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One-step synthesis of benzo[b]thiophenes by aryne
reaction with alkynyl sulfidest

Tsubasa Matsuzawa, Takamitsu Hosoya@ and Suguru Yoshida @ *

An aryne reaction with alkynyl sulfides affording benzolb]thiophenes is disclosed. A wide range of 3-
substituted benzothiophenes were synthesized from easily available o-silylaryl triflates and alkynyl
sulfides in a one-step intermolecular manner. The synthesis of diverse multisubstituted benzothiophene
derivatives involving a pentacyclic compound was achieved by virtue of the good functional group

tolerance and versatile C2 functionalizations.

rsc.li/chemical-science

Introduction

Benzo[b]thiophenes are a promising class of organosulfur
compounds.*? In particular, multisubstituted benzothiophenes
such as sertaconazole, raloxifene, and DNTT have served in
a broad range of research fields including pharmaceutical
sciences and materials chemistry (Fig. 1). In spite of their
significance, although a number of benzothiophene syntheses
such as transition-metal catalyzed reactions have been developed,
the synthesis of multisubstituted benzothiophenes remains still
difficult in terms of the applicable functional groups and
substitution patterns due to the limited methods constructing
the benzothiophene skeleton and introducing substituents.**> We
herein present a novel approach to form benzothiophene scaffold
from easily available alkynyl sulfides and aryne precursors.
Reactions of aryne intermediates with a variety of sulfides are
attractive methods for preparing a wide range of organosulfur
compounds (Fig. 2).°° In the 1980s, a pioneering study on the
reaction between sulfides and benzyne intermediate (I) gener-
ated from benzenediazonium-2-carboxylate was reported by
Nakayama and coworkers (Fig. 2A).°*°* Recently, an elegant
difunctionalization of aryne intermediates was achieved by
Studer and coworkers, in which C-S and C-C formations and
C-S cleavage simultaneously took place (Fig. 2B).”* Benzothio-
phene synthesis from o-silylaryl triflates and acyl-substituted
ketene dithioacetals was developed by Singh and coworkers in
2016 through the formation of benzothiophene skeleton via
aryne intermediates, and further addition with aryne interme-
diates (Fig. 2C).>* On the basis of our recent studies of synthetic
aryne chemistry,'” we envisioned that benzothiophenes can be
synthesized from aryne precursors and alkynyl sulfides,*>'*
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starting from the nucleophilic attack of the sulfur or carbon of
alkynyl sulfides to electrophilic aryne intermediates followed by
ring-closure (Fig. 2D).

Results and discussion

First, a reaction between 2-chloro-6-(trimethylsilyl)phenyl tri-
flate (1a) and ethyl p-tolylethynyl sulfide (2a) was examined
(Fig. 3A and B). As a result, we found that treatment of a mixture
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Fig. 1 Various benzothiophene derivatives.
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Fig. 2 Aryne reactions with organosulfur compounds. (A) Nakayama's
study. (B) Studer's work. (C) Singh's work. (D) This work.

Chem. Sci., 2020, 11, 9691-9696 | 9691


http://crossmark.crossref.org/dialog/?doi=10.1039/d0sc04450d&domain=pdf&date_stamp=2020-09-16
http://orcid.org/0000-0002-7270-351X
http://orcid.org/0000-0001-5888-9330
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc04450d
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC011035

Open Access Article. Published on 01 September 2020. Downloaded on 4/23/2026 5:47:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

