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A series of 3-allenyl benzo[b]thiophenes were synthesized through a gold(I)-catalyzed domino reaction. The process consists in a 5-endo-dig cyclization with C-S bond formation and consecutive S-to-C propargyl migration via [3,3]-sigmatropic Claisen rearrangement.

With aryl substituents on both triple bonds of the substrate, subsequent intramolecular hydroarylation on the formed allenyl system led to 3-indenyl benzo[b]thiophenes. From a substrate bearing a 3butynol moiety diverse fused O-heterocycles have been obtained via intramolecular hydroalkoxylation. A goldmediated 1,3-migration involving allenyl to propargyl rearrangement is also described.

Introduction

Benzo [b]thiophenes represent structural architectures frequently found in large number of naturals products, optoelectronic materials, and pharmaceuticals. [1] Examples of the latter are the structurally related sertaconazole and raloxifene, which are respectively used for the treatment of skin infections and of osteoporosis, as well as zileuton, an antiasthmatic drug, and brexipiprazole, an antischizophrenic drug (Figure 1). Homogeneous gold catalysis allowed significant advances toward the synthesis of heterocyclic compounds and represents a versatile tool to rapidly build molecular complexity. [2] In this context, Nakamura et al. have described the synthesis of 2,3disubstituted benzo [b]thiophenes starting from diverse S-substituted ortho-alkynylphenyl sulfides. [3] The nucleophilic attack of the sulfur atom on the C-C triple bond induces the formation of a cyclic sulfonium intermediate and the subsequent 1,3migration of the functional group (R) from sulfur to the vinyl-gold carbon leading to benzo [b]thiophenes (Scheme 1). The reported migrating groups are trialkylsilyl, -alkoxy alkyl, allyl, and pmethoxybenzyl. This strategy was applied for the synthesis of various 5-and 6-membered S-containing heterocycles, [4] and recently our group reported the gold(I)-catalyzed 7-exo-dig carbothiolation with allyl S-to-C migration to access 7-membered N,Sheterocycles. [5] Surprisingly, there are no examples of S-propargyl sulfides involved in this type of transformation. [6] We report herein the gold-catalyzed synthesis of 3-allenyl benzo [b]thiophenes 2, starting from ortho-alkynyl S-propargyl phenyl sulfides 1 (Scheme 1, R = propargyl) via a [3,3]-sigmatropic Claisen rearrangement of propargyl vinyl sulfonium intermediate.

Results and Discussion

First, a series of propargylated (ortho-alkynyl phenyl) sulfides 1 have been synthesized as the substrates for the proposed study, in two to four steps depending on the substituents, starting from commercially available 2-bromothiophenol (Scheme 2 and details in SI). The introduction of the alkynyl moiety in ortho-position was not trivial, [3a, 7] all our attempts by Sonogashira coupling failed, however the use of Stille coupling finally allowed us to obtain the desired sulfides 1. Scheme 2. Synthesis of propargylated (ortho-alkynyl phenyl) sulfides 1.

With substrates 1 in hands, we focused on the gold(I)-catalyzed carbothiolation. Heating in an oil bath or under microwave irradiation displayed in most of our cases similar results, however, the conditions leading to the best isolated yield were selected for each reaction. First, the reaction was investigated on substrate 1ac (R 1 = H, R 2 = Ph) in the presence of 5 mol% of the commercially available catalyst [(JohnPhos)Au(MeCN)][SbF 6 ] (A), in 1,4dioxane, at 80 °C, for 30 min, and benzo [b]thiophene 2ac was obtained in 51% yield (Scheme 3). Then, substrate 1bc (R 1 = Et, R 2 = Ph) with an ethyl substituent on the propargyl triple bond was studied (Scheme 3). Placed under the same reactions conditions as those used previously, it afforded benzo [b]thiophene 2bc in 73% isolated yield. We then successfully extended the transformation to a broad range of substrates 1b bearing various R 2 aryl groups exhibiting electron-donating or -withdrawing groups at the meta or para positions, with yields between 58% and 83% (2bd-bm, Scheme 3). Products derived from the triple bond hydration have never been detected. Afterwards, substrate 1cc (R 1 = R 2 = Ph) with both triple bonds bearing a phenyl substituent was studied (Scheme 4). The reaction of 1cc in the presence of 5 mol% of catalyst A, in 1,4-dioxane, under microwave irradiation at 60 °C for 20 min, afforded benzo [b]thiophene 2cc in 70% yield. When this latter had been left under the same conditions but at higher temperature (90 °C), product 3cc was formed and isolated with 54 % yield. It resulted from the goldcatalyzed 5-endo-trig hydroarylation of the allenyl moiety of 2cc leading to the formation of the indene. We next envisaged to access 3cc directly from 1cc in a one-pot operation. Indeed, reacting 1cc at 90 °C during 4h, it was possible to isolate compound 3cc with 52 % yield. Note that in absence of gold catalyst, the transformation from allene 2 to indene 3 was not observed.

