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The reasons for the loss of characteristic odoriferous thiols during the aging of wine in oak-made barrels and subsequent storage in bottles have been in part attributed to covalent capture of these thiols by polyphenolic wine components that are dehydrogenated into electrophilic ortho-quinones upon wine oxygenation. Herein, FeCl 3 was used as oxidant in oxygen-deprived aqueous solutions to dehydrogenate grape (epi)catechins and oak ellagitannins in the presence of two typical odoriferous thiols, 2-furanmethanethiol (2FMT) and 3-sulfanylhexan-1-ol (3SH). The preparativescale conditions used enabled the isolation of six novel 2FMT-bearing (epi)catechin derivatives, three known 3SH-bearing catechin derivatives (the structures of two of those were revised to be strictly derived from 1,6-conjugate addition), three novel 2FMT-bearing castalagin derivatives, and one novel 3SH-bearing castalagin derivative. The structures of these castalagin-based thio-adducts revealed that the capture of thiols by the different dehydrogenated pyrogallol rings of castalagin starts at ring IV, then ring III, and finally ring V.

Introduction

Oxidation is one of the crucial chemical phenomena underpinning the evolution of the organoleptic characteristics of wine. Astringency, bitterness, color and aroma can all be affected by oxidative transformations of wine components. Since the pioneering and remarkably inspirited work of Louis Pasteur in the late 19th century, much progress has been made towards the understanding of the impact of the oxidation of wine, notably through oxygenation during its making and aging, on its overall quality and cellaring potential [START_REF] Pasteur | Etudes sur le Vin, ses Maladies, Causes qui les Provoquent[END_REF][2][3][4][5][6][7]. Nevertheless, wine oxidation remains a matter of much concern for enologists and wine scientists, and new knowledge on the understanding of oxidative transformations of wine components at the molecular level is still awaited. It is generally accepted that a fast and excessive oxygenation has rather deleterious effects, whereas a slow and continuous aeration can have a positive impact on the organoleptic profile and quality aging potential of wines [8][9][10][11].

In the case of red wines, a controlled (micro-)oxygenation contributes to the stabilization of the color and to the decrease of astringency and herbaceous characters [12][13][14][15][16][17][18][19]. In contrast, the quality of white wines is generally and globally altered by exposure to molecular oxygen [20][21][22][23][24][25]. The capacity of wine to absorb oxygen is quite high, from ca 80 mg/L for light white wines up to 800 mg/L for heavy red wines [11,26]. Once dissolved in wine, oxygen is thus progressively and rather rapidly consumed by wine components engaged in various types of oxidative transformations. The traditional aging of wine in oak wood barrels offers an adequate means to temper its oxygenation by allowing a slow and constant penetration of oxygen through the wood (ca 30-40 mg per year when using new barrels) [9,10]. During this one-to two-year (sometimes even longer) period of wine maturation in wooden barrels, oxygen is primarily involved in aerobic (aut)oxidation reactions, which can be initiated and catalyzed by (traces of) transition metals (e.g., iron or copper ions), with various wine components, among which (poly)phenolic compounds are first in line [2][3][4][5][6][7]26]. Wine polyphenols, such as grape-derived catechins and proanthocyanidins, and oak-derived C-glucosidic ellagitannins, feature catechol and pyrogallol moieties that are particularly prone to dehydrogenation into ortho-quinones [2,[26][27][28][29][30][31]. These highly reactive species can then participate in different chemical reactions with other wine components [31], and notably in nucleophilic conjugate addition reactions with thiols (Scheme 1) [32][33][34][35][36][37][38][39][40].

Scheme 1. Oxidative dehydrogenation of (poly)phenolic catechols and pyrogallols into ortho-quinonoid species and their nucleophilic addition reactions with thiols [31].

Several volatile thiols strongly contribute to the characteristic odor and aroma of varietal white and red wines [41,42]. The oxygenation of wine and the consequent oxidation of its phenolic components during long-term aging in barrels and bottles have been suspected to be the cause of a significant loss of these odoriferous thiols [39,40,[43][44][45][46][47][48][49]. The oxidation of wine catechols into thiol-trapping ortho-quinones has thus been investigated in this regard in the presence of such thiols, such as 3-sulfanylhexan-1-ol (3SH, also referred to as 3-mercaptohexan-1-ol, 3MH) [40,43,45,[47][48][49]. The formation of thio-catechol adducts were indeed observed [40,[47][48][49], and thio-(epi)catechin adducts could even be isolated for full structural characterization [48]. However, oak-derived C-glucosidic ellagitannins, which are extracted by the mildly acidic hydroalcoholic wine solution (i.e., pH = ca 3-4) during aging in barrels [50][51][52][53][54][START_REF] Quideau | Recent Advances in Polyphenol Research[END_REF][START_REF] García-Estévez | [END_REF][57][58], were left aside in these investigations, despite the fact that their pyrogallol moieties can also be oxidized into thiol-trapping ortho-quinones [33,34,59].

Herein, we report the results of an investigation that led us to confirm that oak C-glucosidic ellagitannins can indeed trap wine odoriferous thiols under oxidative conditions. The iron(III)mediated oxidation process that we previously worked out using methyl gallate as a simple ellagitannin model compound [59] was first put to the test using the flavanols (+)-catechin (1a) and (-)epicatechin (1b) (Tables 1 and2). The oxidation of (-)vescalagin (2a) and (-)-castalagin (2b) [60][61][62][63][64], two major Cglucosidic ellagitannins in oak and hence in oak-aged wine [50][51][52][53][54][START_REF] Quideau | Recent Advances in Polyphenol Research[END_REF][START_REF] García-Estévez | [END_REF][57][58], was then carried out under similar conditions (Schemes 2-4). We already know that (-)-vescalagin (2a), but not (-)-castalagin (2b), can also trap thiols through nucleophilic substitution reactions under acidic conditions [59,[65][66][67][68], but information on the behavior of these two compounds, or other C-glucosidic ellagitannins, under wine-related oxidative conditions is scarce [69][70][71][72][73]. The outcome of the oxidation reactions we thus performed with these two ellagitannins in the presence of wine thiols enabled us to gather new information on their reactivity at the molecular level. Two typical wine odoriferous thiols were selected for this work: 2-furanmethanethiol (2FMT) and 3SH (Tables 1 and2) [59]. The chiral secondary thiol 3SH is one of the most abundant odoriferous thiols in wines (up to 1.3 µg/L) [74], and both enantiomers occur in a wide range of varietal white wines such as Sauvignon Blanc, Semillon, Petit and Gros Manseng, and red wines such as Merlot and Cabernet Sauvignon [74][75][76][77][78][79][80]. Their perception thresholds are similar (ca 50-60 ng/L), but the R form expresses a grapefruit-like zesty aroma, whereas the S form smells more like passion fruit [74]. The primary thiol 2FMT is much less abundant than 3SH in wines (only up to 140 ng/L), but its perception threshold is much lower (0.4 ng/L) with a characteristic strong roast coffee aroma [81][82][83]. It commonly occurs in wines fermented and/or aged in oak barrels, and has been identified inter alia in varietal white wines such as Sauvignon, Semillon, Petit Manseng and Chardonnay, and in red wines such as Merlot, Cabernet Sauvignon and Cabernet Franc, as well as in Champagne wines [81][82][83].

Results and discussion

A few preliminary words on wine oxidation

The oxidation of polyphenolic compounds in wine from the time of its aging in wooden barrels onwards is almost entirely due to the intervention of dissolved molecular oxygen. Autoxidation is thus the primary process through which These ions can then also promote the generation of the highly reactive hydrogen atom abstractor hydroxyl radical (HO . ) via Haber-Weiss/Fenton-type reactions [2,3,6,90,91]. Whichever the mode of intervention of molecular oxygen and the implication of redox-active metal ions during the aging of wine, the resulting and crucial chemical transformation that can affect its organoleptic characteristics is the dehydrogenation of catecholic and pyrogallolic (poly)phenols into ortho-quinonoids, since these electrophilic species are capable of covalently trapping odoriferous thiols (Scheme 1).