between aryne precursor 1a and alkynyl sulfide 2a with cesium
fluoride in hot acetonitrile provided 3-(4-tolyl)-4-chlorobenzo[b]
thiophene (3a) in high yield. The construction of benzothio-
phene scaffold was accomplished by C-S bond formation
selectively at C1 of 3-chlorobenzyne (II), C-C bond formation,
protonation, and deethylation, where the regioisomer was not
detected. When the reaction was conducted on a larger scale
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Fig. 3 Synthesis of benzothiophenes 3 from o-silylaryl triflates 1 and
alkynyl sulfides 2. See, the ESIT for the structures of 1 and 2. (A) General
scheme. (B) Reactions of various alkynyl sulfides 2 with 1a. (C) Reac-
tions of various o-silylaryl triflates 1 with 2a. ? Isolated yield using
2.0 mmol of 2a in parentheses. b The reactions were performedin 1,4-
dioxane at 110 °C. € The reactions were performed using 5.0 equiv. of 1
and 15 equiv. of CsF. 9 The reaction was performed at rt. € The reac-
tions were performed using 5.0 equiv. of 1 and 15 equiv. of CsF in 1,4-
dioxane at 110 °C.
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using 2 mmol of alkynyl sulfide 2a, the yield of benzothiophene
3awas slightly decreased. Increasing concentration from 0.05 M
to 0.2 or 0.5 M slightly reduced the yield of 3a (64% or 52%,
respectively).”® Benzothiophene 3a was also obtained in
moderate to good yields even when the amount of aryne
precursor 1a was decreased from 3.0 equiv. to 2.0, 1.5, and 1.2
equiv.” These results show good practicality of the benzothio-
phene synthesis from o-silylaryl triflates 1 and alkynyl sulfides 2.
The reaction of aryne precursor 1a with methyl, isopropyl, or
benzyl p-tolylethynyl sulfides instead of 2a also afforded ben-
zothiophene 3a, although 3a was not detected in the case of p-
tolyl p-tolylethynyl sulfide.*®

A broad range of 3-aryl- and 3-alkyl-substituted benzo[b]
thiophenes were prepared from aryne precursor 1a and various
alkynyl sulfides 2 (Fig. 3A and B). For example, electron-
donating methoxy- and electron-withdrawing chloro- and
methoxycarbonyl-substituted  arylethynyl ethyl sulfides
smoothly reacted with aryne intermediates to afford benzo[b]
thiophenes 3b-d without damaging these functional groups.
Bulky 2-bromophenylethynyl ethyl sulfide also participated in
the reaction providing 3e in good yield. Furthermore, benzo-
thiophenes 3f and 3g having m-extended aromatics and 3h
possessing heteroaromatic thiophene ring were synthesized
efficiently from the corresponding alkynyl sulfides. The reaction
of primary and secondary alkylethynyl ethyl sulfides with aryne
intermediates also proceeded under the same conditions to
afford 3i and 3j in high yields. Moreover, we succeeded in the
synthesis of benzothiophene 3k from alkynyl sulfide 2k
prepared from an ethynylestradiol derivative. Since a wide
variety of alkynyl sulfides were easily available from the corre-
sponding terminal alkynes and thiosulfonates catalyzed by
copper as we recently reported,”® this method enables the
synthesis of diverse 3-substituted benzothiophenes.

Diverse aryne precursors were applicable to the one-step
benzothiophene synthesis enabling to prepare a variety of
benzothiophenes 31-v (Fig. 3A and C). Not only simple benzyne
but also 3-fluoro-, 3-bromo, 3-methoxy, and 3-aminobenzyne
intermediates reacted with alkynyl sulfides 2a to furnish 3l-p in
moderate to good yields leaving these functional groups
untouched, in which regioisomers were not detected. Espe-
cially, selective C-S bond formation proceeded in the reaction of
aryne intermediates bearing functional groups at 3-position,
showing that the benzothiophene formation triggered by the
nucleophilic attack of the sulfur atom onto C1 of the 3-
substituted aryne intermediates due to the inductive effect of
fluorine, bromine, oxygen, and nitrogen."* Reactions of 4-
methoxy- and 4-methylbenzyne with alkynyl sulfide 2a fur-
nished ca. 1 : 1 mixtures of regioisomers of benzothiophenes 3q
and 3r in moderate to high yields. Trisubstituted benzothio-
phenes 3s and 3t were also synthesized from the corresponding
o-silylaryl triflates. It is worthy to note that the synthesis of -
conjugated benzothiophenes 3u and 3v was accomplished from
the corresponding benzothiophene- and phenanthrene-type o-
silylaryl triflates.'® The broad scope of the synthesizable ben-
zothiophenes clearly demonstrated a benefit of this method by
virtue of the recent remarkable advancement of the accessibility

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc04450d

Open Access Article. Published on 01 September 2020. Downloaded on 4/23/2026 5:47:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

of o-silylaryl triflates and predictable reactivity of aryne inter-
mediates by the aryne distortion model.*

