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ABSTRACT: A new silver-catalyzed heteroaromatization of propargylic
alcohols with p-toluenesulfonylmethyl isocyanide (TosMIC) has been
developed that provides an efficient and modular approach to sulfonyl
benzoheteroles. For the first time, TosMIC plays a dual role in one reaction:
sulfonyl source and ligand. An unprecedented deoxysulfonylation/hydration/
condensation reaction pathway is disclosed.

Benzoheteroles such as benzofurans, indoles, and benzothio-
phenes not only are ‘privileged structures’ encountered in

numerous natural products and synthetic functional molecules1

but also function as valuable intermediates in organic synthesis.2

In the past decade, substantial advances in the transition-metal-
catalyzed synthetic methods for these heterocycles have been
witnessed.3 Among these, intra- and intermolecular heteroar-
omatization using alkynes may be one of the most popular
synthetic strategies.4−6 For intramolecular heteroaromatization
reactions, it is well recognized that the activation of the alkynyl π-
bond is initiated by the coordination of a π-electrophilic
transition-metal (TM) catalyst to the CC triple bond,
followed by the generation of an (alkenyl)metal intermediate
(Figure 1a). Despite the impressive progress, the methods
allowing for the modular synthesis of benzoheteroles simply by
changing the heteroatom center under the same catalytic
conditions are rare.7 Propargylic alcohols are readily available
bifunctional building blocks; recently, the exploration of their
synthetic potency has attracted much attention.8 As part of our
continued efforts to develop novel reactions using functionalized
alkynes,9 we herein report a new silver-catalyzed heteroaroma-
tization reaction of propargylic alcohols with p-toluenesulfonyl-
methyl isocyanide (TosMIC), thus providing a conceptually
novel and modular approach to pharmaceutically relevant
sulfonyl benzoheteroles (Figure 1b).10 An unprecedented
reaction pathway, different from the classical intramolecular
heteroaromatization of alkynes, is disclosed. TosMIC plays a dual
role as the sulfonyl source and ligand. To the best of our
knowledge, this is the first example in which TosMIC plays such a
role in one reaction, even though it has been widely used in
organic synthesis.11

Recently, we and the Lei group realized the first silver-
catalyzed [3 + 2] cycloaddition reaction of alkynes with
isocyanides.9c,d When we tried to expand the substrate scope
to propargylic alcohol 1a, unexpectedly, the reaction catalyzed by

Ag2CO3 in the presence of 2 equiv of H2O afforded 3-
sulfonylated benzofuran 3a in 80% yield. The structure of
compound 3awas unambiguously confirmed by X-ray diffraction
(XRD) analysis. This reaction represents a new route to access
benzofurans. Therefore, we carried out an extensive optimization
of the reaction conditions (for the details, see the Supporting
Information). Finally, the yield was improved to 95% under the
optimal conditions (Ag3PO4 (10 mol %), H2O (2.0 equiv), 1,4-
dioxane, 100 °C). Subsequently, two questions related to the
reaction mechanism were raised: (1) how the Ts group was
transferred to the 3-position of benzofurans; (2) whether the
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Figure 1. Synthesis of benzoheteroles by transition-metal-catalyzed
intramolecular heteroaromatization of alkynes.
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heteroaromatization followed the classical TM-catalyzed cycliza-
tion pathway. To elucidate these mechanistic questions, the
following experimental investigations were carried out.

As shown in Scheme 1, first, we found that, in the absence of
TosMIC, the reaction of 1a under the optimized reaction

conditions failed, thus demonstrating the necessity of TosMIC
(eq 1). Furthermore, instead of TosMIC, other reported Ts
sources such as TsNa and TsNHNH2 were investigated;12

however, either no desired product 3a was obtained or no
reaction occurred (eq 2). To capture the side product from
TosMIC, a TosMIC derivative 2d with a large biphenyl tail was
designed and prepared. Delightfully, the reaction of 1a with 2d
smoothly proceeded to afford product 3a in a slightly decreased
yield (81%); importantly, an aldehyde byproduct 4 was isolated
in 90% yield (eq 3). This result suggests that TosMIC may

decompose to formaldehyde and a Ts group, probably
accompanied by the generation of a cyanide ion (CN−).13

Furthermore, when quenching the reaction mixture of 1a and 2a
in 15 min, a key intermediate, Ts-1a, was obtained in 26% yield
(eq 4). Clearly, a deoxysulfonylation process occurred in the
initial stage of the reaction.
After identifying the first step in the reaction as deoxysulfo-

nylation, we turned our attention to the subsequent hetero-
aromatization pathway starting from intermediate Ts-1a, which
was synthesized by a reported method.14 The critical role of H2O
in the heteroaromatization of Ts-1a was established: in the
presence of H2O, 3a could be obtained in nearly quantitative
yield (97%), whereas, in the absence of H2O, 3awas obtained in a
poor yield (15%) (eq 5). These results demonstratedTs-1a to be
the reaction intermediate and also proved the necessity of H2O as
the additive. Interestingly, no reaction occurred in the absence of
TosMIC, thus suggesting that TosMIC acted as a ligand in the
cyclization of TS-1a. This assumption was further confirmed
using aryl isocyanide (2e) instead of TosMIC, which afforded 3a
in 89% yield (eq 6). Although isocyanide−metal complexes are
common in organometallic chemistry,15 to the best of our
knowledge, the use of TosMIC as a ligand in transition-metal-
catalyzed reactions has not been reported.16 The cyclization of
Ts-1a probably proceeded through an unusual hydration/
condensation cascade. Such a hypothesis was confirmed by the
reaction of deuterium-labeled compound [D]-Ts-1a, which only
afforded benzofuran 3a in 92% yield without deuterium
incorporation, while [D]-3a that was expected to be formed by
the addition of alkynes and isomerization was not found (eq 7).17

