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ABSTRACT: We have successfully developed a Au-catalyzed
annulation method to produce substituted 3-arylindoles from
the reaction of nitrosoarenes with arylsubstituted acetylenes
under reductive conditions using sodium borohydride. Term-
inal alkynes reacted better than non-terminal ones with various
substituted nitrosoarenes to afford regioselective 3-substituted indoles. This method is simple and straightforward and can be
applied successfully to the synthesis of highly substituted indoles.
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The indole moiety can be found in numerous biologically
active natural products, alkaloids and pharmaceuticals.1 The

indole alkaloids are structurally similar to endogenous amines
and neurotransmitters, which led us to postulate possible neuro-
logical activity. A number of indole-based drugs that are currently
on the market belong to the triptan family, and they are used
mainly in the treatment of migraine headaches.2 The bis and tris
indoles are a class of marine natural products that are found to be
active in the development of new drug leads.3 Hence, there is an
increasing demand for the development of general, efficient, and
especially regioselective synthetic methods to access this hetero-
cyclic moiety. One such direct strategy is the Fischer indole4 and
related synthesis, which employs aryl hydrazines and ketones.5

To increase the efficiency, selectivity, and substrate scope, transi-
tion metal-catalyzed cyclization of o-substituted aryl acetylene
precursors has proven to be a versatile method for the synthesis
of highly substituted indoles.6 Moreover, cyclization reactions of
o-alkynylanilines have been reported.7 A similar strategy was
applied to access indole fragments via reductive cyclization of
(2-nitroaryl) alkynes using stoichiometric reagents and cata-
lysts.8 Pd-catalyzed reductive amination of nitroalkenes for
the synthesis of 3-phenylindoles is reported.9 Although these
methods are useful to access valuable indole heterocycles, most of
them suffer due to the reduced availability of suitably substituted
precursors.

To overcome this limitation, continuous efforts were made
toward accessing these indoles directly from commercially avail-
able and simple aromatics. Nicholas et al. have reported the syn-
thesis of indoles andN-methoxy indoles via reductive annulation/
cycloaddition of aryl nitro-/nitrosoarenes/aryl hydroxylamines
with alkynes.10 This same group has also reported the mechanistic
pathways of indole formation using kinetics and DFT calcula-
tions.10d A recent report on the one-pot synthesis of meridianins
and meridianin analogues also utilized the chemistry of annula-
tion of alkynes and nitrosoarenes.11 A similar reaction was also
reported by Ragaini et al. using Pd-catalyzed reductive annulation

of nitroarenes.12 However, these methods require high CO
pressure and high temperature for the reduction of either pre-
cursor nitroarenes or in situ generated hydroxy indoles. There-
fore, a need to develop an alternative and direct method to access
the valuable 3-substituted indoles is necessitated.

In a continuation of our ongoing program in developing
methods for metal-catalyzed nitrogenation reactions13 and synthe-
sis of variousN-heterocycles,14 we were interested in developing a
direct method to access 3-arylindoles from aryl acetylenes and
nitrosoarenes using a Au catalyst (Scheme 1). Inter- and intramo-
lecular annulation chemistry by Nicholas using Ru catalysts,10a,10b

Ragaini using Pd-catalysts,12a and Tokunaga using Au-catalysts8g

have been reported. Even though some of the methods of
preparation of 3-phenylindoles are effective, however, most meth-
ods require multistep preparation of precursor substrates, and
harsh reaction conditions and result in low yields and long reaction
times. Among the nitrogen precursors used for the annula-
tion reaction, nitrosoarenes are preferred over the other, because
nitroarenes require severe reaction conditions and limited avail-
ability of arylhydroxylamines. Herein, we report Au-catalyzed
intermolecular reductive annulation of nitrosoarenes (1-9) and
alkynes (a-c) to produce 3-aryl indoles. (Table 1, entries 1-12).

Initially we performed the annulation reaction with nitroso-
benzene (1) and phenylacetylene (a) using p-dioxane as solvent
and Au(I)Cl as catalyst. The observed yield of 3-phenylindole
(1a) was 84% (GC/MS analysis), but only a 10% isolated yield of
1a was obtained, and the remaining product was found to be
corresponding N-hydroxyindole. This observation is consis-
tent with the previous findings by the Nicholas group.10 When
the amount of AuCl catalyst was increased, we observed that
the yield of 3-phenylindole also increased, which indicates
the catalyst was consumed well before the reaction was over.
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This may be due to the oxidation of Au(I) to Au(III), which
in turn becomes inactive for the reduction of the remaining
N-hydroxyindole. Speculating this may be the cause, we added
1 equiv of a reducing agent (sodium borohydride) to help to

regenerate the active catalytic system. Our assumption was
correct because the isolated yield of 3-phenylindole (1a) in-
creased to 67%. To confirm further, we have carried out an
experiment with sodium borohydride in the absence of Au
catalyst. Unfortunately, no indole formation was observed, and
the only product formed was azoxybenzene, which confirms the
requirement of the Au catalyst. Further optimization of the
present reaction conditions revealed that the optimum tempera-
ture is 90 �C, and the best solvent is toluene among various polar
and nonpolar solvents tested (p-dioxane, acetonitrile, ethanol,
tetrahydrofuran, etc.). Under the same conditions, the optimized
catalytic amount of AuCl is found to be 10 mol % and TON
is ∼7-8.

