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Abstract. A benzo[b]thiophene synthesis by Rh-
catalyzed three-component coupling reaction of
arylboronic acids, alkynes, and elemental sulfur (Ss) is
developed. A notable feature of this protocol is that the
thienannulation (thiophene annulation) proceeds with
high regioselectivity via the sequential alkyne insertion,
C-H activation, and then sulfur atom transfer to the
metallacycle intermediate. In a similar manner,
dibenzothiophenes can be synthesized from the parent
biarylboronic acids and Ss.

Keywords: Rhodium; C-H activation; Thiophene;
Elemental sulfur; Multicomponent reactions

Benzo[b]thiophene skeleton is frequently found as
a core component of many bioactive compounds and
drug candidates.!'!! Additionally, densely-fused
benzo[b]thiophene derivatives have been of vital use
in organic electronic devices such as field-effect
transistors (OFETs), light-emitting diodes (OLEDs),
and photovoltaics (OPVs).l To meet the increasing
demand in these research fields, the development of
efficient synthetic methods for benzo[b]thiophene and
their analogues has been a substantial topic in recent
years. Conventional approaches to the thiophene ring
closure (thienannulation) require the appropriate pre-
functionalized compounds bearing sulfur-containing
substituents (thiol, thioether, disulfide, etc.) (Scheme
1a).’) In some cases, the sulfur functionalities can be
installed in situ from the parent haloarenes via
halogen-lithium exchange reaction or substitution with
Na,S; however, cumbersome multi-step synthesis of
ortho-disubstituted precursors is inevitable. Recently,
Itami and coworkers developed an excellent method
for the construction of thiophene-fused m-conjugated
scaffolds using elemental sulfur (Ss) (Scheme 1b),™
which is inexpensive, readily available, and highly
user-friendly (stable, non-toxic, non-volatile, non-
hygroscopic, and non-odorous) sulfur source.> This
reaction calls for the presence of only one alkynyl

E], Supporting information for this article is available on the WWW under http://dx.doi.org/10.1002/adsc.20 1 #####.

substituent, whereas the polyaromatic scaffold is
essential to trigger the thienannulation.

Meanwhile,  transition-metal-catalyzed = C-H
activation'” and the subsequent oxidative carbon-
carbon as well as carbon-heteroatom bond forming
reactions have been of versatile synthetic tool over the
past decades.'®! A number of catalytic protocols for the
C-S bond formation have been established mainly
adopting disulfides as the sulfur source.”! In contrast,
the use of elemental sulfur in the direct C-H
functionalization strategy have rarely been achieved
despite the fact that sulfur atom transfer from Ss into
the metal-carbon linkage of a Ni(Il) metallacycle
species was realized by Hillhouse more than 20 years
ago.l'% To the best of our knowledge, there have been
only two reports for the thia-heterocycle construction
through the transition-metal-mediated C—H activation.
Shi achieved a Cu-mediated benzoisothiazolone
synthesis using the (pyridin-2-yl)isopropylamine (PIP-
amine) bidentate directing group.!'! Afterward, Gong
and Song developed a catalytic variant adopting a Ni
complex with the aid of 2-amino alkylbenzimidazole
(MBIP-amine) directing group.['>!]
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We previously reported a Rh-catalyzed oxidative
coupling of arylboronic acids with two equivalents of
alkynes, leading to the formation of 1,2,3,4-
tetrasubstituted naphthalenes (Scheme 2a).['%15! As a
consequence of our research interest in this area, we
assumed that the sulfur atom migration to the
corresponding metallacycle intermediate would result
in the assembly of benzo[b]thiophene skeletons
(Scheme 2b). In this manuscript, a Rh-catalyzed three-
component coupling reaction!!s! of arylboronic acids,
alkynes, and elemental sulfur is described. This
reaction proceeds with high regio-selectivity since the
sulfur atom migration takes place only after the
insertion of alkynes, achieving the first successful use
of elemental sulfur in thiophen ring formation via the
C—H activation under transition-metal catalysis.