Iron(III)-mediated oxidation of (epi)catechins in the presence of odoriferous wine thiols.

Thus, mimicking wine oxygenation conditions was not part of our experimental design, as we preferred to stay away from the generation of reactive oxygen species (i.e., O 2 -. , HOO . , H 2 O 2 , HO . ) through autoxidation and Fenton processes, but to privilege more chemoselective conditions in the aim of producing polyphenolic thio-adducts at preparative scale for full structural characterization. Our preliminary study on the oxidation of the simple pyrogallolic methyl gallate in the presence of thiols enabled us to identify the use of iron(III) trichloride (FeCl 3 ) among other oxidants (e.g., K 3 Fe(CN) 6 , NaIO 4 ) as a convenient water-soluble reagent that fulfills our needs [59,[92][93][94]. Herein, before tackling the dehydrogenation of complex oak-derived Cglucosidic ellagitannins, we decided to revisit the dehydrogenation of two major grape-derived wine flavanols, (+)catechin (1a) and (-)-epicatechin (1b), in the presence of 2FMT or 3SH (Tables 1 and2). The two enantiomers of 3SH were separated as previously described [59]. Reactions were performed using Milli-Q water impoverished in oxygen (0.7 mg/L) under an inert atmosphere of nitrogen (N 2 ) and worked-up using sodium dithionite (Na 2 S 2 O 4 ) in order to reduce any remaining ortho-quinone at the end of the reaction. Two equivalents of FeCl 3 were initially added to a mixture of one equivalent of the flavanol and two equivalents of 2FMT or (R)-3SH in deoxygenated Milli-Q water in the aim of rapidly trapping the flavanol-derived ortho-quinones with the thiols. Under these conditions, the formation of thio-adducts was immediately observed by chromatographic analysis, but the starting flavanols were not totally consumed after 2 hours. Nevertheless, reactions were stopped and the thio-adducts were isolated by flash column chromatography and further purified by preparative HPLC (see Experimental Section and Supplementary Material). For each flavanol (+)-1a and (-)-1b using 2FMT, two monoadducts 3a or 3b and 4a or 4b were thus obtained in 3 to 8% yields and one diadduct 5a or 5b in 9 to 29% yields (Table 1). For subsequent reactions, after the initial use of 2 equivalents of both FeCl 3 and 2FMT, several successive additions of 1 equivalent of FeCl 3 and 2 equivalents of 2FMT were made every hour during 3 hours until the quasi complete disappearance of the flavanols was observed by chromatographic analysis. After 5 hours, only the diadducts 5a or 5b were obtained and isolated in 58 and 39% yields (Table 1). The same experimental approach was thus followed for the oxidation of (+)-catechin (1a) in the presence of (R)-3SH or rac-3SH (Table 2). Initially, using (R)-3SH, the monoadducts 6a and 7a were obtained in 9 and 2% yield, and the diadduct 8a in 21% yield. The reaction was then run until complete disappearance of (+)-1a using a racemic mixture of 3SH. The diadduct 8a was then obtained in 59% yield, as the sole isolated product (Table 2). All of these flavanol-based thio-adducts were fully characterized (see Supplementary Material). The main question to address was to determine whether the nucleophilic additions of the thiols took place at the positions 2' (i.e., 1,6-addition), 5' (i.e., 1,6-addition) and/or 6' (i.e., 1,4-addition) of the catecholic B-ring of the flavanols upon its oxidation into an ortho-quinone motif (see Scheme 1). These issues of regiochemistry are often left somewhat ambiguous in related works, so we decided to rely on COSY long-range NMR experiments [95][96] to firmly establish these regiochemical aspects of the structures of our thioadducts. To this aim, their four phenolic hydroxyl groups were first methylated using dimethylsulfate (Me 2 SO 4 ), and potassium carbonate (K 2 CO 3 ) as base, in acetone (Figure 1, and see Supplementary Material for details). The positioning of the thioether moieties were then deduced through the observation of 5 J 1 H-1 H correlations between the B-ring methoxy groups and adjacent unsubstituted positions on the COSY long-range correlation maps. For example, for the tetramethylated monoadduct tetramet-3a, we observed a correlation between the protons of the methoxy group at position 4' and the proton at the position 5' of the B-ring (Figure 1). This long-range correlation indicated that the 2FMT ether is not linked to that position. Since no correlation is observed between the methoxy group at position 3' and the position 2', the 2FMT ether is linked to that position. The same approach and reasoning was followed for all other (methylated) thio-adducts to establish unambiguously their structures, which are displayed in Tables 1 and2 (see Supplementary Material). Therefore, our previous tentative structural assignments of the thio-mono-and diadducts resulting from the oxidation of (+)-1a in the presence of rac-3SH under aerobic conditions were wrong [48]. Both (+)-1a and (-)-1b behave in the same way upon dehydrogenation into ortho-quinones in the presence of thiols. The B-ring position 6' remains unsubstituted, no 1,4-addition occurs, and only 1,6-additions take place to form the catechinderived thio-adducts 6a, 7a and 8a (this work) or their epicatechin-derived analogues [48].

This iron(III)-mediated oxidation of both (+)-1a and (-)-1b in the presence of 2FMT was also performed in a standard wine model system, consisting of a 12% (v/v) aqueous ethanol solution containing 5 g/L of tartaric acid (pH = 3.5). Although the reactions were less clean and much slower, especially for (+)-1a that required 6 equivalents of FeCl 3 and up to 10 equivalents of 2FMT to reach completion after 23 hours, the same six thioadducts 3a/b, 4a/b and 5a/b were generated but in much lower yields. The catechin-derived 2'-thio-adduct 3a was isolated in 6% yield, but its 5'-regioisomer 4a and both epicatechin-derived thio-adducts 3b and 4b were only observed as traces. Both diadducts 5a and 5b could be isolated in only 23% yield. It is worth mentioning that a control reaction run using (+)-1a and 2FMT without any FeCl 3 in an aqueous solution saturated in 3 O 2 from ambient temperature to 60 °C did not give rise, as expected, to the formation of any thioadduct.

Iron(III)-mediated oxidation of vescalagin and castalagin in the presence of odoriferous wine thiols.

