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Thi Thu Tram Nguyen, †,d Le Anh Nguyen, †,b,c Quoc Anh Ngo,* b,c Marina Koleski, a and Thanh Binh Nguyen* a Thioamides could be conveniently synthesized in good to excellent yields via DMSO-promoted oxidative coupling of methylhetarenes with amines in the presence of near stoichiometric amount of sulfur (1.25 equiv). Both aliphatic and aromatic amines were found to be competent substrates. When anilines o-substituted by a cyclizable group such as OH, NH2, NHPh, SH, CONH2 were used as the amines substrates, the corresponding hybrid bis-aza-heterocycles were formed in high yields even with sulfur loading as low as 0.5 equiv.

Thioamides 1 are an important class of compounds with a wide range of application as synthetic intermediates. [START_REF] Villo | Transition metal-free, chemoselective arylation of thioamides yielding aryl thioimidates or N-aryl thioamides[END_REF] Recently, thioamide functions were found in several natural products as well as in a single protein. [START_REF] Mahanta | Biosynthesis and Chemical Applications of Thioamides[END_REF] This provides a new perspective for investigations of their role and for design of natural thioamidecontaining bioactive molecules. [START_REF] Yang | Site-Specific Incorporation of Multiple Thioamide Substitutions into a Peptide Backbone via Solid Phase Peptide Synthesis[END_REF] Although the reaction between Lawesson reagent with amides are the most known synthesis of thioamides, the method suffers from low functional group tolerance. Other methods based on Willgerodt-Kindler reaction were developed, making use of elemental sulfur [START_REF] Nguyen | Recent Advances in the Synthesis of Heterocycles via Reactions Involving Elemental Sulfur[END_REF] as an inexpensive and user-friendly source of sulfur via threecomponent combination involving amines and an organic component providing the carbon atom of the thiocarbonyl thioamide function. [START_REF] Willgerodt | Ueber die Einwirkung von gelbem Schwefelammonium auf Ketone und Chinone[END_REF] The strategy is highly economic, especially when substrates bearing an oxidizable methyl group are used the thiocarbonyl precursor since they are readily available in a wide range of structures. In this transformations, sulfur in excess (> 3 equiv) was generally employed (Scheme 1). Due to high propensity of aliphatic amines to react with sulfur, especially at high temperature, the reactions were generally not applicable to aliphatic amines. [START_REF] Schaefer | Saikachi and T. Hisano, Synthetic Studies on Fungicidal Agent. VII. Reaction of 2-Picoline and Aromatic Primary Amines (or Aromatic Nitro Compounds) in the Presence of Sulfur[END_REF] During the course of our research aiming at developing new redox organic reactions involving elemental sulfur, were noticed that the combination of elemental sulfur and DMSO displayed interesting synergic effect on some oxidative condensation reactions, opening access a wide range of sulfurcontaining and sulfur-free products, including heterocycles. Compared to the conditions without DMSO, using DMSO allowed us not only to lower the sulfur loading but also to perform the reaction at lower temperatures, more selective with cleaner reaction mixture and higher yields. Moreover, some particular transformations were successful only in the presence of both sulfur and DMSO.

Scheme 1. Three-component approaches to thioamides from methylhetarenes, sulfur and amines

