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INTRODUCTION

Compounds containing both nitrogen and sulfur atoms can be found in the structures of a broad range of drugs approved by the FDA. 1 Several are N,S-heterocycles with 5-, 6-, or 7-membered rings (e.g. Actosâ, Claforanâ, Seroquelâ), however no representatives of the medium-sized rings (8 to 11 atoms) are found among them. Increase the molecular diversity of this class is an important task for the discovery of new leads for pharmaceutic applications. In this context, recent work from our laboratory focused on the development of metal-catalyzed processes for the synthesis of original N,S-heterocycles, 2 and in particular those with challenging medium-sized rings. 2c-2e,3

Indeed, their access is known to be difficult because of the high degree of transannular strain and unfavorable entropic factors involved, in particular when the synthetic strategies are based on intramolecular carbon-carbon or carbon-heteroatom bond formation. In this context, our results obtained using Pd-catalyzed reactions are presented herein.

RESULTS AND DISCUSSION

Substrates 1 were used as the precursors of benzimidazole-fused medium-sized N,Sheterocycles. The benzimidazole moiety provides the advantage of its widespread occurrence in biologically active compounds and drugs (e.g. Nexiumâ). The synthetic strategy consisted in the intramolecular C-C bond formation through the Pd-catalyzed reductive cyclization (Scheme 1). 2c

Scheme 1. Synthesis of 8-and 9-membered ring N,S-heterocycles by reductive cyclocarbopalladation

We identified the following reaction conditions from the optimization study: Pd(PPh3)4 as the catalyst, ammonium formate as the hydrogen donor, DMF as the solvent, and a reaction temperature of 120 °C. Under these conditions, the desired 8-membered N,S-heterocycle 2a was obtained in 57% isolated yield ( 

N N S R 1 Br 1 ( ) n N N S R 1 Ph ( ) n ( ) m ( ) m ( ) m ( ) n (m, n = 0, 1) X X' X X' X X'
direct reduction of the substrate resulting in side-products 1H. The obtained heterocycles have an exocyclic double bond of which Z-geometry was controlled by the syn-carbopalladation. The mechanism of the Pd-catalyzed process is given in Scheme 2. Arylpalladium(II) species I1 led either to the hydrodebrominated side-product 1Ha, or to the cyclic alkenylpalladium(II) species I2 via an 8-exo-dig cyclization. The latter led to the corresponding thiazocine 2a after the following reductive process: bromide-to-formate ligand exchange with hydride transfer (to give I3) and formation of ammonium bromide and carbon dioxide, and final reductive elimination regenerating the Pd(0) catalytic species.

Scheme 2. Mechanism of the Pd-catalyzed processes to access thiazocine 2a.

We then attempted to access by this method larger rings (Scheme 3). Starting from 4, the reduced compound 4H was the major product (49% isolated yield). Two other products were formed in a 1:1 ratio and a combined yield of 24%, thiazecane 5 and E-thiazaundecene 6. This represents a rare example of competing processes between 10-exo and 11-endo cyclocarbopalladation of alkynes. 4 We have succeeded to crystallize thiazocine 2a, thiazonine 3c, and thiazaundecene 6, and confirmed their structures by X-ray diffraction analysis (Figure 1). Based on our previous work on the synthesis of 5-and 6-membered ring S-heterocycles via a cyclocarbopalladation/Suzuki-Miyaura coupling domino reaction, 5 we also attempted to apply this method to access benzothiazocines 7 (Scheme 4). The desired product 7q was obtained only in a small amount (8% isolated yield) along with several side products, and product 7r was isolated in low yield of 27%. 6

Scheme 4. Synthesis of 8-membered ring N,S-heterocycles by cyclocarbopalladation/Suzuki-Miyaura coupling

In the case of the transformation of 1q into 7q, we were able to isolate an unexpected side product 10q in 11% yield and determine its structure. We supposed that it was formed via a Pd-catalyzed tandem reaction consisting in a direct coupling leading to 8q, a desulfenylative coupling 7 giving 9q, then the hydrothiolation of the triple bond of the latter by the released thiolate 11 to finally give 10q (Scheme 5). Then, to study the scope of the reaction, we prepared other bromobenzylsulfenyl propargyl benzimidazoles 1 bearing the bromide in ortho, meta or para position and used various electronrich or electron-poor arylboronic acids as coupling partners (Table 2). The corresponding desired products 10 were obtained in satisfactory yields, up to 82%. 8 The mode of the hydrothiolation, intramolecular versus intermolecular, was also examined by a crossover experiment with a equimolar mixture of substrates 12a and 12b (Scheme 7). At the end of the reaction, the analysis of the resulting crude mixture (by 1 H NMR and HRMS) clearly showed only the presence of products 13a and 13b (in a 1:1 ratio) [START_REF]Experimental procedure: To a sealed tube containing a mixture of substrates 12a (0.5 equiv) and 12b (0.5 equiv), phenyl boronic acid (3.0 equiv), K2CO3 (3.0 equiv), Pd2(dba)3 (5 mol%) and PCy3 (20 mol%), was added as the solvent a mixture of 1,4-dioxane/water[END_REF] and no traces of cross-products 13ab