The experience gained from revisiting the dehydrogenation of (epi)catechins in the presence of 2FMT and 3SH encouraged us to tackle the challenge of implementing the same approach with the structurally more complex oak-derived C-glucosidic ellagitannins (-)-vescalagin (2a) and (-)-castalagin (2b). These two ellagitannins are epimers and they feature five pyrogallol rings (I-V), which can potentially be all converted into αhydroxy-ortho-quinone units (see Scheme 1), three of them (III-V) being susceptible to engage thiols in nucleophilic conjugate addition reactions (Scheme 2). The hypothetical structure H depicted in Scheme 2 would thus result from dehydrogenations of the pyrogallol rings III, IV and V into α-hydroxy-orthoquinone moieties that are amenable to conjugate additions with nucleophilic thiols. Hence, depending on the extent of the dehydrogenation process, the formation of 7 different thioadducts is feasible (i.e., 3 monoadducts, 3 diadducts and 1 triadduct). As for the dehydrogenation of the (epi)catechins 1a/b, both 2a and 2b were first oxidized using 2 equivalents of FeCl 3 and 2 S1 andS2). In each case, three products with molecular masses corresponding to those of monoadducts (m/z 1069, [M+Na] + ) were initially detected. After ca 2 hours, three additional products with molecular masses corresponding to those of diadducts (m/z 1181, [M+Na] + ) started to appear. In the case of castalagin (2b), the formation of another compound with a molecular mass corresponding to that of a triadduct (m/z 1293, [M+Na] + ) could be clearly detected after ca 3 hours. In the case of vescalagin (2a), the reaction mixture was much more complex, and it became increasingly difficult to clearly detect any product as the reaction progressed (see Figure S1). This difference of behavior between these two ellagitannins can be attributed to the higher overall chemical reactivity of vescalagin (2a) [65,70,73]. The complexity of the vescalaginbased reaction mixture forced us to limit its study to the analytical level. Fortunately, the castalagin-based reaction mixture was relatively less complex, and we managed to isolate the major monoadduct 9b, diadduct 10b and triadduct 11b in 12%, 19% and 4% yields (Scheme 3) by semi-preparative reverse-phase HPLC purifications (see Experimental Section and Supplementary Material). Their characterization by NMR analyses served to determine the position of the 2FMT-derived thioether moieties onto the pyrogallol rings. For example, in the HMBC spectrum of 9b, a correlation between an aromatic proton H-2' at 6.47 ppm and the carbonyl carbon at 167.2 ppm, which itself correlate with the proton H-5 of the open-chain glucose core (δ 5.50 ppm), indicated that this proton H-2' belongs to the pyrogallol ring III of the castalagin unit (Figure 2). The other aromatic proton H-2' at 6.88 ppm correlates with the carbonyl carbon at 166.4 ppm, which itself correlates with the proton H-4 of the glucose core (δ 5.25 ppm). Thus, this second proton H-2' is on the pyrogallol ring V. No analogous correlation was observed with the carbonyl carbon (167.9 ppm) on the pyrogallol ring IV. The 2FMTderived thioether unit of 9b is thus a fortiori linked to the pyrogallol ring IV (Figure 2). The positioning of the thioether units of the diadduct 10b was similarly deduced from the interpretation of its HMBC spectrum. Finally, vescalagin (2a) and castalagin (2b) were submitted to the same dehydrogenation conditions in the presence of (S)-3SH, and both reactions were also monitored by HPLC/MS analysis. A total of 8 equivalents of FeCl 3 and 3SH were used, and the reactions were stopped after only 4 hours (see Figures S3 andS4 in Supplementary Material). Again, the vescalagin-based reaction mixture rapidly became quite complex, although the formation of monoadducts (m/z 1067) and diadducts (m/z 1199) could be detected (see Figure S3). The castalagin-based reaction mixture was here also much easier to handle, but we decided to focus on the isolation of a monoadduct, which was present as a major product when the reaction was stopped (see Figure S4). A separation by semi-preparative reverse-phase HPLC led to the isolation of this (S)-3SH-bearing monoadduct 12b in 9% yield (Scheme 4) (see Experimental Section and Supplementary Material). Like the case of 2FMT, the main and first generated monadduct using 3SH bears its thioether unit on the pyrogallol ring IV. Taken together, these results on the dehydrogenation of castalagin (2b) in the presence of 2FMT or 3SH suggest that the capture of α-hydroxy-ortho-quinone intermediates by these thiols follows a preferential sequence starting at the pyrogallol ring IV, then ring III, and finally ring V. Whether this apparent regioselectivity reflects differences in the intrinsic reactivity of those pyrogallol rings toward the iron(III)-mediated oxidation or differences in the reactivity of their ortho-quinonoid derivatives to engage thiols in conjugate additions remains unknown.

Conclusion

The loss of certain odoriferous thiols during the aging of wine can negatively affect its overall organoleptic quality. Among the possible explanations for the disappearance of these thiols, present in wine only at trace levels, their covalent capture by oxidized polyphenolic wine components has been put forward. Herein, after having revisited the case of the oxidation of grapederived catechins (1a/b) in the presence of 2-furanmethanethiol (2FMT) or 3-sulfanylhexan-1-ol (3SH), which enabled us to unambiguously determine the regiochemistry of the thioether products, we implemented the same scenario for the first time to oak-derived C-glucosidic ellagitannins. The iron(III)-mediated dehydrogenation of vescalagin (2a) and castalagin (2b) in the presence of the same thiols led to highly complex product mixtures, from which we could isolate castalagin-derived thioadducts that revealed a preferential trend in the capture of thiols by the oxidized pyrogallol rings III-V of this ellagitannin. Notwithstanding the fact that these oxidations were not conducted under conditions mimicking those of the oxygenation of wine during its aging in wooden barrels (or bottles), the results gathered therein demonstrate that ortho-quinones derived from oak ellagitannins, like those derived from grape catechins (and likely any other polyphenolic wine components), whichever the manner through which they are generated in vino, can indeed be incriminated for the loss of odoriferous thiols.

Experimental Section

General

(+)-Catechin hydrate (98%), (-)-epicatechin (90%), ferric chloride (FeCl 3 , 97%), 2-furanmethanethiol (2FMT, 98%), sodium dithionite (Na 2 S 2 O 4 ), magnesium sulfate (MgSO 4 ), acetone, methanol (MeOH), diethyl ether (Et 2 O), tetrahydrofuran (THF), ethyl acetate (EtOAc), chloroform (CHCl 3 ), dichloromethane (CH 2 Cl 2 ), hexane, isopropyl alcohol (iPrOH) and formic acid (HCOOH) were purchased from Sigma Aldrich (Saint-Quentin Fallavier, France). 3-Sulfanylhexan-1-ol (3SH, 96%) was purchased from Lancaster (Bischheim, France). THF and CH 2 Cl 2 were purified by passage through a column of neutral alumina under N 2 on an MBraun solvent purification system, and acetone was purified by distillation over potassium carbonate under N 2 immediately before use. Milli-Q water (Millipore, 18.2 MΩ.cm) was saturated with N 2 to decrease the quantity of dissolved oxygen from 8 to 0.7 mg/L, as measured with a PreSens Fibox PSt3 probe. (-)-Vescalagin and (-)-castalagin were extracted from the heartwood of Quercus robur and purified as previously described [97,98].

Thin layer chromatographic (TLC) analyses were performed on 0.25 mm E. Merck silica plates (60 F254). HPLC analyses were carried out on a Thermo system equipped with P1000 XR pumps and a UV 6000 LP diode array detector used for column effluent monitoring at 280 nm or 254 nm. HPLC/MS (ESI) analyses were performed on a ThermoElectron LCQ Advantage spectrometer equipped with an ion trap mass analyzer and coupled with a ThermoElectron Surveyor HPLC system via a flow split system (1/10). Standard flash column chromatography was carried out under positive pressure using 40-63 µm silica gel and the indicated solvents. Reaction products were further purified using either a semi-preparative HPLC Varian ProStar system equipped with PrepStar SD1 pumps with a 2 mL injection loop, and a ProStar 320 UV-visible detector, or a CombiFlash ® Rf75 column chromatography system equipped with a UV detector (Teledyne ISCO technologies, Serlabo) using silica gel columns (4-80 g, 60 µm). HPLC quality MeOH and Milli-Q (Millipore) water were used for all HPLC analyses and purifications. Mobile phases for all HPLC analyses and purifications were composed of solvent A [H 2 O/HCOOH (999:1)] and solvent B [MeOH/HCOOH (999:1)] for reversephase chromatography and were composed of hexane and isopropanol for normal phase chromatography. Solvent evaporations were conducted under reduced pressure at temperatures less than 40 °C. NMR spectra of samples in acetone-d 6 , CDCl 3 or acetone-d 6 /D 2 O (8:2) were run on Bruker DPX-300 or -400 spectrometers, and were calibrated using the residual solvent as an internal reference. NMR signal assignments of all compounds are displayed in Tables S1-S17 in Supplementary Material. IR spectra were recorded on a FT-IR IF5-55 Bruker spectrometer, and all samples were dissolved in chloroform or acetone before analysis as a thin film on a zincselenium pellet after solvent evaporation. Optical rotations were measured with an ADP 220 Bellingham Stanley polarimeter. Low-(LRMS) and high-resolution (HRMS) electrospray ionisation mass spectrometric data were obtained from the Centre d'Etudes Structurales et d'Analyses des Molécules Organiques (CESAMO), Université de Bordeaux, Talence, France.

Hemisynthesis of thio-adducts between (+)-catechin (1a) and 2FMT.

