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TFA/DMSO combination was found to efficiently promoted the cross-dehydrogenative coupling of hetaryl thiols with indoles, leading to 3-(hetarylsulfenyl)indole in good-to excellent yield. Two-fold hetarylsulfenylation of indoles in 2-and 3-positions could be conviently performed by simply adapting the starting material molar ratio.

Introduction

Indoles are among the most important and ubiquitous heterocyclic scaffolds in a variety of natural products, pharmaceutical compounds, and bioactive molecules. [1] Particularly, 3sulfenylindole derivatives have attracted considerable attention thanks to their pharmaceutical potential including anti-viral (HIV-1), [2] anti-allergic, [3] and anti-cancer, [ 4] etc. In addition, the indoleheterocyclic sulfide combination exhibits many interesting biological activities such as autotaxin inhibitor (A) for the treatment of fibrosis and cell proliferative diseases, [5] the pharmaceutical compound (B) to treat respiratory disorders including asthma and chronic obstructive pulmonary disease (COPD), [6] the local vasoconstrictor tinazoline (C), [7] the potent and selective human EP3 receptor antagonist (D) against atherothrombotic diseases, [8] and the leukotriene biosynthesis inhibitor (E) acting as anti-asthmatic, anti-allergic, and antiinflammatory agents (Figure 1). [9] Consequently, their synthesis remains an area of intense current interest to the chemist community with numerous preparative methods have been developed, which could be roughly sorted out into two main categories:

(1) construction of the indole ring of 3-sulfenylindole derivatives could be constructed by cyclization reactions of phenylhydrazine hydrochloride, [10] 2-alkynylanilines, [11] N,N-Dialkyl-2-iodoanilines via one-pot reaction, [12] and 2-(gem dibromo(chloro)vinyl)anilines; [13] and

(2) sulfenylation [14] of pre-existing indole rings using an array of electrophilic sulfenylating agents such as disulfides, [15] sulfonyl chlorides, [16] N-(arylthio)phthalimides, [17] N-(arylthio)succinmides/Cp*Co(III), [18] sulfinic acid derivatives (acids [19] /esters [20] /sodium salts [21] ), sulfonyl hydrazides, [22] aryl halides/thiourea/CuI, [23] arylboronic acids/S8, [24] Bunte salts [25] and 1-aryltriazene/CS2. [26] It should be noted that some electrophilic sulfenylating agents are moisture-and air-sensitive, difficult to prepare and not readily commercially available. Additionally, the reported sulfenylating methods could suffer from some disadvantages such as using transition metal catalysts, excess additives under harsh reaction conditions. More importantly, the global atom efficiency is low due to the introduction as well as subsequent removal of activating group. Accordingly, the sulfenylation reaction of indoles using directly thiophenols has become an excellent solution to the abovementioned drawbacks. Various oxidative coupling conditions have been developed: Selectfluor, [27] NO2BF4, [28] molecular iodine, [29] NaOH/DMSO, [ 30] Cs2CO3/DMSO, [31] KIO3/DMSO, [32] HBr/DMSO, [33] air/photocatalyst, [34] graphene oxide/O2, [35] flavin/I2/O2, [36] MnO2/I2/O2 [37] or electrolytic conditions. [38] However, the direct sulfenylation reaction of indoles with heterocyclic thiols [START_REF] Siddaraju | For the use of heterocyclic thiols as sulfur sources, see: a)[END_REF] was considered as a difficult task with only few examples reported [40] using strong oxidants such as I2, [40a-c] oxone, [40d] KIO3, [40e] or Mn(III). [37] N H Herein, we report the TFA/DMSO combination as a simple, practical and efficient system for direct sulfenylation of indoles with heterocyclic thiols under mild reaction conditions, leading to 3-sulfenylindoles containing heterocyclic sulfide scaffold.

Results and Discussion

Very recently, we have reported the use of TFA as a catalyst to promote the oxidative condensation of 2-aminothiophenols with ketones in DMSO to provide benzothiazines. [41] We initiated our present exploration by studying the reaction between indole 1a and thiol 2a as model substrates in DMSO (Table 1).

Table 1. Screening of the reaction conditions.

Entry [a] acid x (equiv) T ( o C) yield (%) [b] 1 TFA 2. 6 [d] TFA 2.5 60 0 [c] 7 TfOH 2.5 60 81 8 HOAc 3.0 60 0 [c] 9 H2SO4 3.0 60 27

[a] Reaction conditions: Indole 1a (1 mmol), heterocyclic thiol 2a (1 mmol), acid (x equiv) in DMSO (0.2 mL, 2.8 mmol), T ºC, 16 h. [b] Isolated yield unless otherwise noted. [c] Determined by 1 H NMR of the crude mixture. [d] Reaction performed in N,N-dimethylacetamide (DMAc).