A plausible reaction mechanism is shown in Fig. 4A. First,
the nucleophilic addition of the sulfur atom of alkynyl sulfides
onto arynes and following cyclization to the alkyne carbon
construct the benzothiophene skeleton. Then, protonation of
the resulting zwitterionic intermediate IV leads to benzothio-
phene 3a. To examine the proton source, we then performed
control experiments using deuterated compounds (Fig. 4B-D).
Treatment of o-silylaryl triflate 1a and alkynyl sulfide 2a dis-
solved in CD;CN with cesium fluoride provided benzothio-
phene 3a with partial incorporation of deuterium through
sulfonium intermediate V-d (Fig. 4B).°>** The reaction using
deuterium-labeled ethyl p-tolylethynyl sulfide 2a-d in acetoni-
trile also resulted in partial deuterium incorporation, suggest-
ing intramolecular deuteration of zwitterionic intermediate IV-
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Fig. 4 Mechanistic studies. (A) Plausible reaction pathway. (B)
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d with liberating ethylene (Fig. 4C).°” An alternative proton
source would be water in the reagents used, since deuterium
was incorporated when the reaction was performed in the
presence of deuterium oxide (Fig. 4D). Moreover, 2-chloro-6-
(trifluoromethanesulfonyl)phenyl ethyl ether (4) was detected
as a side-product in the synthesis of 3a, clearly showing that 2-
chloro-6-(trifluoromethanesulfonyl)phenolate intermediate VII
was generated from 1a via the thia-Fries rearrangement of sili-
cate intermediate VI,'® and cesium phenolate VII was involved
in the deethylation process of sulfonium intermediate V
(Fig. 4E). Thus, possible protonation and deethylation mecha-
nisms from zwitterionic intermediate IV were supported by
these results.

Various C2-functionalizations of benzothiophene 3a allowed
for the preparation of a wide range of 2,3,4-trisubstituted ben-
zothiophenes (Fig. 5).”” For example, selective deprotonation of
3a with lithium diisopropylamide (LDA) proceeded efficiently
(Fig. 5A). Sulfanylation, iodination, and ethoxycarbonylation of
the resulting 2-benzothiophenyllithium VIII provided benzo-
thiophenes 5a-c in good yields. Furthermore, S-oxidation fol-
lowed by the Pummerer-type C2-arylation with phenol through
[3,3]-sigmatropic rearrangement selectively afforded benzo-
thiophene 7 (Fig. 5B)."”* Additionally, treatment of o-silylaryl
triflate 1a and alkynyl sulfide 2a with cesium fluoride under
carbon dioxide furnished benzothiophene 5c¢ having an ester
moiety albeit in low yield, where C-C bond formation of zwit-
terionic intermediate IV and subsequent migration of the ethyl
group occurred (Fig. 5C).

We succeeded in the preparation of C3-functionalized ben-
zothiophene 10 from alkyne 8 and aryne precursor 1a through
C-C cleavage of carboxylic acid 9 by virtue of the good accessi-
bility of alkynyl sulfides and broad substrate scope of the aryne

Tol | TS~g-PTOl Sl pTol

A LDA P s
(1.5 equiv) (2.0 equiv) p-Tol
3a ———— > N Li ——> N [
THF, n-hexane s THF s

—20 °C, 15 min -20°C,1h

Vil ' 5a 82%
Cl cl
p-Tol / \ CICO,Et p-Tol
(2.0 equw) 2.0 equiv)
@ N—co,Et
s 3
5b 81% —20 c 1h 20 c 1h 56 67%
B BF3-OFEt,
(8.0 equiv) cl - 1. (CF3C0),0 (1.5 equiv) cl g
mCPBA P;Tol " BhGH (1.5 equiv) p;Tol
(1.0 equiv) N CH,Cly, —40 °C, 30 min O Q O
—_—
CH,Cl, S, 2.BFyOEt, (20 mol %) S
—20°C,4h 6 0 i, 1h 7 HO
83% 78%
C ¢ ¢l pTol
oTf )
p-Tol  CsF (9.0 equiv)
@[ vug S —— M—co,Et
SiMe, S MeCN, rt S
1a 2a CO;(1atm),24h 5¢ 209,
(3.0 equiv) \
Ol p-Tol Cl pTol
0o
Q8 A o ¥
b _
s+ y OS‘ + 0
v Et X Et<’