In aqueous solutions. To a stirred solution of (+)-catechin (1a, 317 mg, 1.09 mmol) in water (30 mL) and dry THF (2 mL) were added 2FMT (225 µl, 2.18 mmol) and, dropwise, a solution of FeCl 3 (354 mg, 2.18 mmol) in water (2 mL). The reaction mixture was stirred at room temperature under nitrogen for 2 h, after which time Na 2 S 2 O 4 was added. This mixture was extracted with EtOAc (3 × 65 mL), and the combined organic layers were washed with brine (200 mL), dried over MgSO 4 , filtered and evaporated to dryness to give a yellow oil. This oil was first purified by silica gel column chromatography, eluting with CH 2 Cl 2 /MeOH (95:5), to furnish the diadduct 5a (162 mg, 29 %) and a mixture of monoadducts 3a and 4a. This mixture was dissolved in H This reaction was repeated using a stirred solution of (+)catechin (1a, 101 mg, 0.35 mmol) in water (20 mL) and dry THF (1 mL) to which were added 2FMT (72 µl, 0.70 mmol) and, dropwise, a solution of FeCl 3 (113 mg, 0.70 mmol) in water (3 mL). The reaction mixture was stirred at room temperature under nitrogen for 1 h, after which time TLC analysis indicated no evolution of the reaction mixture. Three successive additions of 2FMT (72 µL, 0.70 mmol) and FeCl 3 (56 mg, 0.35 mmol) in water (1 mL) were made every hour, and the reaction was stopped after 5 h by adding Na 2 S 2 O 4 . This mixture was extracted with EtOAc (3 × 50 mL), and the combined organic layers were washed with brine (150 mL), dried over MgSO 4 , filtered and evaporated to dryness to give a yellow oil. This oil was purified by silica gel column chromatography, eluting with CH 2 Cl 2 /MeOH (100:0 to 90:10), to furnish the diadduct 5a (103 mg, 58 %) as the sole isolatable product.

In a wine model solution. To a stirred solution of (+)-catechin (1a, 100 mg, 0.34 mmol) in a wine model solution (20 mL, 12% (v/v) aqueous ethanol solution containing 5 g/L of tartaric acid; pH = 3.55) and dry THF (1 mL) were added 2FMT (72 µL, 0.70 mmol) and, dropwise, a solution of FeCl 3 (113 mg, 0.70 mmol) in water (3 mL). The reaction mixture was stirred at room temperature under nitrogen atmosphere for 1 h, after which time TLC analysis indicated no evolution of the reaction mixture. Four successive additions of 2FMT (72 µl, 0.70 mmol) and FeCl 3 (56 mg, 0.35 mmol) in water (3 mL) were made every hour. Stirring of the reaction mixture at room temperature was maintained for a total of 23 h, after which time Na 2 S 2 O 4 was added. This mixture was extracted with EtOAc (3 × 50 mL), and the combined organic layers were washed with brine (150 mL), dried over MgSO 4 , filtered and evaporated to dryness to give a yellow oil. This oil was purified by silica gel column chromatography, eluting with CH 2 Cl 2 /MeOH (100:0 to 90:10), to furnish the monoadduct 3a (8 mg, 6%) and the diadduct 5a (41 mg, 23 %) as the sole isolatable products. 

Hemisynthesis of thio-adducts between (-)-epicatechin (1b) and 2FMT.

In aqueous solutions. To a stirred solution of (-)-epicatechin (1b, 90 mg, 0.31 mmol) in water (25 mL) were added 2FMT (64 µL, 0.62 mmol) and, dropwise, a solution of FeCl 3 (101 mg, 0.62 mmol) in water (2 mL). The reaction mixture was stirred at room temperature under nitrogen for 2 h, after which time Na 2 S 2 O 4 was added. This mixture was extracted with EtOAc (3 × 30 mL), and the combined organic layers were washed with brine (100 mL), dried over MgSO 4 , filtered and evaporated to dryness to give an orangish oil. This oil was taken up in water and purified by semipreparative HPLC (gradient elution: 0-35 min: 0-100% solvent B; 35-40 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 21 × 250 mm, 5 µm, 100 Å; flow rate: 16 mL/min) to furnish, after freeze-drying, the monoadducts 3b (6 mg, 5 %) and 4b (4 mg, 3 %), and the diadduct 5b (14 mg, 9 %). This reaction was repeated using a stirred solution of (-)epicatechin (1b, 90 mg, 0.31 mmol) to which were added 2FMT (64 µL, 0.62 mmol) and, dropwise, a solution of FeCl 3 (104 mg, 0.62 mmol) in water (3 mL). The reaction mixture was stirred at room temperature under nitrogen for 1 h, after which time TLC analysis indicated no evolution of the reaction mixture. Three successive additions of 2FMT (64 µL, 0.62 mmol) and FeCl 3 (52 mg, 0.31 mmol) in water (1 mL) were made every hour, and the reaction was stopped after 5 h by adding Na 2 S 2 O 4 . This mixture was extracted with EtOAc (3 × 50 mL), and the combined organic layers were washed with brine (150 mL), dried over MgSO4, filtered and evaporated to dryness to give a yellow oil. This oil was purified by silica gel column chromatography, eluting with CH 2 Cl 2 /MeOH (100:0 to 90:10), to furnish the diadduct 5b (62 mg, 39 %) as the sole isolatable product.

In a wine model solution. To a stirred solution of (-)epicatechin (1b, 90 mg, 0.31 mmol) in a wine model solution (20 mL, 12% (v/v) aqueous ethanol solution containing 5 g/L of tartaric acid; pH = 3.57) were added 2FMT (64 µL, 0.62 mmol) and, dropwise, a solution of FeCl 3 (104 mg, 0.62 mmol) in water Tetrahedron 8

(2 mL). The reaction mixture was stirred at room temperature under nitrogen atmosphere for 1 h, after which time TLC analysis indicated no evolution of the reaction mixture. Three successive additions of 2FMT (64 µL, 0.62 mmol) and FeCl 3 (52 mg, 0.31 mmol) in water (1 mL) were made every hour, and the reaction was stopped after 5 h by adding Na 2 S 2 O 4 . This mixture was extracted with EtOAc (3 × 30 mL), and the combined organic layers were washed with brine (90 mL), dried over MgSO 4 , filtered and evaporated to dryness to give an orangish oil. This oil was purified by silica gel column chromatography, eluting with CH 2 Cl 2 /MeOH (100:0 to 90:10), to furnish the diadduct 5b (37 mg, 23 %) as the sole isolatable product.

2'-2FMT-epicatechin monoadduct 3b: brown amorphous powder; R f = 0.4 (CH 2 Cl 2 /MeOH, 9:1); t R = 13.90 min (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR (ZnSe): ν = 2926, 1593, 1145 cm -1 ; 1 H NMR [300 MHz, acetone-d 6 ] δ 2.81 (m, 2H, H-4), 4.07 (m, 3H, H-3, H-1"), 5.26 (s, 1H, H-2), 5.89 (d, J = 2.3 Hz, 1H, H-6), 6.02 (m, 2H, H-8, H-3"), 6.24 (dd, J = 1.9, 3.1 Hz, 1H, H-4"), 6.89 (d, J = 8.4 Hz, 1H, H-5'), 7.17 (dd, J = 0.4, 8.4 Hz, 1H, H-6'), 7.38 (dd, J = 0.8, 1.9 Hz, 1H, H-5"); 13 Hz, 1H, Hα-4), 2.86 (dd, J = 4.4, 16.6 Hz, 1H, Hβ-4), 4.11 (d, J = 1.9 Hz, 1H, H-1"), 4.19 (m, 1H, H-3), 4.86 (s, 1H, H-2), 5.92 (d, J = 2.3 Hz, 1H, H-6), 6.02 (d, J = 2.3 Hz, 1H, H-8), 6.15 (dd, J = 0.7, 3.2 Hz, 1H, H-3"), 6.29 (dd, J = 1.9, 3.2 Hz, 1H, H-3"), 6.98 (d, J = 2.0 Hz, 1H, H-6'/H-8'), 7.01 (d, J = 2.0 Hz, 1H, H-6'/H-8'), 7.44 (dd, J = 0.8, 1.9 Hz, 1H, H-5"); 13 

Hemisynthesis of thio-adducts between (+)-catechin (1a) and (R)-3SH.