Based on these literature precedent, we reasoned that the combination S8/DMSO applied to amine-methylhetarene system could lower the sulfur loading to fulfil the role as the sulfur building block while DMSO would act principally as the oxidant. We initiated our study on the reaction of cyclohexylamine (1 equiv) with sulfur (1.25 equiv) and 4-picoline (1.5 equiv) presence of DMSO (4.5 equiv). Gratifyingly, such a reaction led to the expected thioamide 3aa in a good yield when HOAc (1 equiv) was used as a weak acidic additive. Further investigation on additive allowed us to select HOAc as the additive of choice for subsequent examples that are presented in Scheme 2. The reaction could be extended to other primary and secondary aliphatic amines 2b-2e were thioamidated without any incidence. Methylhetarenes such as 2-picoline 1b, lepidine 1c, quinaldine 1d, 3-methylisoquinoline 1e, 1-methylisoquinoline 1f, 4-methylpyrimidine 1g and2-methylbenzothiazole 1h. Unsurprisingly, 3-picoline as well as toluene were not active under these conditions. Scheme 2. Reactions of Methylhetarenes 1 with Aliphatic Amines 2 and S8/DMSO We next extended our strategy to aromatic amines 4 in place of 2. In this case, the reactions could provide high yields of thioamides even without of HOAc additive. Anilines bearing a wide range of function groups at different positions. 2,5-Dimethylaniline 4b reactions with sulfur and 4-picoline 1a to provide thioamide 5ab in high yield despite the o-methyl substituent. With anilines bearing electron donating groups such as methoxy, while p-anisidine 4c reacted in the expected manner, 3,4-dimethoxyaniline 4d led to benzothiazole 6ad in good yield. It is clear that increasing the electron density in the aromatic ring of the aniline component will favor its osulfuration. All four halogen substitutions on aniline substrates 4e-4i the were found to tolerate the reaction conditions. Anilines bearing electro attracting group in the meta position such as nitro 4j and methyl ester 4k, displayed good reactivity. It should be noted that the nitro groups were in general reducible under the reaction conditions involving elemental sulfur in large excess as a result of the interaction with either sulfur or its conjugated reduced formed hydrogen sulfide. In our present case, since the concentrations of both of these species were low and the reaction media are oxidant, such unwanted reduction could be avoided. Heteroaromatic amines such as 3or 2-amino pyridine (4l or 4n) was found to be competent substrates by their reaction with 2-or 4-picoline (1a or 1b) as well as 2-methylbenzothiazole 1h. Our reaction conditions were also successfully applied to cyclic secondary aromatic anilines such as indoline 4m or 1,2,3,4-tetrahydroquinoline 4n. However, N-methylaniline failed to deliver the expected Nmethyl thioamide with 4-picoline 1a. HOAc (1 equiv) Please do not adjust margins
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At this stage, we were eager to extend our method to anilines derivatives o-substituted by a cyclizable groups such as OH, NH2, NHPh, SH, CONH2 7 in order to obtain the corresponding hybrid benzazoles-hetaryl products 8. These bis-heterocyclic scaffolds were found to be particularly interesting with some selected examples given in Scheme 4. For example, oxindole derivative Adibendan I, an inhibitor of phosphodiesterase III has also been used for the treatment of congestive heart failure due to their strong vasodilatory, ionodilatory and positive ionotropic effects. [START_REF] Bethke | Mechanism of action and cardiotonic activity of a new phosphodiesterase inhibitor, the benzimidazole derivative adibendan (BM 14.478), in guineapig hearts[END_REF] Bis-benzothiazoles II was used as fluorescent probe for detecting bio-thiols in vitro in living cells [START_REF] Mao | A ratiometric fluorescent probe for rapidly detecting bio-thiols in vitro and in living cells[END_REF] while III and IV were the components of light emitting electrochemical cell (LEEC) electroluminescent devices. 10 Additionally, naphthothiazole V was shown to be highly selective sensitive fluorescent colorimetric chemosensor for detection pollutant metal ions. [START_REF] Jonaghani | Naphthothiazole-based highly selective and sensitive fluorescent and colorimetric chemosensor for detection of pollutant metal ions[END_REF] 2-Benzoimidazol-8-alkylquinolinylnickel(II) complexes as efficient catalysts for ethylene oligomerization vinyl polymerization norbornene. [START_REF] Wei | Terpyridinemetal complexes: Applications in catalysis and supramolecular chemistry[END_REF] Benzoxazole VII demonstrated excellent inosine 5ʹ-monophosphate dehydrogenase (IMPDH) inhibitory activity and was known as anti-tuberculosis agent. [START_REF] Gorla | Thiazolidinone-Peptide Hybrids as Dengue Virus Protease Inhibitors with Antiviral Activity in Cell Culture[END_REF] The most straightforward approaches to such compounds consists in an oxidative condensation of active methylhetarenes with bis-heteronucleophiles. Although interesting reactivities were explored and allowed rapid access to target molecules, most of the reactions suffered from harsh reaction conditions 14 with the involvement of complex substrates, 15 strong oxidizing agents, 16 strong acids [START_REF] Yaragorla | Oxidative Csp3-H functionalization of 2-methylazaarenes: A practical synthesis of 2-azaarenyl-benzimidazoles and benzothiazoles[END_REF] and transition metal catalysts. 18 Scheme 4. Representative Hybrid Bis-Aza-Heterocycles and Our Proposed Access Due to such drawbacks which are in general incompatible with bis-nucleophiles, some reactions should be performed in two separated steps: oxidation followed by formation of the heterocyclic motif by addition of bis-nucleophiles. 19 Moreover, in some cases, since bis-nucleophiles are readily oxidized under the reaction conditions, their protected forms were used as surrogates, thus lower the global atom efficiency. 20 Additionally, most of these conditions were shown to be suitable for certain combination between activated methylhetarenes and bis-nucleophiles. Among alternative oxidants, sulfur was previously found to be an excellent candidate but high temperatures (150-220 °C), excess use of elemental sulfur that required high pressure reactors and appropriate treatment remain the most significant disadvantages. 21 Scheme 5. Reactions of Methylhetarenes 1 with Aromatic Amines 7 and S8/DMSO For this series, we first examined the reaction of 4-picoline 1a with o-aminophenol 7a. Previously, this compound was obtained upon heating these two substrates with sulfur (3 equiv) at 160-165 °C for 10 h. 20i In our case, the reaction could be convenient performed at temperature as low as 110 °C while using only 0.5 equiv of sulfur in DMSO (4.5 equiv). Further reducing the sulfur loading (0.2 equiv) resulted in very low conversion (< 10%). Substituents such as chloro, sulfonamide, sulfone or even nitro in 2-aminophenol substrates 7b-7f were Please do not adjust margins Please do not adjust margins found to have no undesired effect on the reactivity. Further examples were given with o-phenylenediamines 7g-7h, anthranilamide 7i and o-aminothiophenol 7j. In all cases, the reactions proceeded smoothly, starting from a well soluble solution of all starting components to yield the products with steady evolution of dimethyl sulfide and water. In the cases of o-aminothiophenol 7j, the reaction is initiated by the formation of 2,2'-diaminodiphenyl trisulfide X upon mixing 7j with sulfur even at rt with evolution of H2S as described previously. [START_REF] Nguyen | Benzazoles from Aliphatic Amines and o-Amino/Mercaptan/Hydroxyanilines: Elemental Sulfur as a Highly Efficient and Traceless Oxidizing Agent[END_REF] Despite this difference, the corresponding benzothiazoles products 8aj, 8cj, 8dj, 8ij and 8jj were formed in high yields.