Scheme 3. Gold(I)-catalyzed reaction for the synthesis of 3-allenyl benzo [b]thiophenes 2a-b. Scheme 4. Synthesis of 3-allenyl benzo [b]thiophenes 2cc and 3-indenyl benzo [b]thiophene 3cc.

The transformation of 1 into 3 has proved to be effective on a broad range of substrates (1c, 1g and 1h) bearing various R 1 /R 2 aryl groups exhibiting electron-donating or -withdrawing groups at the meta or para positions with yields between 32 % and 69 % (Scheme 5). However, the one-pot procedure was possible only to obtain compounds 3cc and 3cg. In the other cases a two-step sequence was necessary, with the first cyclisation occurring at 90 °C after 4h, and the second one by heating 4h at 120 °C, requiring an additional amount of catalyst. Moreover, substituted R 1 aryl group hampered the gold(I)catalyzed hydroarylation as only 32 and 39 % yield was obtained with respectively tolyl (3gc) and 3fluorobenzene group (3hc). Concerning product 3hc, only one regioisomer was obtained, and the position of the fluorine atom on the benzene ring was confirmed by 2D NMR spectroscopy (HSQC, HMBC). In some cases, 3 was obtained along with a small amount of an inseparable side products SI3 (see Supporting Information).

Scheme 5. Synthesis of 3-indenyl benzo [b]thiophenes 3c, 3g and 3h.

[a] the one-pot procedure was used, [b] Along with side products SI3.

To confirm the intramolecular mode of the S-to-C propargyl transfer, we undertook a crossover experiment by placing under the gold-catalyzed conditions an equimolecular mixture of substrates 1bg and 1cc (Scheme 6). Indeed, after total conversion, the analysis of the resulting crude mixture (by 1 H NMR and LC/MS) clearly showed only the presence of the expected non-crossover products 2bg and 2cc and no crossover yielding 2cg or 2bc occurred. Scheme 6. Crossover experiment.

We proposed the following mechanism for the formation of products 2 and 3 (Scheme 7). Gold(I) activates the triple bond of substrate 1 which is attacked by the sulfur nucleophile via a 5-endo-dig cyclization leading to the cyclic sulfonium vinyl-gold species I1. The 1,3-migration with rearrangement of the propargyl group from the sulfur to the carbon atom bonded to the gold affords 3-allenyl benzo [b]thiophenes 2 and the catalyst is regenerated. The 1,3-migration occurs intramolecularly via a [3,3]-sigmatropic Claisen rearrangement of propargyl vinyl sulfonium species (as showed by the crossover experiment). Then, the resulted allene is activated by gold(I) (I2) and undergoes a 5-endo-trig hydroarylation leading to the 3-indenyl benzo [b]thiophenes 3 after protodeauration. Additionally, during our investigations, compound 4 bearing an S-allenyl group was obtained by trimethylsilyl deprotection from 1nc and isolated with 72 % yield (Scheme 8). Placed under gold(I)catalyzed conditions, it led through the allenyl vinyl sulfonium intermediate I4 to the 3-propargyl benzo [b]thiophene 5 with 56% yield. To our knowledge, this represents the first example of the gold-mediated 1,3-migration involving allenyl to propargyl rearrangement.

Scheme 8. Formation of 3-propargyl benzo [b]thiophenes 5.