In an aqueous solution. To a stirred solution of (+)-catechin (1a, 100 mg, 0.34 mmol) in water (25 mL) and dry THF (1 mL) were added (R)-3SH (94 µL, 0.69 mmol) and, dropwise, a solution of FeCl 3 (112 mg, 0.69 mmol) in water (3 mL). The reaction mixture was stirred at room temperature under nitrogen for 2 h, after which time Na 2 S 2 O 4 was added. The mixture was extracted by EtOAc (3 × 30 mL), and the combined organic layers were washed with brine (100 mL), dried over MgSO 4 , filtered and evaporated to give a yellow oil. This oil was taken up in water and purified by semi-preparative HPLC (gradient elution: 0-35 min: 0-100% solvent B; 35-40 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 21 × 250 mm, 5 µm, 100 Å; flow rate: 16 mL/min) to furnish, after freeze-drying, the monoadducts 6a (13 mg, 9%) and 7a (3 mg, 2%), and the diadduct 8a (41 mg, 21%). 

Hemisynthesis of thio-adducts between (-)-castalagin (2b) and 2FMT.

In an aqueous solution. To a solution of (-)-castalagin (2b, 114 mg, 0.12 mmol) in water (10 mL) were added 2FMT (25 µL, 0.24 mmol) and, dropwise, a solution of FeCl 3 (40 mg, 0.24 mmol) in water (2 mL). The reaction mixture was stirred at room temperature under nitrogen for 2 h, after which time HPLC monitoring (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min) indicated no further evolution of the reaction mixture. Four successive additions of 2FMT (25 µL, 0.24 mmol) and FeCl 3 (40 mg, 0.24 mmol) in water (2 mL) were made every hour, and the reaction was stopped after 8 h by adding Na 2 S 2 O 4 . The mixture was freeze-dried, and the resulting residue was dissolved in water (1 mL) and purified twice by semi-preparative HPLC (gradient elution: 0-40 min: 0-50% solvent B; 40-45 min: 50-100% solvent B; 45-50 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 21 × 250 mm, 5 µm, 100 Å; flow rate: 16 mL/min) to furnish, after freeze-drying, the monoadduct 9b (15 mg, 12%), the diadduct 10b (28 mg, 19%) and the triadduct 11b (6 mg, 4%).

2FMT-castalagin monoadduct 9b: brown amorphous powder; t R = 11.09 min (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR (ZnSe): ν = 3403, 1629, 1192 cm -1 ; 1 H NMR [400 MHz, acetoned 6 /D 2 O (8:2)] δ 4.17 (m, 3H, H-1" + Hα-6), 4.65 (d, J = 12.1 Hz, 1H, Hβ-6), 5.01 (d, J = 6.7 Hz, 1H, H-3), 5.05 (s, 1H, H-1), 5.25 (t, J = 7.0 Hz, 1H, H-4), 5.60 (d, J = 6.7 Hz, 1H, H-5), 5.67 (s, 1H, H-2), 6.07 (s, 1H, H-3"), 6.18 (s, 1H, H-4"), 6.47 (s, 1H, HIII-2'), 6.88 (s, 1H, HV-2'), 7.35 (s, 1H, H-5"); 13 

Hemisynthesis of a thio-adduct between (-)-castalagin (2b) and (S)-3SH.

In an aqueous solution. To a solution of (-)-castalagin (2b, 101 mg, 0.11 mmol) in water (10 mL) were added (S)-3SH (30 mg, 0.22 mmol) and, dropwise, a solution of FeCl 3 (35 mg, 0.22 mmol) in water (1 mL). The reaction mixture was stirred at room temperature under nitrogen for 1 h, after which time HPLC monitoring (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min) indicated no further evolution of the reaction mixture. Three successive additions of (S)-3SH (30 mg, 0.22 mmol) and FeCl 3 (35 mg, 0.22 mmol) in water (1 mL) were made every hour, and the reaction was run only for 4 h, after which time Na 2 S 2 O 4 was added, and the mixture was freeze-dried. The resulting residue was dissolved in water (1 mL) and purified by semi-preparative HPLC (gradient elution: 0-35 min: 0-50% solvent B; 35-40 min: 50-100% solvent B; 40-45 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 21 × 250 mm, 5 µm, 100 Å; flow rate: 16 mL/min), to furnish, after freeze-drying, the monoadduct 12b (10 mg, 9 %). 

Figure 1 .

 1 Figure 1. Methylation of the 2FMT-catechin monoadduct 3a for determination of its regiochemistry by COSY long-range NMR experiment.

Scheme 2 .

 2 Scheme 2. Structures of (-)-vescalagin (2a) and (-)-castalagin (2b), and their possible behavior options upon dehydrogenation in the presence of nucleophilic thiols.

  pyrogallol rings III to V doubly dehydrogenated into α-hydroxyortho-quinone moieties susceptible to react with thiols via conjugate additions

Scheme 3 .

 3 Scheme 3. FeCl3-mediated oxidation of castalagin 2b in the presence of 2FMT.

Figure 2 .

 2 Figure 2. Diagnostic portion of the HMBC correlation map of the 2FMTbearing castalagin monoadduct 9b.

Scheme 4 .

 4 Scheme 4. FeCl3-mediated oxidation of castalagin 2b in the presence of (S)-3SH.

4 HO 7 250 mm, 5

 475 2 O/MeOH (1:1) and purified by semi-preparative HPLC (gradient elution: 0-35 min: 0-100% solvent B; 35-40 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 21 × ), H 2 O, rt, 4 h work-up using Na 2 S 2 O µm, 100 Å; flow rate: 16 mL/min) to furnish, after freeze-drying, 3a (35 mg, 8 %) and 4a (11 mg, 3 %).

2 '

 2 -2FMT-catechin monoadduct 3a: pinkish oil; R f = 0.5 (CH 2 Cl 2 /MeOH, 9:1); t R = 14.51 min (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR (ZnSe): ν = 3373, 1608, 1142 cm -1 ; 1 H NMR [300 MHz, acetone-d 6 ] δ 2.62 (dd, J = 8.7, 16.0 Hz, 1H, Hα-4), 2.96 (dd, J = 5.5, 16.0 Hz, 1H, Hβ-4), 4.00 (m, 1H, H-3), 4.10 (s, 2H, H-1"), 5.37 (d, J = 8.0 Hz, 1H, H-2), 5.86 (d, J = 2.2 Hz, 1H, H-6), 6.04 (d, J = 2.3 Hz, 1H, H-8), 6.06 (d, J = 2.7 Hz, 1H, H-3"), 6.25 (m, 1H, H-4"), 6.91 (d, J = 1.1 Hz, 2H, H-5', H-6'), 7.40 (dd, J = 0.8, 1.8 Hz, 1H, H-5"); 13 C NMR [75 MHz, acetone-d 6 ] δ 157.7 (C-7), 157.2 (C-5, C-8a), 152.0 (C-2"), 147.0 (C-3'), 145.3 (C-4'), 143.2 (C-5"), 135.1 (C-1'), 120.3 (C-2'), 119.8, 117.2 (C-5', C-6'), 111.4 (C-4"), 108.8 (C-3"), 100.8 (C-4a), 96.2 (C-8), 95.4 (C-6), 80.4 (C-2), 68.0 (C-3), 32.6 (C-1"), 29.5 (C-4); LRMS (ESI) m/z (relative intensity) 401 ([M-H] -, 100); HRMS (ESI) m/z calcd. for C 20 H 17 O 7 S 401.0690, found 401.0692.

