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As a privileged heterocyclic unit, thiazole moieties exist widely in natural products and bioactive molecules (Figure 1). 1 Bacillamide A isolated from the marine bacterium Bacillus sp. SY-1 was identified as a new algicide against the harmful dinoflagellate Cochlodinium polykrikoides. [START_REF] Jeong | a novel algicide from the marine bacterium, Bacillus sp. SY-1, against the harmful dinoflagellate, Cochlodinium polykrikoides[END_REF] Penicillin G or BENPEN™, is a well-known antibiotic used to treat a number of bacterial infections. [START_REF] Stuart | WHO Model Formulary[END_REF] Thiamine, commonly known as vitamin B1, is an essential vitamin present naturally in food and widely used as a dietary supplement and medication. [START_REF] Bettendorff | Present Knowledge in Nutrition, Eleventh Edition[END_REF] Moreover, numerous thiazole-based compounds are in clinical use as antitumor, antiviral, antiinflammatory, antifungal, antirheumatic, immunomodulator, and antiparasitic agents such as ritonavir, 5 tiazofurin 6 and ravuconazole. 7

Figure 1. Selected Bioactive Thiazoles

In view of the importance of thiazole derivatives, several thiazole ring synthetic strategies have been developed, which could be roughly classified into two categories bases on the involvement of redox transformations on the sulfur atom or not. In the first category, sulfur reagents/substrates such as P2S5, [START_REF] Sheldrake | Facile Generation of a Library of 5-Aryl-2-arylsulfonyl-1,3-thiazoles[END_REF] Lawesson's reagent, [START_REF] Sanz-Cervera | Solution versus Fluorous versus Solid-Phase Synthesis of 2,5-Disubstituted 1,3-Azoles. Preliminary Antibacterial Activity Studies[END_REF] thiocyanate, 10 thioureas, [START_REF] Castagnolo | Domino Alkylation-Cyclization Reaction of Propargyl Bromides with Thioureas/Thiopyrimidinones: A New Facile Synthesis of 2-Aminothiazoles and 5H-Thiazolo[3,2-a]pyrimidin-5-ones[END_REF] isothiocyanates, [START_REF] Tang | Copper-Catalyzed Coupling of Oxime Acetates with Isothiocyanates: A Strategy for 2-Aminothiazoles[END_REF] thioamides, [START_REF] Ishiwata | Facile Preparation of Thiazoles from 1H-1-(1′-Alkynyl)-5-methyl-1,2,3-benziodoxathiole 3,3-Dioxide with Thioamides[END_REF] thionoesters, [START_REF] Miura | Facile Synthesis of 2,5-Disubstituted Thiazoles from Terminal Alkynes, Sulfonyl Azides, and Thionoesters[END_REF] and dithioesters 15 could be used as the S(-2) precursor for the construction of thiazole ring.

On the other hand, elemental sulfur, a cheap and user-friendly S(0) reagent, was shown to be an excellent sulfur precursor to generate the thiazole ring. 16 In general, these methods suffered from at least one of the following drawbacks: use of transition metal catalysts/ligands, 16a,b,e harsh reaction conditions involving strong bases/acids/oxidant 16a,b,d,e,h,i with prolonged heating at elevated temperatures/pressure, 16a,b,f,g,i complex starting substrates 16b,c,d,h,i or with low atom efficiency. 16b,c,h,i In continuation of our ongoing research program on the valorization of elemental sulfur in organic synthesis, 17 we report herein a three-component synthesis of thiazole-2-thiones based on reactions of sulfur with readily available chalcones and isothiocyanates.