(a) Previous Work: Rh-Catalyzed 1:2 Oxidative Annulation

QB(OH)z * 2 R—=-R

(b) This Work: Rh-Catalyzed Three-Component Coupling

@—B(OH)z * 8 * R—=-R

Scheme 2. Rh-Catalyzed Oxidative Annulation of
Arylboronic Acids with Alkynes.

cat. Cp*Rh(lll)
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At the outset, we carried out an optimization study
for the model reaction utilizing phenylboronic acid
(1a), diphenylacetylene (2a), and elemental sulfur
(Table 1). The  desired product (2,3-
diphenylbenzo[b]thiophene, 3aa) was obtained in 54%
yield in the presence of [Cp*Rh(MeCN);][SbFs]» (4.0
mol %) catalyst and AgOAc (2.0 equiv) oxidant in
DMF solvent (entry 1). Intriguingly, 1,2,3,4-
tetraphenylnaphthalene, a 1:2 coupling product of 1a
with 2a, was not detected during the course of the
study. Boronic esters (entries 2 and 3) as well as a
phenyl(trifluoro)borate salt (entry 4) failed to trigger
the reaction. AgOCOCF; and Ag,COs; were not
suitable oxidants for the present transformation
(entries 5 and 6). The productivity was slightly

improved with a increased amount of AgOAc (entry 7).

An analogous neutral Rh(III) catalyst was totally
inactive (entry 8). Ethanol, 2-propanol, acetone, and
DMPU (N,N'-dimethylpropyleneurea) were also
suitable solvents, but the yields were lower than that in
DMF (entries 9-12). The amount of Sz could be
decreased to 0.25 equiv (2.0 equiv as S) without
significant drop of the reactivity (entries 13,14), but
lower yield was given with 0.125 equiv of sulfur (1.0
equiv as S) (entry 15). Although non-polar solvents
(toluene, PhCF3;, DCE) alone were not effective (not
shown), a mixed solvent system of DMF and PhCF;
gave a considerably high 81% yield of 3aa (entry 16),
probably due to the higher solubility of Sg in PhCFs.
This reaction could be conducted in 1.0 mmol scale to
give 3aa in 66% isolated yield (entry 17).

Table 1. Optimization Study ®

[Cp*Rh(MeCN)3][SbFs]2

@ Sg (1.0 equivy fg?)?\]gl(?% equiv) Q}Ph
B(OH): +
Ph—==—Ph DMF, 100 °C, 4 h Ph
12 2.0 equiv) 2a (1.0 equiv) 3aa
entry deviation from the standard conditions yield ®
1 AgOAc (2.0 equiv) 54% ©
2 AgOAc (2.0 equiv) n.d.
PhBpin instead of 1a
3 AgOAc (2.0 equiv) n.d.
PhBnep instead of 1a
4 AgOAc (2.0 equiv) trace
PhBF;K instead of 1a
5 AgOCOCF; (2.0 equiv) instead of 4%
AgOAc
6 Ag>COs3 (1.0 equiv) instead of AgOAc 7%
7 -- 64%
8 [Cp*RhCl;] (2.0 mol%) as catalyst n.d.
9 ethanol solvent 38%
10 2-propanol solvent 41%
11 acetone solvent 36%
12 DMPU solvent 41%
13 Sg (0.5 equiv) 66%
14 Sg (0.25 equiv) 57%
15 Ss (0.125 equiv) 28%
16 DMF (0.1 mL)/PhCF; (0.2 mL) 81%°
solvent (75%)
17 DMF (0.1 mL)/PhCF; (0.2 mL) (66%)Y
solvent

d Standard conditions: 1a (0.4 mmol), Ss (0.2 mmol), 2a
(0.2 mmol), [Cp*Rh(MeCN);][SbF¢]> (4.0 mol%), AgOAc
(0.4 mmol), DMF (0.5 mL). ® Determined by GC analysis.
Isolated yield in parentheses. © Average of two runs. 9 1.0
mmol scale. n.d. = not detected, pin = pinacolato, nep =
neopentyl glycolato.