Fig. 5 C2-functionalizations of benzothiophene 3a. (A) Trans-
formations through C2-deprotonation. (B) Arylation via Pummerer-
type activation. (C) Direct ester formation.
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reaction (Fig. 6A). Indeed, latently transformable alkynyl sulfide
21 was synthesized from terminal alkyne 8 and S-ethyl p-tolue-
nethiosulfonate catalyzed by Cul/xantphos under mild con-
ditions.”” Following aryne reaction between 21 and o-silylaryl
triflate 1a and subsequent removal of the tetrahydropyranyl
(THP) group successfully afforded benzothiophene 3w having
chloro and hydroxymethyl groups. Then, carboxylic acid 9 was
prepared by oxidation with ter¢-butyl hydroperoxide catalyzed by
copper(u) bromide.”® Considering that recent remarkable
achievements for transformations of the carboxy group into
a range of functional groups such as halogens, phosphorus
moieties, and aryl groups through C-C cleavage,' diverse C3-
functionalized benzothiophenes will be synthesized from
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Fig. 6 Applications of the benzothiophene synthesis. (A) Benzothio-
phene synthesis through C3-functionalizations. (B) Synthesis of tet-
raarylbenzothiophene 12. (C) Synthesis of pentacyclic compound 14.
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benzothiophene 9. For example, decarboxylative iodination of 9
took place smoothly to provide 4-chloro-3-iodobenzo[b]thio-
phene (10) in high yield.*” Thus, a wide variety of benzothio-
phenes can be synthesized through the aryne reaction between
alkynyl sulfide 21 and o-silylaryl triflates and decarboxylative
transformations.

We achieved the synthesis of benzothiophene 12 bearing
four different aryl groups by virtue of the halogen-tolerated
benzothiophene synthesis and the versatility of C2-position
(Fig. 6B). Indeed, direct C-H arylation of benzothiophene 3t
with 4-iodoanisole proceeded smoothly to provide 11 in
moderate yield keeping bromo and chloro groups intact.'”
Then, a sequential Suzuki-Miyaura cross-coupling of 11 with 4-
(trifluoromethyl)phenyboronic acid and phenylboronic acid at
the bromo and chloro group, respectively, successfully fur-
nished 2,3,4,6-tetraarylbenzothiophene 12. This modular
synthetic route would enable the preparation of diverse multi-
arylated benzothiophenes using various alkynyl sulfides, aryl
iodides, and arylboronic acids.*

The good accessibility of o-silylaryl triflates and alkynyl
sulfides realized the synthesis of polycyclic aromatic compound
14 (Fig. 6C). Firstly, the treatment of 6,7-thienobenzyne
precursor 1k and alkynyl sulfide 2e with cesium fluoride affor-
ded dithienobenzene 3x in moderate yield. Then, C2-iodination
was realized by deprotonation with LDA followed by the addi-
tion of iodine. Finally, palladium-catalyzed amination at C2 of
benzothiophene with p-toluidine and subsequent cyclization
proceeded efficiently to afford pentahelicene analog 14. This
result clearly demonstrated an advantage of the benzothio-
phene synthesis by the aryne reaction with alkynyl sulfides
enabling to prepare m-extended benzothiophenes having func-
tional groups such as halogens. The benzothiophene synthesis
will serve in the synthesis of various polyaromatic analogs
containing benzothiophene skeleton.**

Conclusions

In summary, we have developed a facile one-step synthetic
method of benzothiophenes from o-silylaryl triflates and alkynyl
sulfides. The wide scope of the benzothiophene synthesis and
the versatile C2-functionalizations enabled the synthesis of
avariety of multisubstituted benzothiophenes, which is difficult
by the conventional methods. Further studies to clarify the
reaction mechanism and to expand synthesizable multi-
substituted benzothiophenes involving three-component
couplings, and applications to synthesize analogs of bioactive
compounds are currently underway.
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