In the course of our study on the organic reactions involving elemental sulfur, we found that chalcones were excellent candidates for quick access to various molecule libraries since this family of compound are readily available in quantity with high structural diversity. Moreover, their conjugated enone structure could offer a wide range of reactivities with sulfur 18 and would be particularly suitable for the development of new multicomponent reactions. 19 Based on these observations, we wished to develope a new three-component reaction of chalcones and sulfur by choosing isothiocyanates as the third component (Table 1). Interestingly, our first attempt consisting in stirring a mixture of chalcone 1a, phenyl isothiocyanate 2a (1.2 equiv), sulfur (2 equiv) and N-methylpiperidine (1 equiv) as a basic sulfur activator in DMSO (3 equiv) led to the formation of 3aa in good yield at 80 °C (entry 1). X-ray crystallographic analysis confirmed unambiguously the thiazole-2-thione structure of 3aa. The reaction was less efficient at lower temperature (entry 2) or did not occur in the absence of sulfur (entry 3). While other basic additives of comparable basicity such as triethylamine, tripropylamine or diethylisopropylamine (DIPEA) displayed similar reactivity (entries 4-6), weaker bases such as N-methylmorpholine or pyridine were not capable of promoting this transformation (entries 7-8). No transformation was observed in the absence of a base catalyst (entry 9). Lower the loading for N-methylpiperidine to 0.5 equiv maintained the reactivity (entry 10) but at 0.2 equiv, the reaction proceeded sluggishly, leading to complex mixture (entry 11). Interestingly, DABCO was shown to be the most effective base catalyst even at 0.2 equiv, leading to a clean reaction mixture from which product 3aa could be isolated in a high yield by a simple trituration of the crude mixture with methanol (entry 12). Lower sulfur amount to 1 equiv resulted in incomplete reaction (entry 13). This result suggested that the dehydrogenation step required an addition equiv of sulfur and the role of DMSO as an oxidant was not essential. a Reaction conditions: chalcone 1a (0.5 mmol), PhNCS 2a (0.6 mmol), sulfur (x equiv, x/2 mmol, 32 mg/mmol), base (y equiv, y/2 mmol) in solvent (0.1 mL ), T °C, 16 h. b Isolated yield unless otherwise noted. c Determined by 1 H NMR of the crude mixture. d DMAc: N,N'-dimethylacetamide. e NMP 1-methyl-2-pyrrolidone.

Consequently, we found that DMSO could be replaced by other polar aprotic solvents such as DMF, DMAc or N-methylpiperidone with slight difference in isolated yields (entries 14-17).

Scheme 1. Scope of Isothiocyanates 2

Other solvents of various nature (ethanol, dioxane, toluene) have also been evaluated and found to be less efficient (entries 17-19), possibly due to less efficient stabilizing effect of these solvents to sulfur-amine complex A (see Scheme 4). While the reaction mixtures were complex in two polar solvents (entries 17-18), both starting substrates remained unchanged in toluene (entry 19). For comparison purposes, the reaction under solvent-free conditions was also studied and provided 3aa in low yield (entry 20). It should be noted that when polar other solvents than DMSO were used (entries 14-18), the formation of 1,3-diphenylpropan-1-one 18b issued from reduction of chalcone 1a was detected in various amount. This could be explained by the oxidation of H2S byproduct by DMSO, thus avoiding/limiting the C=C bond hydrogenation of chalcone.

On the basis of these observations, the optimal conditions were identified as follows: chalcone 1a, phenyl isothiocyanate 2a (1.2 equiv), sulfur (2 equiv), and 0.2 equiv of DABCO as the catalyst in DMSO at 80 °C for 16 h (entry 12).

Scheme 2. Scope of Chalcones 1

As shown in Scheme 1, isothiocyanates 2b-2k derived from anilines could be conveniently used as suitable nitrogen precursors to give the corresponding thiazoles 3ba-3oa, isolable in moderate to high yields by simple filtration from the reaction mixtures. They are substituted with either electron donating (OMe, OCF3), halogen (F, Cl, Br) or electron-withdrawing (CF3, CN, CO2Et) groups on either ortho, meta or para position of the phenyl ring.

Similarly, thiazole 3oa derived from benzyl isothiocyanate 2o was obtained a moderate yield upon purification by column chromatography. The general structures of this family of compounds were further confirmed by X-ray crystallography analysis of 3ea, 3ka, 3ma and 3oa.

As far as the chalcones were concerned, substrates with ortho, meta, and para substituents on both phenyl ring were converted into the corresponding products with high efficiency. (Scheme 2). Although chalcones 1 were previous known to undergo many side reactions with sulfur in DMSO that could lower the yields of the corresponding thiazole-2-thiones 3, for example disulfurative dimerization 19a and reduction of the C=C bond, 18b such unwanted products were observed only in trace amounts.

