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ABSTRACT

The synthesis of 3-acyl-2-arylindole derivatives was performed through palladium-catalyzed isocyanide insertion and oxypalladation of an alkyne.
As a result of the introduction of internal nucleophiles, domino cyclization was also achieved for the synthesis of several tetracyclic indole
derivatives. Imidoylpalladium generated by isocyanide insertion is a key intermediate in these reactions.

Isocyanides are valuable building blocks in the synthesis
of nitrogen-containing compounds and are mainly used
for multicomponent reactions such as the Passerini and
Ugi reactions.1 It is known that isocyanides coordinate to
transition-metal centers, and the insertion reaction pro-
ceeds similarly to that of carbon monoxide.2,3 However,
palladium-catalyzed isocyanide insertion is still a develop-
ing area, in contrast to the well-developed chemistry of
carbon monoxide, probably because of the difficulty of
controlling the isocyanide reactivity.1a,b In recent years,
there has been a focus on palladium-catalyzed coupling
reactions to form C�N and C�O bonds via isocyanide
insertion.4 However, the formation of two C�C bonds via

isocyanide insertion has rarely been reported.5 Further-
more, in most of the previously reported studies, isocya-
nideswere simply used instead of carbonmonoxide as aC1
unit.Webelieve thatmulti C�Cbond formation reactions,
in which the C and N atoms of the isocyanide are both
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incorporated as ring components,wouldbe atom-economical
for the synthesis of heterocycles. However, to the best of
our knowledge, there are only two reports on this type of
palladium-catalyzed reaction: the synthesis of tetracyclic
quinazolines by Curran5c and of indoles by Takahashi.5d

Recently, we reported a palladium-catalyzed cascade
process consisting of sequential insertions of an isocyanide
andanalkyne, andC(sp3)�Hactivation to formpolycyclic
carbazoles.6 During this reaction, we obtained 3-acyl-2-
arylindole 1 as a byproduct (Scheme 1, eq 1).We supposed
that addition of the oxygen nucleophile to the alkyne,7,8

activated by internal imidoylpalladium, followed by C�C
reductive elimination, gave 3-acyl-2-arylindole 1 (Scheme 1,
eq 2). The indole moiety is present in a wide range of
natural products and pharmaceuticals, and 3-acylindoles
are particularly useful intermediates for the preparation
of important therapeutic agents.9 Various methods have
therefore been used for their preparation. The majority
of these methods involve acylation of preformed indole

derivatives,10 and direct construction of the 3-acylindole
skeleton from acyclic precursors has received less atten-
tion.11 We envisioned that the reaction shown in eq 2
could be a new approach for the direct construction of
3-acyl-2-arylindoles, using both the C and N atoms of the
isocyanide. In this letter, we describe the synthesis of 3-acyl-
2-arylindoles using palladium-catalyzed isocyanide inser-
tion and oxypalladation of an alkyne.
Our initial efforts focused on optimization of the reac-

tion conditions, using 2a and 3a (Table 1). Treatment
of 2a and 3a with 10 mol % Pd(OAc)2, 20 mol %
di(1-adamantyl)-n-butylphosphine (Ad2P

nBu) and 3 equiv
of Cs2CO3 in toluene at 100 �C gave the indole 1a in 43%
yield (entry 1). The addition of 10 equiv ofH2Oaccelerated
the reaction and increased the yield of 1a to 61% (entry 2).
Next, several bases were screened; it was found that car-
bonates were effective, and Cs2CO3 gave the best results in
this reaction (entries 2�7).WhenN,N-dimethylformamide
(DMF)was used insteadof toluene, the reactionproceeded
effectively and the product 1a was obtained in 80% yield
(entry 8). Lowering the amount of the catalyst did not
significantly influence the yields, using DMF as a solvent
withoutH2O (entry 9). Finally, screening of various ligands
revealed that Ad2P

nBu was the best ligand (entries 10�13).
The conditions used in entry 9 were therefore the best for
this reaction.
We investigated the substrate scope of the reactionunder

the optimal conditions (Scheme 2). Initially, various aryl
iodides were used as the coupling partner. The reactions of
aryl iodides bearing electron-donating groups and chlorine
at the para position gave the desired products 1b�1d in
good yields. Strong electron-withdrawing groups such as
ester, nitrile, and trifluoromethyl groups decreased the
yields of products 1e�1g. Introducing a methyl group
at the meta and ortho positions maintained high yields
(1h and 1i). Next, the reactionwas performed using several
o-alkynylphenyl isocyanides. The reactions of substrates
bearing chloro and methoxy groups at the para position
of the isocyanide gave the corresponding products 1j and
1k in 41 and 69% yields, respectively. The electronic state
of the alkyne did not significantly influence the reaction
(1l and 1m).
3-Acyl-2-arylindole is a useful intermediate for the

construction of polycyclic indole derivatives such as car-
bolines and carbazoles.12 We therefore used this reaction