With the optimized reaction conditions of entry 16
in Table 1, we then examined the applicability of a
series of alkynes (Scheme 3). Para-substituted alkynes
bearing electron donating groups gave the desired
products (3ab—3ad) in high yields, whereas electron-
withdrawing functionalities considerably retarded the
reaction (3ae—3ag). A meta-substituted alkyne 2h as
well as a 2-naphthyl alkyne 2i were successfully
transformed. For alkynes with low product yield, the
corresponding naphthalene derivatives were not
detected, and the unreacted alkynes were recovered. It
was notable that the catalytic protocol was applicable
to the reaction of 2-thienyl alkynes 2j and 2k to afford
3aj and 3ak, respectively, of which terthiophene
skeleton is of precursors for benzo[1,2-b:3,4-b"6,5-
b'"trithiophene derivatives.'” Actually, 3ak could be
converted to the corresponding trithiophene 4 in 61%
yield upon treatment with FeCl; (Scheme 4). The
present method was not applicable to terminal alkynes
and aliphatic alkynes (not shown). The reaction of 1-
phenyl-1-hexyne (21) produced the desired product 3al
in 72% yield with considerably high regioselectivity
(3al:3al’ = 88:12).



[Cp*Rh(MeCN)3][SbFs]2
(4.0 mol%) S
AgOAc (3.0 equiv)

(1.0 equiv)

Sg
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Scheme 3. Substrate Scope for Alkynes.
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Scheme 4. Synthesis of a Benzotrithiophene through FeCl;-
Mediated Oxidative Cyclization.

Next, we evaluated the scope for arylboronic acids.
Because of the better reproducibility, boroxines 1 were
used (Scheme 5).'"¥1 Phenylboroxine afforded a
comparable 66% yield for the production of 3aa. The
para-substituted boroxines 1b and 1c were
respectively converted to the C6-substituted
benzo[b]thiophenes 3ba and 3ca, indicating that the
alkyne firstly reacted with the aryl-rhodium species
before the sulfur atom insertion (see below). In a
similar manner, the substituents at the meta position
(1d-1f) fell into the CS5 position (3da—3fa) where the
sterically more accessible C—H bond preferentially
reacted, while 1f gave a mixture of isomers. A
naphtho[2,3-b]thiophene core could be constructed in
the single step to give 3ga.

A proposed reaction mechanism for the three-
component coupling is illustrated in Scheme 6. A
catalytically active Rh(III) species, probably
[Cp*RhOAC][SbFs], undergo transmetalation with the
boronic acid to generate the corresponding aryl
complex A. The following alkyne insertion and the
proximal C—H activation give a five-membered
rhodacycle B. This is consistent with the reaction
outcome described in Scheme 5, where the

substituents at the para-position placed at the C6
position of the benzo[b]thiophene ring. Sulfur atom
migration into one of the Rh—C bonds leads to the
formation of six-membered metallacycle complexes C
or D.'I' Thereafter, C—S reductive elimination is
affected to liberate the coupling product 3 along with
the Rh(I) species, which is then oxidized by AgOAc to
regenerate the reactive Rh(IIl) complex, closing the
catalytic cycle.

[Cp*Rh(MeCN)3][SbFe]2
Ar

(1.0 equiv) (4.0 mol%) )
R 0-B Sg AgOAcG (3.0 equiv) R p Ph
g b *
0-§ Ph—=—Ph DMF/PhCF3,100 °C, 4 h Ph
‘Ar (0.2 mmol)

1(0.67 equiv) 2a 3xa
(3aa) 66% (3ba) 559 (3ca) 48% 3da 51%
Q% M@% @J e
(3ea 47% (3fa 3fa') 51% (1:1.4) (3ga) 36%

Scheme 5. Substrate Scope for Boroxines.
2Ag Ar-B(OH),

2 AgOAc

cp*RhX,
X-B(OH)2
S
R@IR CpRh X = OAc or SbFg
5 R Rh X
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C-H activation
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R or C 2
Rh R

R—R
Sn-1 Sn

Scheme 6. Proposed Reaction Mechanism.