Finally, the gold(I)-catalyzed reactions on sulfides 1bo and 1co bearing a homopropargylic alcohol were performed in order to evaluate their reactivities in comparison with the nitrogen [8] and oxygen analogues. [9] At 60 °C under microwave irradiation the 3-allenyl benzo [b]thiophenes 2bo and 2co were obtained respectively with 98 % and 82 % yield (Scheme 9). The formation of 3-indenyl benzo [b]thiophenes 3co from 2co was also possible at 90 °C under microwave irradiation (98 % yield). Starting from 2bo, other intramolecular cyclizations could occurred under gold(I)-catalyzed reaction conditions, depending on the solvent used (Table 1). In a non-polar solvent (toluene, 1,4-dioxane, DCM, DCE), propellane system 6 was isolated (40 % yield in DCM). It resulted from the cyclisation of the activated allene, followed by ring expansion, an intramolecular nucleophilic addition and a subsequent protodeauration. This process was similar to that described by Fujii and Ohno et al. in nitrogen series. [8a] In DMF, an 8-endo-trig hydroalkoxylation took place, and the oxocine fused benzo [b]thiophene 8 was isolated with 70 % yield. In all used solvents, the pyran derivative 7 was produced via a 6-exo-trig hydroalkoxylation and identified by NMR spectroscopy.

Scheme 9. Gold-catalyzed reactions on homopropargylic alkynyl substrate 1bo and 1co. To our knowledge, gold-catalyzed formation of 3indenyl derivative such 3co or fused O-heterocycles such 7 and 8 have never been observed starting from 3-butynol derivatives in nitrogen and oxygen series. These results show that the specific nucleophilicity of the heteroatoms involved, induces different reactivities of the substrates. Indeed, whereas in the case of phenol ether derivatives recently described by us, [9a-c] the process starts with the intramolecular 5endo-dig hydroalkoxylation, the more nucleophilic anilines and thioethers counterparts attack first the gold-activated triple bond of the butynol moiety leading respectively to an indole [8] or a benzothiophene via intramolecular 5-endo-dig carboamination or carbothiolation (Figure 2). 

Conclusion

In summary, we have developed a gold(I)-catalyzed intramolecular carbothiolation leading to 3-allenyl benzo [b]thiophenes. The reaction involves the [3,3]sigmatropic Claisen rearrangement of a propargyl vinyl sulfonium intermediate. Depending on the substituents on the triple bonds of the substrate, the ability of the obtained allenes to undergo further intramolecular cyclizations, allowed access to various polycyclic scaffolds. Thus, starting from substrates bearing aryl substituents on both triple bonds, 3indenyl benzo [b]thiophenes have been obtained via an intramolecular hydroarylation. Moreover, a substrate having a 3-butynol moiety led via hydroalkoxylation in different solvents to fused Oheterocyclic derivatives such oxocine, pyrane and propellane. One example of gold-mediated 1,3migration involving allenyl to propargyl rearrangement is also described.

Experimental Section

General procedure: In a dried MW tube under argon, substrate 1b (1 eq) was dissolved in anhydrous 1,4-dioxane (0.2 M). Then Echavarren catalyst A (0.05 eq) is added to the solution and the mixture was placed into an oil bath for 30 min at 80 °C. The reaction mixture was filtered through a pad of Celite. After solvent evaporation under reduced pressure, purification of the crude by flash column chromatography afforded pure 3-allenyl benzo [b]thiophene 2b.
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 1 Figure 1. Benzo[b]thiophenes in pharmaceuticals.
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 2 Figure 2. Reactivity of ortho-alkynyl phenyl O-, N-and S substrates under gold-catalysis

Table 1 .

 1 Optimization of the reaction conditions.

	Entry Solvent	Ratio 6/7/8 a	Isolated yield
	1	Toluene	50/50/0	-
	2	1,4-dioxane	60/40/0	-
	3	DCM	80/20/0	40 % (6), 4 % (7)
	4	DCE	91/9/0	-
	5	DMF	0/27/73	70 % (8)
	a) Calculated ratio by integration of the 1 H-NMR of the
	crude product.		

Scheme 1. Gold-catalyzed benzo[b]thiophenes synthesis.
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