For our first attempt, an equimolar mixture of indole 1a (1 mmol) and thiol 2a (1 mmol) was stirred and heated at 40 ºC in an 1:1 mixture (v/v) of TFA and DMSO (0.2 mL:0.2 mL). As expected, 3-sulfenylindole 3aa was successfully obtained in moderate yield (entry 1). Gratifyingly, the yield could be further improved when the reaction was conducted at 60 ºC (entry 2). It should be noted that at higher temperature (80 ºC), the yield decreased (entry 3), possibly due to degradation of indole, especially in acidic medium. While background reaction without TFA resulted in unchanged starting materials (entry 4), halving the amount of TFA led to incomplete reaction (entry 5). The oxidant role of DMSO was confirmed by a control experiment in which DMAc was used instead (entry 6), the reaction did not occur. The efficiency of other acidic additives were also evaluated (entries 7-10). While trifluoromethanesulfonic acid led to good yield (entry 7), weaker acid such as acetic acid resulted in trace amounts of 3aa (entry 8). As an inorganic acid additive, H2SO4 showed to be less effective, possibly due to formation of unidentified insoluble materials during the reaction (entry 9).

With the optimized conditions in hand (entry 2, Table 1), the scope of this reaction was investigated by using different hetaryl thiols. As shown in Scheme 1, beside benzothioazole derivative 3aa described in Table 1, other heterocyclic sulfenyl groups could be introduced easily to the indole moiety. They include tetrazole (3ab, 3ac), pyridine (3ad), thiadiazole (3ae), triazole (3af), benzimidazole (3ag), oxazole (3ga). The structure of compounds 3ab and 3ae was further confirmed by X-ray crystallography analysis, suggesting the general structure of these 3sulfenylindole derivatives.

Scheme 1. Scope of heterocyclic thiols.

As far as the indoles were concerned, substrates with different kinds of substitution groups such as electron-donating group (OMe), electron-withdrawing groups (NO2), or halide groups (Br, Cl, F, and I) were transformed into 3-sulfenylated indoles in moderate to excellent yields (Scheme 2).

While 2-methyl/phenyl indoles reacted with hetaryl thiols to afford the expected products 3da, 3db, 3dd, and 3eb in good to excellent yields, 3-methylindole displayed lower reactivity and provided the 2-sulfenylated product in low yield (result not shown), suggesting that the sulfenylation reaction of indoles is favorable to occur at C3 position thanks to its electron-rich nature. The excellent isolated yields of compounds 3fb and 3fd indicated the high reactivity of 1-methylindole under the mild oxidative system.

Besides that, the 3-sulfenylindoles bearing halide group (3hb, 3ib, 3jb and 3kb) were obtained in moderate yields, while compound 3hd was formed in good yield, implying that the higher reactivity of 2-mercaptopyridine 2d that of 5-mercapto-1methyltetrazole 2b. Interestingly, although it is predicted that the pyridine moiety of 1g would be protonated and deactivate the reactivity of its pyrrole ring, 1g could react with 5-mercapto-1methyltetrazole 2b under the standard reaction condition to give the product 3gb. Interestingly, the optimized conditions were effectively applied to two-fold sulfenylation by simply adapting the molar ratio of the starting materials to provide the desired 2,3-disulfenylindoles 4ae, 4ab and 4lb (Scheme 3). Based the previous reports initiated by Wallace and Fujii [42] and our observations (eq. 1 and 2.), a plausible mechanism for the sulfenylation reaction of indoles with heterocyclic thiols could be proposed (Scheme 4). First, the heterocyclic thiols was transformed into the disulfide 2a' with the presence of DMSO acting as an oxidant. This was confirmed by a control experiment as described in entry 2 Table 1 but without indole, which led to 2a' in quantitative yield (eq. 1)). The reaction is characterized by the formation evolution of gaseous dimethyl sulfide as the transformation proceeded. Second, the S-S bond of of 2a' underwent an acid-catalyzed nucleophilic attack of indole 1a to provide, along with a molecule of 2a, 3aa•H + , which was subsequently deprotonated to provide the expected product 3aa, was deprotonated and then the deprotonation occurred to form the product 3aa. Since nucleophilic/electrophilic properties of the sulfur atom changes in the overall reaction, the sulfenylation reaction of indole with heterocyclic thiols is considered as an Umpolung strategy. 

Conclusion

In conclusion, we have demonstrated the utility of TFA/DMSO as an excellent tool for sulfenylation of indoles via Umpolung strategy using readily available starting materials hetaryl thiols. Expansion of the reaction scope into 2,3-disulfenylation of indoles was also achieved by simply changing substrates molar ratios. Further investigations and study to apply this synthetic methodology for the synthesis of bioactive 3-sulfenylindoles bearing heterocyclic sulfide motif are underway. 

Experimental Section

Synthesis of mono-sulfenylindole derivatives

A mixture of indole 1 (1 mmol), thiol 2 (1 mmol) and trifluoroacetic acid (0.2 mL, 2.6 mmol) in DMSO (0.2 mL, 2.8 mmol) was stirred and heated in a 7-mL test tube closed with a rubber septum at 60 °C for 16 h. The crude product was neutralized with saturated NaHCO3 solution and then purified by column chromatography on silica gel (dichloromethane:ethyl acetate 20:1 to 2:1) or by trituration of the precipitate with dichromethane followed by filtration.

Synthesis of 2,3-bis-sulfenlindoles

A mixture of indole 1 (0.5 mmol), thiol 2 (1 mmol) and trifluoroacetic acid (0.2 mL, 2.6 mmol) in DMSO (0.2 mL, 2.8 mmol) was stirred and heated in a 7-mL test tube closed with a rubber septum at 60 °C for 16 h. The crude product was neutralized with saturated NaHCO3 solution and then purified by column chromatography on silica gel (dichloromethane:ethyl acetate 10:1) or by trituration of the precipitate with dichromethane followed by filtration.
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