Notably chalcones 1e, 1k and 1g bearing a nitro or cyano group, which are generally known to be affect by the reactions involving S8/H2S, could be employed in the present procedure with PhNCS 2a to generate thiazoles 3ae, 3ak and 3ag in excellent yield. The heteroaromatic chalcones bearing a thiophene moiety 1m and 1n showed good reactivity as well. The reaction conditions were however not suitable for benzalacetone or dibenzalacetone, which resulted in complex mixture.

Finally, the reaction conditions were extended to cyclohexenone 4 (Scheme 3). While the reaction mixture was shown to be complex at 80 °C, lowering the reaction temperature to 40° C led to the formation of 2:1 adduct as a single diastereomer in moderate yield. This interesting preliminary result is surely facilitate access to unique fused bis-thiazoline derivative 5 in a stereoselective manner and necessary further study for yield improvement.

Scheme 3. Reaction of Cyclohexenone with PhNCS and S8

Our strategy was nevertheless not applicable to phenyl isocyanate PhNCO as this oxygen analog of 2a was found to be unstable under the reaction conditions. Indeed, rapid evolution of carbonic gas due to unwanted degradation reaction of PhNCO was observed even at the beginning of the reaction. Consequently, the remaining chalcone 1a react with sulfur in an uncontrolled manner to yield complex mixtures from which we could identify dimeric disulfur chalcone 19a and 1,3-diphenylpropan-1-one 18b as previously described.

A mechanistic picture for the thiazole-2-thione-forming process emerged as shown in Scheme 4. Seemingly, the reaction was initiated by the reversible formation of sulfur-base adduct. Subsequently, a dithiocarbamate of the type B must be formed from nucleophilic attack of zwitterion A to PhNCS. A possible degenerative isomerization B B' could be explained via exchange of the polysulfur chain between two sulfur atom of the dithiocarbamate moiety. Nucleophilic attack of B/B' to chalcone 1a followed by a base-catalyzed cyclization would lead to thiazoline E, which undergoes a sulfur-and base-promoted aromatization via F-G to provide thiazole-2-thione 3aa. In parallel, the formation of 1:2 adduct 5 between cyclohexenone 4 and phenyl isothiocyanate 2a could be explained via intermediate I, which is a 1:1 adduct of cyclohexenone with PhNCS 2a, bearing a cyclohexanone ring fused with a thiazolin-2-thione in a cis-configuration. Subsequent base-catalyzed reaction with sulfur and another PhNCS 2a molecule to I followed by a cis-cyclization via addition of NPh moiety to the ketone function of H would yield adduct 5. As long as chalcones 1 don't have any substituent that are unstable to the reaction conditions, there is no significant difference in the reactivity of these chalcones, possibly due to the involvement of chalcone on the rate non determining step. 

Table 1 . Screening of the Reaction Conditions

 1 

	Entry a x	base	y	solvent	T	yield
						(°C)	(%) b
	1	2	N-methylpiperidine 1	DMSO	80 81
	2	2	N-methylpiperidine 1	DMSO	60 65
	3	0	N-methylpiperidine 1	DMSO	80 0
	4	2	triethylamine	1	DMSO	80 79
	5	2	tripropylamine	1	DMSO	80 75
	6	2	DIPEA	1	DMSO	80 77
	7	2	N-methylmorpholine 1	DMSO	80 0 c
	8	2	pyridine	1	DMSO	80 0 c
	9	2	-	-	DMSO	80 0 c
	10	2	N-methylpiperidine 0.5 DMSO	80 79
	11	2	N-methylpiperidine 0.2 DMSO	80 29
	12	2	DABCO	0.2 DMSO	80 90
	13	1	DABCO	0.2 DMSO	80 34
	14	2	DABCO	0.2 DMF	80 75
	15	2	DABCO	0.2 DMAc d	80 70
	16	2	DABCO	0.2 NMP e	80 72
	17	2	DABCO	0.2 EtOH	80 40
	18	2	DABCO	0.2 dioxane	80 10
	19	2	DABCO	0.2 PhMe	80 0
	20	2	DABCO	0.2 -	80 36
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