5 '

 5 -2FMT-catechin monoadduct 4a: pinkish oil; R f = 0.5 (CH 2 Cl 2 /MeOH, 9:1); t R = 14.96 min (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR (ZnSe): ν = 3360, 1603, 1144 cm -1 ; 1 H NMR [300 MHz, acetone-d 6 ] δ 2.52 (dd, J = 8.0, 16.1 Hz, 1H, Hα-4), 2.89 (dd, J = 5.5, 15.6 Hz, 1H, Hβ-4), 3.97 (m, 1H, H-3), 4.11 (s, 2H, H-1"), 4.55 (d, J = 7.3 Hz, 1H, H-2), 5.89 (d, J = 2.2 Hz, 1H, H-6), 6.03 (d, J = 2.3 Hz, 1H, H-8), 6.14 (m, 1H, H-3"), 6.29 (m, 1H, H-4"), 6.88 (m, 2H, H-2', H-6'), 7.43 (m, 1H, H-5"); 13 C NMR [75 MHz, acetone-d 6 ] δ 157.8 (C-7), 157.3 (C-8a), 156.7 (C-5), 152.2 (C-2"), 145.5, 145.4 (C-3', C-4'), 143.0 (C-5"), 132.0 (C-1'), 123.4, 114.9 (C-2', C-6'), 120.9 (C-5'), 111.3 (C-4"), 108.7 (C-3"), 100.5 (C-4a), 96.2 (C-8), 95.3 (C-6), 82.4 (C-2), 68.3 (C-3), 30.9 (C-1"), 28.8 (C-4); LRMS (ESI) m/z (relative intensity) 401 ([M-H] -, 100); HRMS (ESI) m/z calcd. for C 20 H 17 O 7 S 401.0690, found 401.0687. 2',5'-2FMT-catechin diadduct 5a: brown amorphous powder; R f = 0.5 (CH 2 Cl 2 /MeOH 9:1); t R = 15.65 min (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR (ZnSe): ν = 3377, 1607, 1142 cm -1 ; 1 H NMR [300 MHz, acetone-d 6 ] δ 2.62 (dd, J = 8.9, 16.0 Hz, 1H, Hα-4), 2.99 (dd, J = 5.5, 16.0 Hz, 1H, Hβ-4), 4.08 (d, J = 4.3 Hz, 1H, HI-1"), 4.12 (m, 1H, H-3), 4.15 (d, J = 3.6 Hz, 1H, HII-1"), 5.35 (d, J = 8.2 Hz, 1H, H-2), 5.90 (d, J = 2.2 Hz, 1H, H-6), 6.05 (m, 2H, H-8, HI-3"), 6.17 (d, J = 3.1 Hz, 1H, HII-3"), 6.25 (m, 1H, HI-4"), 6.30 (m, 1H, HII-4"), 7.05 (s, 1H, H-6'), 7.40 (m, 2H, HI-5", HII-5"); 13 C NMR [75 MHz, acetone-d 6 ] δ 157.7 (C-7), 157.2 (C-8a), 157.1 (C-5), 151.8, 151.9 (CI-2", CII-2"), 146.5 (C-3'), 144.0 (C-4'), 143.2, 143.1 (CI-5", CII-5"), 135.1 (C-6'), 123.9 (C-1'), 121.7 (C-2'), 119.2 (C-5'), 111.3, 111.4 (CI-4", CII-4"), 108.9, 109.0 (CI-3", CII-3"), 100.8 (C-4a), 96.2 (C-8), 95.5 (C-6), 80.2 (C-2), 68.1 (C-3), 32.9 (CI-1"), 30.1 (CII-1"), 29.5 (C-4); LRMS (ESI) m/z (relative intensity) 537 ([M+Na] + , 100); HRMS (ESI) m/z calcd. for C 25 H 22 O 8 NaS 2 537.0651, found 537.0648.

  C NMR [75 MHz, acetone-d 6 ] δ 157.7 (C-7), 157.6 (C-8a), 157.5 (C-5), 152.1 (C-2"), 147.1 (C-3'), 145.1 (C-4'), 143.1 (C-5"), 135.0 (C-1'), 120.5 (C-6'), 117.9 (C-2'), 116.4 (C-5'), 111.4 (C-4"), 108.7 (C-3"), 99.7 (C-4a), 96.2 (C-8), 95.8 (C-6), 77.6 (C-2), 65.8 (C-3), 31.9 (C-1"), 29.7 (C-4); LRMS (ESI) m/z (relative intensity) 401 ([M-H] -, 100); HRMS (ESI) m/z calcd. for C 20 H 17 O 7 S 401.0690, found 401.0691. 5'-2FMT-epicatechin monoadduct 4b: brown amorphous powder; R f = 0.4 (CH 2 Cl 2 /MeOH, 9:1); t R = 14.39 min (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR (ZnSe): ν = 2926, 1593, 1145 cm -1 ; 1 H NMR [300 MHz, acetone-d 6 ] δ 2.73 (dd, J = 3.2, 16.6

  C NMR [75 MHz, acetone-d 6 ] δ 157.6 (C-7, C-8a), 157.0 (C-5), 152.3 (C-2"), 145.2 (C-3'), 145.1 (C-4'), 143.0 (C-5"), 132.2 (C-1'), 123.2, 115.1 (C-2', C-6'), 120.6 (C-5'), 111.3 (C-4"), 108.7 (C-3"), 99.7 (C-4a), 96.2 (C-8), 95.7 (C-6), 79.1 (C-2), 66.9 (C-3), 31.2 (C-1"), 28.9 (C-4) ; LRMS (ESI) m/z (relative intensity) 401 ([M-H] -, 100); HRMS (ESI) m/z calcd. for C 20 H 17 O 7 S 401.0690, found 401.0688. 2',5'-2FMT-catechin diadduct 5b: brown amorphous powder; R f = 0.6 (CH 2 Cl 2 /MeOH, 9:1); t R = 15.09 min (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR (ZnSe): ν = 3377, 1607, 1142 cm -1 ; 1 H NMR [300 MHz, acetone-d 6 ] δ 2.82 (d, J = 3.1 Hz, 2H, H-4), 4.04 (s, 1H, HI-1"), 4.07 (m, 1H, H-3), 4.17 (s, 1H, HII-1"), 5.21 (s, 1H, H-2), 5.93 (d, J = 2.3 Hz, 1H, H-6), 6.00 (d, J = 3.2 Hz, 1H, HI-3"), 6.03 (d, J = 2.3 Hz, 1H, H-8), 6.24 (m, 3H, HII-3", H-4"), 6.31 (m, 1H, H-4"), 7.35 (s, 1H, H-6'), 7.38 (dd, J = 0.8, 1.8 Hz, 1H, HI-5"), 7.44 (dd, J = 0.8, 1.8 Hz, 1H, HII-5"); 13 C NMR [75 MHz, acetone-d 6 ] δ 157.7 (C-7), 157.5 (C-8a), 157.4 (C-5), 151.9 (CII-2"), 151.7 (CI-2"), 146.6 (C-3'), 143.9 (C-4'), 143.2 (CI-5"), 143.1 (CII-5"), 135.0 (C-1'), 123.2 (C-5'), 122.4 (C-6'), 116.7 (C-2'), 111.4 (CI-4", CII-4"), 109.0 (CI-3"), 108.9 (CII-3"), 99.6 (C-4a), 96.2 (C-8), 95.8 (C-6), 77.4 (C-2), 65.7 (C-3), 32.1 (CI-1"), 30.4 (CII-1"), 29.6 (C-4); LRMS (ESI) m/z (relative intensity) 537 ([M+Na] + , 100); HRMS (ESI) m/z calcd. for C 25 H 22 O 8 NaS 2 537.0651, found 537.0645.