On the basis of the proposed reaction mechanism,
we assumed that the reaction of 2-biphenylboronic
acid (5a)*”) with elemental sulfur would produce
dibenzothiophene (6a) through the formation of
similar metallacycle intermediates.?! As expected, 6a
was isolated in 86% yield under the slightly modified
reaction conditions at ambient temperature (Scheme 7).
Higher reaction temperature did not improve the yield
due to the competing protodeboronation. Subsequently,
we examined the reaction with various biarylboronic
acids 5. A series of functional groups such as alkyl
(5b), alkoxy (5¢), trifluoromethyl (5d), and chloro (5e)
were compatible to the present method, giving the
corresponding dibenzothiophenes in moderate to good
yields. For a meta-substituted substrate, 6f was
obtained in 76% yield as a sole product. This reaction
system was also applicable to the boronic acids with
ortho-methyl (5g) and 2-naphthyl (5h) substituents.



In  summary, we have introduced a
benzo[b]thiophene synthesis by rhodium-catalyzed
three-component coupling reaction of arylboronic
acids, alkynes, and elemental sulfur. The reaction
proceeds high regio-selectivity via the sequential
alkyne insertion, C—H activation, and then sulfur atom
transfer. Thus, this report represents the first
successful use of elemental sulfur for the
thienannulation relying on the transition-metal-
catalyzed C—H activation technique.

[Cp*Rh(MeCN)3][SbFe]2

B(OH)2 (4.0 mol%) S R
"R AgOAc (2.0 equiv) ‘_‘
O+ = OO

DMF, rt, 18 h
5 (0.2 mmol) (3.0 equiv)

(Ga 86% (Gb 46%" (ﬁC 46% (Gd 65%
GO
(6e) 42% (6f) 76% (6h) 41%
(69) 27%

2 Conducted at 40 °C.

Scheme 7. Dibenzothiophene Synthesis using Elemental
Sulfur.

Experimental Section

Synthesis of 3aa through the three-component coupling: To

an oven-dried glass tube were added ]phen Iboronic acid (1a,

0.4 mmol, 2.0 equiv), diphenylacetylene (2a, 0.2 mmol, 1.0
equiv), sulfur powder (51 mg, 0.2 mmol, 1. 0 equiv as Sg),
[Cp*Rh(MeCN3 1[SbFs]> (4.0 mol%), and AgOAc EO .6
mmol, 3.0 equiv). The tube was refilled with N, and sealed.
DMF (O.l mL) and PhCF; (0.2 mL) were added to the tube
via a syringe, and the mixture was stirred for 4 h at 100 °C
with an oil bath. After cooling to room temperature, the
resulting mixture was diluted with ethyl acetate and filtered
through a pad of Celite and activated alumina. The filtrate
was concentrated in vacuo, and the residue was purified b
column chromatography (eluent hexane) and GPC (CHC15

ive the 3aa as white solid (43.0 mg, 75% yield). 'H

R (400 MHz, CDCl3) 6 7.78-7.76 (m, 1H), 7.51-7.49 (m,
lH) 7 31-7.23 (m 9H), 7.14-7.13 (m, 3H); 3C NMR (100
MHz, CDCls) o 141.0, 139.7, 139.0, 135.6, 134.4, 133.4,
130.6, 129.7,128.8, 128.5, 127.8, 127.5, 124.7, 124.6, 123. s,
122.2. These values were identical to those reported in the
literature.?”! For other compounds, see the Supporting
Information.
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