Under the optimized conditions, phenylacetylene (a) was
reacted with various substituted nitrosoarenes (1-9). All the
para-substituted nitrosoarenes (Table 1, entries 2-6 and 9)
reacted well to give the corresponding 3-phenylindoles in
moderate to good yields, whereas ortho-substituted nitroso-
arenes (Table 1, entries 7 and 8) led to lower yields. This may
be due to either steric hindrance or availability of only one ortho
position for cyclization. Interestingly, all the nitrosoarenes
(1-9) containing electron-poor and -rich substituents provided
the corresponding 3-phenyl indoles regioselectively in fair yields.
Slightly higher conversions were observed in the case of electron-
poor nitrosoarenes. To our delight, the nitrosoarene-containing
ester group at the para position (9) also gave good yield without
any reduction in the ester group (Table 1, entry 12).

No side reactions were observed while using the bromo- and
chloro-substituted nitrosoarenes (Table 1, entries 4, 5, 7, and
10). The 5-bromo- and chloroindoles can be used for further
functionalization as valuable substituted indole scaffolds.15 Inter-
estingly, the N,N-diethylamino nitrosobenzene (6), commonly
found to be an inactive nitrogen fragment donor in metal-
catalyzed allylic aminations, reacted with phenylacetylene to
yield the corresponding indole (6a, 42%), though in low yield.
The common side product in these reactions is azoxybenzene in
smaller amounts (∼5-10%).

We then further explored the scope of indole formation
reaction of nitrosobenzene (1), p-bromonitrosobenzene (5)
and o-nitrosotoluene with other substituted phenyl acetylenes
(b, c), and the results are summarized in Table 1. The phenyl-
propyne (b) with various nitrosoarenes underwent annulation to
afford the desired products (1b, 5b, and 8b) in good to moderate
yields. But the reaction of 4-ethynyltoluene with o-tolylnitroso-
benzene (c) gave the corresponding 3-phenylindole (8c) in only
39% yield.

Consistent with the observation of other research groups, we
believe that two steps are involved in the formation of 3-pheny-
lindoles. The first step is an uncatalyzed annulation of nitroso-
benzene and alkyne to give N-hydroxy-3-phenylindole, followed
by the AuCl/NaBH4 catalyzed reduction to give 3-arylindoles, as
shown in Scheme 2.

Scheme 1. Formation of 3-Phenylindole via annulation of
Nitrosobenzene and Alkyne

Table 1. Synthesis of 3-Phenylindoles from Nitrosoarenes
and Arylacetylenesa

aReaction conditions: nitrosoarene (1 mmol), alkyne (5 mmol), AuCl
(10 mol %), NaBH4 (1.5 equiv), toluene (10 mL); temp, 90 �C; 6 h.
b Isolated. cReaction continued up to 14 h.

Scheme 2. Two-Step Formation of 3-Phenylindole via
Annulation and Reduction Process
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In summary, we have successfully developed a Au-catalyzed,
one-pot synthesis of substituted 3-arylindoles in moderate to
good yields. The addition of a reducing agent is essential for the
complete reduction of the hydroxyindole so as to generate an
active catalytic system. This annulation method is simple and
straightforward, and it can be applied successfully for various
arylacetylenes and nitrosoarenes. Further studies on the activity
of the catalyst and mechanism are underway.

’EXPERIMENTAL SECTION

Procedure for the 3-Phenylindole (1a) Formation. A
Schlenk flask was charged with AuCl (10 mol %), toluene
(5 mL), phenylacetylene (a) (5 mmol), and sodium borohy-
dride (1.2 mmol). The flask was placed in a preheated oil bath at
90 �C, and then a solution of nitrosobenzene 1 (1 mmol) in
toluene (5 mL) was added slowly with the help of a syringe
pump over a period of 6 h under a positive pressure of nitrogen.
The reaction mixture was cooled and filtered over Celite using
diethyl ether. The solvent was reduced under vacuum, and further
purification of the crude product was achieved by column chro-
matography using hexane and ethyl acetate as eluents.
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bS Supporting Information. General procedure for the pre-
paration of nitrosoarenes, 1H and 13C NMR spectroscopic data and
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