  2'-(R)-3SH-catechin monoadduct6a: pale brown oil; R f = 0.25 (CH 2 Cl 2 /MeOH, 9:1); t R = 14.51 min (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR (ZnSe): ν = 3373, 1608, 1142 cm -1 ; [α] 22 D +21.2 [c 0.01, acetone/H 2 O (8:2)]; 1 H NMR [300 MHz, acetone-d 6 ] δ 0.89 (m, 3H, H-6"), 1.47 (m, 2H, H-5"), 1.71 (m, 4H, H-2", H-4"), 2.60 (dd, J = 9.0, 16.0 Hz, 1H, Hα-4), 3.02 (dd, J = 5.6, 16.0 Hz, 1H, Hβ-4), 3.37 (m, 1H, H-3"), 3.69 (m, 2H, H-1"), 4.21 (m, 1H, H-3), 5.45 (d, J = 8.4 Hz, 1H, H-2), 5.83 (d, J = 2.1 Hz, 1H, H-6), 6.03 (d, J = 2.2 Hz, 1H, H-8), 6.90 (m, 1H, H-5'), 6.96 (m, 1H, H-6'); 13 C NMR [75 MHz, acetone-d 6 ] δ 156.8 (C-7), 156.4 (C-5), 156.3 (C-8a), 146.3, 144.7 (C-3', C-4'), 134.2 (C-1'), 120.2 (C-2'), 119.1 (C-5'), 116.1 (C-6'), 99.9 (C-4a), 95.3 (C-8), 94.6 (C-6), 79.4 (C-2), 66.9 (C-3), 59.3 (C-1"), 47.0 (C-3"), 36.6 (C-4"), 36.5 (C-2"), 28.9 (C-4), 19.7 (C-5"), 13.4 (C-6"); LRMS (ESI) m/z (relative intensity) 445 ([M+Na] + , 100); HRMS (ESI) m/z calcd for C 21 H 26 O 7 NaS 445.1291, found 445.1289. 5'-(R)-3SH-catechin monoadduct 7a: pale brown oil; R f = 0.25 (CH 2 Cl 2 /MeOH, 9:1); t R = 14.96 min (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR (ZnSe): ν = 3360, 1603, 1144 cm -1 ; [α] 25 D -1.5 [c 0.004, acetone/H 2 O (8:2)]; 1 H NMR [400 MHz, acetone-d 6 ] δ 0.87 (t, J = 7.1 Hz, 3H, H-6"), 1.48 (m, 2H, H-5"), 1.57 (m, 2H, H-4"), 1.69 (m, 2H, H-2"), 2.53 (dd, J = 8.5, 16.1 Hz, 1H, Hα-4), 2.91 (dd, J = 5.5, 16.1 Hz, 1H, Hβ-4), 3.22 (m, 1H, H-3"), 3.77 (m, 2H, H-1"), 3.97 (m, 1H, H-3), 4.57 (d, J = 7.8 Hz, 1H, H-2), 5.89 (d, J = 2.2 Hz, 1H, H-6), 6.03 (d, J = 2.2 Hz, 1H, H-8), 6.89 (d, J = 1.9 Hz, 1H, H-2'), 7.00 (d, J = 1.9 Hz, 1H, H-6'); 13 C NMR [100 MHz, acetone-d 6 ] δ 157.8 (C-7), 157.2 (C-5), 156.8 (C-8a), 146.5 (C-3'), 145.8 (C-4'), 131.9 (C-1'), 126.1 (C-6'), 119.9 (C-5'), 115.4 (C-2'), 100.6 (C-4a), 96.2 (C-8), 95.4 (C-6), 82.4 (C-2), 68.4 (C-3), 60.2 (C-1"), 46.8 (C-3"), 38.2 (C-4"), 37.8 (C-2"), 28.9 (C-4), 20.4 (C-5"), 14.3 (C-6"); LRMS (ESI) m/z (relative intensity) 445 ([M+Na] + , 100); HRMS (ESI) m/z calcd for C 21 H 26 O 7 NaS 445.1291, found 445.1287. 2',5'-(R)-3SH-catechin diadduct 8a: off-white amorphous powder; R f = 0.25 (CH 2 Cl 2 /MeOH, 9:1); t R = 15.65 min (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR (ZnSe): ν = 3359, 2957, 1142 cm -1 ; [α] 25 D -3.6 [c 0.004, acetone/H 2 O (8:2)]; 1 H NMR [300 MHz, acetone-d 6 ] δ 0.87 (m, 6H, H-6"), 1.63 (m, 12H, H-2", H-4", H-5"), 2.60 (dd, J = 8.7, 16.0 Hz, 1H, Hα-4), 2.98 (dd, J = 5.5, 16.0 Hz, 1H, Hβ-4), 3.32 (m, 1H, H2'-3"), 3.41 (m, 1H, H5'-3"), 3.72 (m, 4H, H-1"), 4.22 (m, 1H, H-3), 5.46 (d, J = 8.0 Hz, 1H, H-2), 5.86 (d, J = 2.1 Hz, 1H, H-6), 6.04 (d, J = 2.2 Hz, 1H, H-8), 7.12 (s, 1H, H-6'); 13 C NMR [75 MHz, acetone-d 6 ] δ 157.7 (C-7), 157.2 (C-8a), 157.1 (C-5), 147.1 (C-3'), 145.4 (C-4'), 134.8 (C-1'), 124.1 (C-6'), 122.6 (C-5'), 120.4 (C-2'), 100.7 (C-4a), 96.2 (C-8), 95.4 (C-6), 80.0 (C-2), 67.8 (C-3), 60.2 (C5'-1"), 60.1 (C2'-1"), 47.7 (C5'-3"), 45.6 (C2'-3"), 38.2 (C2'-4"), 37.9, 37.6 (C2'-2", C5'-2"), 37.4 (C5'-4"), 29.4 (C-4), 20.6 (C5'-5"), 20.4 (C2'-5"), 14.2, 14.3 (C2'-6", C5'-6"); LRMS (ESI) m/z (relative intensity) 577 ([M+Na] + , 100); HRMS (ESI) m/z calcd for C 27 H 38 O 8 NaS 2 577.1900, found 577.1904.

  C NMR [100 MHz, acetone-d 6 /D 2 O (8:2)] δ 167.9 (CIV=O), 167.2 (CIII=O), 166.4 (CV=O), 165.6 (CII=O), 164.6 (CI=O), 150.7 (C-2"), 147.5, 146.7, 145.4, 145.2, 145.1, 144.7, 144.4, 144.0, 143.7 (C[I-V]-3', C[I-V]-5'), 143.1 (C-5"), 137.0 (CV-4'), 136.5 (CIII-4'), 137.9, 134.8, 134.0, 133.4, 127.4, 124.8, 123.5, 121.8 (C[I-V]-1', C[I-II, IV]-4'), 115.6 (CV-6'), 114.7 (CIII-6'), 116.0, 115.4, 114.5, 114.3, 112.7 (C[I-II]-2', C[I-II, IV]-6'), 111.3 (C-4"), 109.5 (C-3"), 108.7 (CIII-2'), 108.5 (CV-2'), 105.9 (CIV-2'), 74.1 (C-1), 71.0 (C-5), 69.3 (C-4), 67.0 (C-2), 66.3 (C-3), 65.7 (C-6), 33.6 (C-1"); LRMS (ESI) m/z (relative intensity) 1069 ([M+Na]