The classical process was further excluded by the reaction of Int-
1a, which only afforded [OH]-3a in 85% yield by a reported 1,3-
hydroxyl transfer process, while the 3a yield was 0% (eq 8).18

Based on the above results, a plausible mechanism was
proposed (Scheme 2). The domino reaction starts with the

reaction of propargylic alcohol 1a with TosMIC 2a to yield the
intermediateTs-1a by deoxysulfonylation, in which TosMIC acts
as the sulfonyl source. Next, the regioselective hydration ofTs-1a
with H2O takes place using TosMIC as the ligand, thus affording
enol A. The regioselectivity of the reaction can be attributed to
the directing effect of the Ts group. Following keto−enol
tautomerism, α-Ts ketone intermediate B is formed. Finally,
benzofuran 3a is formed by a sequential addition/elimination
cascade (i.e., condensation reaction).19

Next, the substrate scope of propargylic alcohols that could be
used in this domino heteroaromatization reaction was
investigated (Scheme 3). A range of substrates (1b−1q) were
converted into the corresponding benzofuran products (3b−3q)
in synthetically useful yields using the initial optimized reaction
conditions. A range of R groups including (hetero)aryl, fused

Scheme 1. Mechanistic Investigations

Scheme 2. A Plausible Reaction Mechanism
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aryl, and alkyl were compatible with the cyclization reaction
conditions. Substrate 1j containing a terminal alkyne unit (i.e., R
= H) also smoothly participated in the reaction with TosMIC,
thus affording the corresponding 2-methyl-3-sulfonyl benzofuran
3j in 97% yield. Moreover, a benzofuran dimer 3k was prepared
in 72% yield starting from a bispropargylic alcohol substrate.
Furthermore, wide variation of the substituents on the benzene
ring including electron-donating (e.g., MeO and t-Bu) and
-withdrawing groups (e.g., Br, Cl, and NO2) allowed the
formation of diverse highly functionalized benzofurans (3l−
3q) in moderate to excellent yields. To our delight, this method
was also capable of preparing 3-sulfonyl benzothiophenes (3r−
3t) and indoles (3u−3z) simply by changing the heteroatoms.
Sulfonyl benzoheteroles are pharmaceutically important;10

however, the reported synthetic methods are mostly limited to
the sulfonylation on a benzoheterole skeleton.19 Herein, we
developed a straightforward method for the synthesis of such
compounds from acyclic precursors.
To expand the scope of this methodology, propargylic alcohols

(4) were synthesized by the Sonogashira coupling of terminal
propargylic alcohols with the corresponding ortho-halophenols/
anilines.20 Structurally, the positions of the hydroxyl group and
CC triple bond are interchanged in propargylic alcohols 4 and
1. As shown in Scheme 4, under slightly modified reaction
conditions, to our delight, they were also useful for the
heteroaromatization with TosMIC to afford 2-sulfonylmethyl

benzofurans (5a−5k) and indoles (5l−5q) in moderate to high
yields (48−92%). The structure of compound 5e was
unambiguously established by XRD analysis. Notably, com-
pounds 5 are newly substituted benzoheteroles.21 The easy
availability of sulfonyl benzoheteroles 5 opens new synthetic
opportunities for a suitable functionalization at the 2-position
because of the well-known ability of the arenesulfonyl moiety as a
good leaving group.22 Therefore, an alkylation reaction of the
benzofuran 5a was realized under radical conditions by the
substitution of the Ts group with a hydrogen atom leading to the
2-alkyl benzofuran derivative 6a; meanwhile, triarylmethane 6b
was obtained by the palladium-catalyzed coupling reaction with
phenylboronic acid.23

The preliminary mechanistic studies on the heteroaromatiza-
tion of propargylic alcohols 4 suggested a similar reaction
pathway to that of propargylic alcohols 1. For example, the
deoxysulfonylated intermediate TS-4a was smoothly converted
into the desired product 5a in 83% yield in the presence of
TosMIC, whereas no reaction occurred without TosMIC.

In conclusion, we have developed a novel silver-catalyzed
heteroaromatization reaction of propargylic alcohols and
TosMIC, which provides a very convenient and modular
approach to a range of functionalized benzoheteroles including
benzofurans, indoles, and benzothiophenes. For the first time,

Scheme 3. Synthesis of 3-Sulfonyl Benzofurans, Indoles, and
Benzothiophenesa

aIsolated yields.

Scheme 4. Synthesis of 2-Sulfonylmethyl Benzofurans and
Indolesa

aIsolated yields.
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the role of TosMIC was found to be twofold, as the sulfonyl
source and ligand. A mechanistically novel deoxysulfonylation/
hydration/condensation reaction pathway, different from the
classical transition-metal-catalyzed intramolecular heteroaroma-
tization of alkynes, was disclosed. Considering the practicality
and novelty of this method and the extreme importance of
benzoheteroles in medicinal chemistry and material science, the
methodology described here undoubtedly will find wide
applications in future synthetic endeavors.
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