Scheme 1. Synthesis of 3-Acyl-2-arylindole via Palladium-
catalyzed Isocyanide Insertion and Oxypalladation of Alkyne
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to achieve domino cyclization using internal nucleophiles
(Scheme 3). o-Iodoaniline (4) and isocyanide 3a coupled in
the presence of a palladium catalyst to give the tetracyclic
γ-carboline 5 in 56%yield. This strategywas applied to the
reaction of o-iodophenol (6), and the corresponding pro-
duct 7 was obtained in 73% yield. This is the first example
of the construction of a chromeno[4,3-b]indole skeleton
bearing a characteristic conjugated system. The reaction of
o-iodobenzyl cyanide (8) also gave the desired tetracyclic
carbazole 9 in 68% yield.13 Interestingly, when DMF,
which is an effective solvent for the formation of 1a, was
used instead of toluene, the reactions using o-iodoaniline
(4) and o-iodophenol (6) did not give 5 and 7, respectively.
The reaction of o-iodobenzyl cyanide with toluene did not
give product 9, similar to the synthesis of 1a.
In order to gain insight into the reaction, the following

experiments were performed (Scheme 4). When bromo-
benzene was used as the substrate instead of iodobenzene,
the yield was low (Scheme 4, eq 1). Also, the addition of a
silver salt significantly inhibited the reactions of both iodo-
and bromo-benzene (not shown). These results suggest
that halides play an important role in the reaction. Based
on this hypothesis, we examined the addition of some
iodide sources, and found that tetrabutylammonium
iodide (TBAI, 1 equiv) increased the yield of 1a to 41%.

We also performed labeling experiments to identify the
oxygen source in product 1a (Scheme 4, eq 2). The 18O-
incorporated product 1a-18O was formed in the presence
of H2

18O as the additive, and the ratio of 1a-18O:1a was
69:31.14 These results and examination of the reaction condi-
tions (Table 1) suggested that H2O is one of the oxygen
sources, and other species such as acetate and carbonate can
also supply an oxygen atom.
A plausible mechanism is shown in Figure 1. First,

oxidative addition of Pd(0) to aryl iodide, followed by
isocyanide insertion, generates imidoylpalladiumA.15 Imi-
doylpalladium effectively activates the internal alkyne, and
oxypalladation6,16 with acetate, carbonate, or hydroxide

Table 1. Investigation of Reaction Conditionsa

entry x ligand base additive solvent yieldb (%)

1 10 Ad2P
nBu Cs2CO3 none toluene 43

2 10 Ad2P
nBu Cs2CO3 H2O toluene 61

3 10 Ad2P
nBu K2CO3 H2O toluene 30

4 10 Ad2P
nBu CsF H2O toluene 7

5 10 Ad2P
nBu Et3N H2O toluene 8

6 10 Ad2P
nBu CsOAc H2O toluene 24

7 10 Ad2P
nBu CsOH•H2O H2O toluene 45

8 10 Ad2P
nBu Cs2CO3 H2O DMF 80

9 5 Ad2P
nBu Cs2CO3 none DMF 78

10 5 PPh3 Cs2CO3 none DMF 69

11 5 DPPEc Cs2CO3 none DMF 39

12 5 BINAPc Cs2CO3 none DMF 24

13 5 biphPCy2 Cs2CO3 none DMF 29

a Isocyanide 2a was added dropwise to the solution of PhI,
Pd(OAc)2, ligand, base and additive for 3 h by using a syringe pump.
b Isolated yield. c 5 mol % of ligand was used. Ad = 1-adamantyl,
biph = 2-biphenyl.

Scheme 2. Substrate Scopea,b

a Isocyanides were added dropwise to the solution of ArI, Pd(OAc)2,
Ad2P

nBu and Cs2CO3 for 3 h by using syringe pump. b Isolated yield.
cTen mol % of Pd(OAc)2 and 20 mol % of Ad2P

nBu were used.

Scheme 3. Synthesis of Tetracyclic Indole Derivatives by
Domino Cyclization of Internal Nucleophiles
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proceeds, to give the six-membered palladacycle B. C�C
reductive elimination regenerates the Pd(0) species, and
subsequent hydrolysis or isomerization of C produces the
desired product D. In the oxypalladation step, the halide
leaves the palladium center, along with Pd�C bond for-
mation, so the higher leaving ability of I� probably gives a
better result than Br�.17 Tetracyclic indole derivatives E
could be generated by cyclization of internal nucleophiles
ofD. However, when iodoaniline (4) or iodophenol (6) was
used, the domino cyclization in DMF did not give good
results,18 in contrast to the synthesis of 3-acylindole 1. We
therefore suggest that these reactions in toluene proceeded
via another pathway involving carbopalladation of A and
intramolecular C�X reductive elimination of vinylpalla-
dium intermediate F. The related complex of intermediate
F was isolated by Takahashi and co-workers,19 and a
similar reaction pathway was proposed for the synthesis
of heterocycles.20 However, the best reaction solvent for

iodobenzyl cyanide (8) is the same as that for the synthesis
of 3-acylindole 1, so carbazole 9 was probably formed via
3-acylindole D.
In summary, we have developed palladium-catalyzed

isocyanide insertion and alkyne functionalization for the
synthesis of 2-arylindole derivatives, including tetracyclic
carbazoles. In this process, the formation of two C�C
bonds via isocyanide insertion was achieved, and isocya-
nide was effectively used by incorporating both the C and
N atoms as components of the indole skeleton. We are
currently extending this strategy to convergent synthesis
of nitrogen-containing polycycles and examining further
details of the reaction mechanisms.
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Figure 1. Plausible mechanism.

Scheme 4. Mechanistic Studies
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