While the reaction mechanism is not fully elucidated at the moment, we tentatively proposed a reaction pathway for 4picoline 1a (Scheme 6) based on our previous experience on sulfur-catalyzed formation of thioamide from dibenzyl disulfides and amines. [START_REF] Nguyen | Sulfur-Catalyzed Oxidative Coupling of Dibenzyl Disulfides with Amines: Access to Thioamides and Aza Heterocycles[END_REF] 

Conclusions

In conclusion, we have demonstrated a useful application of S8/DMSO in promoting the direct oxidative coupling reaction of the active methylhetarenes with amines. By using S8/DMSO system, the reaction temperature could be lowered to 110-120 °C, allowing access to a wide range of thioamides and bisheterocycles according to the structure of the amine substrates with improved reactivity and yields. The method would be particularly useful for the synthesis of sulfur-labelled derivatives wherein excess use of sulfur source is not recommended. 
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  Since our reaction conditions were applicable only to hetarene compound bearing an activated methyl group, i.e. the methyl group should be located at 2 or 4 position to the nitrogen atom of the heterocycle, it is suggested that 1a should undergo a tautomerization to 1a', which was subsequently sulfurated by elemental sulfur to provide polysulfide A. The whole process could be repeated to provide a common intermediate thioaldehyde B. Subsequent addition of and amine followed by an oxidation promoted by either S8 or DMSO would provide thioamide 3 or 5. On the other hand, reaction of thioaldehyde B with an aniline o-substituted by a cyclizable group (OH for 7a) would occur with elimination of a H2S molecule to give D. Final aromatization of D assisted by S8 or DMSO would give rise to benzoxazole 8aa. Regeneration of sulfur from H2S would be performed with DMSO.

Scheme 6. Proposed reaction mechanism
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