or 13ba. This result showed that the hydrothiolation occurs intramolecularly. 
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 31 Scheme 3. Extension to larger rings: 10-exo vs 11-endo-dig cyclisation
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 5 Scheme 5. Pd-catalyzed reaction of benzimidazole 1q with phenyl boronic acid; supposed reaction course
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 7 Scheme 7. Crossover experiment
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	, entry 1). The scope and limitations have been established

Table 1 .

 1 Obtained 8-and 9-membered ring N,S-heterocycles 2 and 3

	Entry Ring size	m, n	R 1	X, X'	Product	Yield (%)
	1	8	1, 0	Et	H, H	2a	57
	2	8	1, 0	Ph	H, H	2b	53
	3	8	1, 0	CH2OH	H, H	2c	27
	4	8	1, 0	4-MeO-C6H4 H, H	2d	47
	5	8	1, 0	4-Me-C6H4	H, H	2e	51
	6	8	1, 0	4-CF3-C6H4	OMe, H	2f	37
	7	8	1, 0	3-F-C6H4	H, OMe	2g	40
	8	8	1, 0	3-Thienyl	H, H	2h	37
	9	8	1, 0	H	H, H	2i	not isolated
	10	8	1, 0	Et	OMe, H	2j	55
	11	8	1, 0	Et	H, OMe	2k	53
	12	8	1, 0	Ph	OMe, H	2l	49
	13	8	1, 0	Ph	H, OMe	2m	38
	14	8	1, 0	Et	Cl, H	2n	52
	15	8	1, 0	Et	H, Cl	2o	32
	16	8	1, 0	Et	Me, Me	2p	42
	17	8	0, 1	Et	H, H	2q	18
	18	9	1, 1	Et	H, H	3a	46
	19	9	1, 1	Ph	H, H	3b	45
	20 *	9	1, 1	Et	H, H	3c	38
	21	9	1, 1	Et	Me, Me	3d	40

* In the structure of the precursor 1, 2-Br-5-OMe-C6H3 was used instead 2-Br-C6H4

Table 2 .

 2 Tandem reaction of various substrates 1 with aryl boronic acids.

			Et	R			Et		S
		N N	S 1	Br	reaction conditions ArB(OH) 2 [Pd]	N N	Ar	Ar	10	R
	Reaction conditions: boronic acid (3 equiv), Pd 2 (dba) 3 (5 mol%), PCy 3 (20 mol%), K 2 CO 3 (3 equiv), dioxane/H 2 O 4/1 (0.1 M), 130 °C, 19 h.
	Entry Br-position R		Ar	Yield (%)
	1	2-Br	H		Ph	66	
	2	3-Br	H		Ph	70	
	3	4-Br	H		Ph	82	
	4	4-Br	H		4-MeO-C6H4	62	
	5	4-Br	H		4-CF3O-C6H4	64	
	6	4-Br	H		4-F-C6H4	57	
	7	4-Br	H		4-CF3-C6H4	46	
	8	3-Br	H		3-NO2-C6H4	18	
	9	3-Br	H		3-CF3-C6H4	66	
	10	3-Br	H		3-MeO-C6H4	74	
	11	2-Br	OMe	Ph	42	
	12	2-Br	OMe	4-MeO-C6H4	56	
	13	2-Br	OMe	4-F-C6H4	43	
	Starting from substrate 12a without Br, the reaction still worked, leading to 13a (Scheme 6). From
	substrate 14 with methyl instead propargyl, the desulfanylative coupling product 15 was not
	obtained, suggesting that the triple bond is ideally placed to coordinate the Pd-thiolate species,
	facilitating the desulfanylation and the hydrothiolation. Indeed, the desulfenylative coupling

ACKNOWLEDGMENTS

We thank the MESRI for the doctoral grant for M.C., the University of Strasbourg for the postdoctoral IdEx grant for A.B.L., and the CNRS for recurrent financial support. We thank Dr. D. Garnier and E. Oliva (PACSI, No. GDS 3670) for NMR and mass analyses.

Graphic for Table of Contents

Synthesis of new N/S-containing compounds by Pd-catalyzed tandem reactions

Alexandra Basilio Lopes, Patrick Wagner, Mickael Choury, and Mihaela Gulea*