  7 (C[I-IV]-3', C[I-V]-5'), 142.8, 142.7 (C-5"), 137.0 (CV-1'), 137.7, 134.8, 134.3, 133.7, 132.7, 131.1, 126.1, 123.0, 122.0 (C[I-IV]-1', C[I-V]-4'), 115.4 (CV-6'), 114.9 (CI-2'), 115.5, 114.1, 113.1, 111.7, 111.2 (CII-2', C[I-IV]-6'), 111.0 (C-4"), 108.9, 108.6 (C-3"), 108.5 (CV-2'), 108.4, 106.4 (C[III-IV]-2'), 73.7 (C-1), 70.1 (C-5), 67.5 (C-4), 66.6 (C-2), 66.0 (C-3), 65.1 (C-6), 32.9, 32.6 (C-1"); LRMS (ESI) m/z (relative intensity) 1181 ([M+Na] + , 100); HRMS (ESI) m/z calcd for C 51 H 34 O 28 NaS 2 1181.0570, found 1181.0616. 2FMT-castalagin triadduct 11b: brown amorphous powder; t R = 14.28 min (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR (ZnSe): ν = 3406, 1738, 1192 cm -1 ; 1 H NMR [400 MHz, acetoned 6 /D 2 O (8:2)] δ 3.87 (m, 6H, H-1"), 4.14 (m, 1H, Hα-6), 4.48 (dd, J = 2.4, 12.0 Hz, 1H, Hβ-6), 5.05 (t, J = 8.6 Hz, 1H, H-4), 5.29 (d, J = 8.2 Hz, 1H, H-1), 5.45 (dd, J = 1.5, 9.2 Hz, 1H, H-5), 5.60 (d, J = 4.8 Hz, 1H, H-2), 5.89 (d, J = 3.0 Hz, 1H, H-3"), 5.98 (d, J = 3.0 Hz, 1H, H-3"), 6.08 (d, J = 3.2 Hz, 1H, H-3"), 6.14 (dd, J = 2.0, 3.1 Hz, 1H, H-4"), 6.20 (dd, J = 1.9, 3.0 Hz, 1H, H-4"), 6.29 (dd, J = 2.0, 3.0 Hz, 1H, H-4"), 7.26 (d, J = 1.2 Hz, 1H, H-5"), 7.32 (d, J = 0.9 Hz, 1H, H-5"), 7.48 (d, J = 1.0 Hz, 1H, H-5"); 13 C NMR [100 MHz, acetone-d 6 /D 2 O (8:2)] δ 167.7 (CIV=O), 166.6 (CV=O), 165.9 (CIII=O), 165.3 (CI=O), 165.2 (CII=O), 151.4, 151.2, 151.0 (C-2"), 147.7, 147.6, 146.8, 146.7, 146.6, 146.2, 144.9, 144.4, 143.4 (C[I-V]-3', C[I-V]-5'), 143.4, 143.1, 142.8 (C-5"), 137.7, 135.0, 134.9, 134.4, 133.8, 132.5, 131.4, 129.9, 126.4, 122.5 (C[I-V]-1', C[I-V]-4'), 115.8, 115.8, 115.5, 113.8, 113.5, 113.2, 112.1 (C[I-II]-2', C[I-V]-6'), 111.4, 111.2 (C-4"), 109.0, 108.9, 108.7 (C-3"), 108.3, 107.4 106.2 (C[III-V]-2'), 73.5 (C-3), 70.2 (C-5), 69.6 (C-4), 66.7 (C-2), 66.1 (C-1), 64.9 (C-6), 33.1, 32.8, 32.1 (C-1"); LRMS (ESI) m/z (relative intensity) 1293 ([M+Na] + , 100); HRMS (ESI) m/z calcd for C 56 H 38 O 29 NaS 3 1293.0553, found 1293.0538.

  (S)-3SH-castalagin monoadduct 12b: brown amorphous powder; t R = 8.64 min (gradient elution: 0-15 min: 0-100% solvent B; 15-20 min: 100% solvent B; column Pyramid C-18 Macherey-Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR (ZnSe): ν = 3405, 1627, 1193 cm -1 ; 1 H NMR [400 MHz, acetone-d 6 /D 2 O (8:2)] δ 0.73 (m, 3H, H-6"), 1.37 (m, 4H, H-4", H-5"), 1.65 (m, 1H, H-2"), 1.91 (m, 1H, H-2"), 3.25 (m, 1H, H-3"), 3.76 (m, 2H, H-1"), 4.03 (m, 1H, Hα-6), 4.32 (dd, J = 2.3, 12.7 Hz, 1H, Hβ-6), 5.01 (d, J = 7.6 Hz, 1H, H-3), 5.06 (d, J = 4.2 Hz, 1H, H-1), 5.27 (t, J = 7.4 Hz, 1H, H-4), 5.58 (d, J = 6.6 Hz, 1H, H-5), 5.68 (d, J = 4.3 Hz, 1H, H-2), 6.67 (s, 1H, HIII-2'), 6.88 (s, 1H, HV-2'); 13 C NMR [100 MHz, acetone-d 6 /D 2 O (8:2)] δ 168.2 (CIV=O), 167.2 (CIII=O), 166.3 (CV=O), 165.6 (CII=O), 164.5 (CI=O), 147.3, 146.7, 146.1, 145.3, 145.0, 144.7, 144.4, 144.0, 143.6 (C[I-V]-3', C[I-V]-5'), 136.9 (CV-4'), 136.4 (CIII-4'), 137.7, 134.8, 134.0, 133.6, 127.4, 124.9, 123.6, 121.9 (C[I-V]-1', C[I-II, IV]-4'), 115.6 (CV-6'), 114.3 (CIII-6'), 116.0, 115.4, 114.4, 114.3, 112.7 (C[I-II]-2', C[I-II, IV]-6'), 108.6 (CIII-2'), 108.5 (CV-2'), 106.9 (CIV-2'), 74.0 (C-1), 70.6 (C-5), 69.0 (C-4), 67.2 (C-2), 66.4 (C-3), 65.9 (C-6), 60.0 (C-1"), 46.9 (C-3"), 36.9 (C-4"), 36.8 (C-2"), 19.7 (C-5"), 14.1 (C-6"); LRMS (ESI) m/z (relative intensity) 1067 ([M+H] + , 100), 1089 ([M+Na]+, 90); HRMS (ESI) m/z calcd for C 47 H 36 O 27 S 1066.1321, found 1066.1239.

Table 1 .

 1 FeCl3-mediated oxidation of (epi)catechin

1a/b in the presence of 2FMT.

  

	Flavanols	Conditions a	Thio-adducts	Yields b
		2FMT (2 equiv)	3a	8
	1a	FeCl3 (2 equiv)	4a	3
		t = 2 h	5a	29
		2FMT (8 equiv)	3a	0
	1a	FeCl3 (5 equiv)	4a	0
		t = 5 h	5a	58
		2FMT (2 equiv)	3b	5
	1b	FeCl3 (2 equiv)	4b	3
		t = 2 h	5b	9
		2FMT (8 equiv)	3b	0
	1b	FeCl3 (5 equiv)	4b	0
		t = 5 h	5b	39
	a All reactions were run in Milli-Q water (+ THF for 1a) under N2, and
	worked up using Na2S2O4 (see Experimental Section).	

b Isolated yields.

Table 2 .

 2 FeCl3-mediated oxidation of catechin 1a in the presence of (R)-3SH or rac-3SH.

	Flavanols	Conditions a	Thio-adducts	Yields b

b Isolated yields.

  The rapid formation of several compounds was observed by HPLC analysis, but no further evolution of the reaction mixture was noticed after 1 hour (see FiguresS1 and S2in Supplementary Material). Then, 2 additional equivalents of both FeCl 3 and 2FMT were added every hour during 4 hours until the quasi complete consumption of the starting ellagitannins was reached. Both reactions were monitored by HPLC/MS analysis, required the use of 10 equivalents of both FeCl 3 and 2FMT, and were stopped after 8 hours (see Figures

III IV V RSH H or -H 's equivalents of 2FMT in deoxygenated Milli-Q water.

  + , 100); HRMS (ESI) m/z calcd for C 46 H 30 O 27 NaS 1069.0587, found 1069.0597. = 3386, 1743, 1190 cm -1 ; 1 H NMR [400 MHz, acetoned 6 /D 2 O (8:2)] δ 3.78 (m, 4H, H-1"), 4.12 (d, J = 12.7 Hz, 1H, Hα-6), 4.36 (d, J = 11.3 Hz, 1H, Hβ-6), 4.93 (d, J = 7.9 Hz, 1H, H-3), 5.04 (d, J = 4.8 Hz, 1H, H-1), 5.19 (t, J = 8.0 Hz, 1H, H-4), 5.40 (d, J = 8.6 Hz, 1H, H-5), 5.64 (d, J = 4.5 Hz, 1H, H-2), 5.86 (m, 2H, H-3"), 6.12 (m, 2H, H-4"), 6.80 (s, 1H, HV-2'), 7.19 (s, 1H, H-5"), 7.24 (s, 1H, H-5"); 13 C NMR [100 MHz, acetoned 6 /D 2 O (8:2)] δ 168.2 (CIV=O), 166.5 (CV=O), 166.0 (CIII=O), 165.6 (CI=O), 165.3 (CII=O), 150.9, 150.6 (C-2"), 145.1 (CV-3'), 147.5, 147.2, 146.6, 146.1, 145.9, 144.8, 144.7, 144.5, 143.

	2FMT-castalagin diadduct 10b: brown amorphous powder; t R
	= 12.76 min (gradient elution: 0-15 min: 0-100% solvent B; 15-
	20 min: 100% solvent B; column Pyramid C-18 Macherey-
	Nagel: 4.6 × 250 mm, 5 µm, 100 Å; flow rate: 1 mL/min); IR
	(ZnSe): ν
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