H NMR (300 MHz, DMSO-d,) spectrum expansion of compound 1.
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Figure $16. “C NMR (75.46 MHz, CDCL,) spectrum of compound 5.






OPS/images/a03img22.png
I, -

LV Y

ey

T

el s o

Figure S17. “C NMR (75.46 MHz. CDCL,) spectrum expansion of compound 5.
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Figure S14. Infrared spectrum (KBr) of compound 1.
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Figure S15. 'H NMR (300 MHz, CDCL) spectrum of compound 5.
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Figure S18. Infrared spectrum (KBr) of compound 5.
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Figure $19. 'H NMR (300 MHz, CDCL) spectrum of compound 6.





