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In this study, we developed direct methods for the synthesis of 3-substituted indoles from o-alkynylan-
ilines by utilizing a copper-catalyzed tandem intramolecular cyclization/coupling reaction under mild
and simple reaction conditions. Our investigation revealed that choice of the aprotic polar solvents and
additives such as camphorsulfonic acid is critical in this reaction.

� 2013 Elsevier Ltd. All rights reserved.
Indoles are interesting and valuable because they are widely
found in various biologically active natural and artificial com-
pounds.1 Therefore, the development of efficient methods to syn-
thesize these compounds continues to be an active research area.
In particular, the intramolecular cyclization of o-alkynylanilines,
which are typically prepared from o-haloanilines and terminal
acetylenes via the Sonogashira reaction, has been widely
reported.2,3 Despite early successes using Pd,4 Au,5 or other metals6

as catalyst, there are limited reports on the direct synthesis of 3-
substituted indoles from o-alkynylanilines using Cu as catalyst.7

However, much attention has been paid to Cu catalysis due to
the lower cost of copper catalysis.2a,b

Recently, we obtained preliminary results in our laboratory
when testing the copper-catalyzed cyclization of o-alkynylaniline
according to Shen’s procedure.7c Shen and Lu reported that indole
2a was obtained in 80% yield by the reaction of 1a in the presence
of CuCl (0.5 equiv) in DMSO at 50 �C for 1 h under nitrogen atmo-
sphere (Scheme 1a). We then tested Shen’s procedure, and 2a was
obtained in 70% yield as reported; surprisingly, trace amounts of 3-
chlorinated product 3a and homocoupling dimer 4a were also iso-
lated. Furthermore, when the reaction was conducted under open-
air conditions, 2a was still the major product, similar to the result
for the reaction conducted under an inert atmosphere; an increase
in the chemical yields of 3a and 4a was observed (Scheme 1b).
These results imply that the direct introduction of carbon func-
tional groups or halogens to the 3-position of indole is possible un-
der mild reaction conditions. Herein, we describe direct methods
for the synthesis of 3-substituted indoles from o-alkynylanilines
by utilizing a copper-catalyzed tandem intramolecular cycliza-
tion/coupling reaction under mild reaction conditions.

In initial studies, we investigated the reaction in various sol-
vents in air because the results of copper catalysis are known to
largely depend on the solvent.7c The results are shown in Table 1.
As a result, nonpolar and polar solvents such as toluene, CH2Cl2,
EtOAc, THF, acetone, and dioxane were ineffective in promoting
the reaction (Table 1, entries 1–6). In contrast, protic polar solvents
such as EtOH afforded 2a in 51% yield as a major product (Table 1,
entry 7). Alternatively, further interesting results were obtained
when aprotic polar solvents were used. Among them, when using
dimethylformamide (DMF) as a solvent, homocoupling product
4a was obtained as a major product, whereas when using N,N-
dimethyacetamide (DMA) as a solvent, 3-chlorinated indole 3a
was obtained as a major product. These results indicated that this
reaction should preferably be conducted in an aprotic polar
solvent, and that varying the aprotic polar solvent could affect
the reaction pathway.8

Recently, Pyne’s group reported CuCN-mediated cyclization/
cyanation reactions.7b However, this method has some drawbacks
for practical applications under reaction conditions (typical reac-
tion conditions: in DMF, at 100 �C and under oxygen atmosphere).
Thus, we attempted to perform the reaction with copper cyanide
under the developed reaction conditions. The results are shown
in Table 2. First, the reaction was tested under an air atmosphere
and with four aprotic polar solvents, DMA, dimethylsulfoxide
(DMSO), N-methylpyrrolidone (NMP), and DMF, which showed dif-
ferent tendencies under the reaction conditions shown in Table 1.
As expected, the reaction proceeded at room temperature to yield
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Table 2
Effect of solvent and additivesa

NHMs

n-Bu
CuCN

solvent
rt

under Air

N
Ms

CN

n-Bu
N

Ms

H

n-Bu

1a 5a 2a

Entry Time (h) Solvent Additive (equiv) Yieldb (%)

5a 2a

1 72 DMA — 56 18
2 20 DMSO — 27 50
3 72 NMP — 44 32
4 2 DMF — 30 40
5 72 DMA PPh3, 0.2 55 24
6 72 DMA Proline, 0.2 54 18
7 16 DMA LiCl, 3 2 91
8 18 DMA K2CO3, 1 5 78
9 17 DMA Bu4NBr, 3 0 78

10 96 DMA CSA, 0.2 81 4
11 96 DMA TsOH, 0.2 80 2
12 96 DMA Benzoic acid, 0.2 64 14

a Substrate 1a (0.2 mmol), CuCN (0.6 mmol), and additive were stirred in solvent
(1.0 mL) at rt under open-air conditions.

b Isolated yield.
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Scheme 1. Synthesis of 2a, 3a, and 4a from 1a.

Table 1
Reaction of o-alkynylanilines (1a) with CuCl under aira

NHMs

n-Bu
1.1 eq CuCl

solvent
rt

under Air

N
Ms

H

n-Bu
N

Ms

Cl

n-Bu
N
Ms

n-Bu

2
1a 2a 3a 4a

Entry Time (h) Solvent Yield (%)

2ab 3ab 4ac

1 24 Toluene No reaction
2 24 CH2Cl2 No reaction
3 24 EtOAc No reaction
4 24 THF No reaction
5 24 Acetone No reaction
6 24 CH3CN Trace — —
7 24 EtOH 51 31 6
8 15 DMSO 34 10 34
9 2 DMF 15 15 52

10 4 DMA 8 51 20
11 12 NMP 7 47 30
12 4 NMFd 24 24 38
13 3 HMPA 35 25 24

a Substrate 1a (0.2 mmol) and CuCl (0.22 mmol) were stirred in solvent (1.0 mL)
at rt under open-air conditions.

B Compounds 2a and 3a were difficult to separate by silica gel column chroma-
tography. Yield was calculated from NMR spectra of mixture.

c Isolated yield.
d NMF = N-methylformamide.
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3-cyanated indole 5a as a major product with moderate yields
(27–56%), and the reaction in DMA yielded better results (Table 2,
entries 1–4). Under these reaction conditions, 3-protonated indole
2a was the major byproduct, and the formation of a homocoupling
product was not observed. Next, additive screening was investi-
gated to further improve the yield of 5a. Unfortunately, the addi-
tion of typical ligands for copper catalysts such as proline,
triphenylphosphine, inorganic salts, and quaternary ammonium
salts was not effective in increasing the yield further (Table 2,
entries 5–9). Finally, we discovered that using sulfonic acid such
as camphorsulfonic acid (CSA) and p-toluene sulfonic acid (TsOH)
as an additive was effective in increasing the yield of 5a (Table 2,
entries 10 and 11). In contrast, adding benzoic acid did not have
a remarkable effect on the result, implying the additive acidity is
the key to improving the yield of 5a (Table 2, entry 12).

Next, reaction conditions were further optimized in terms of
reaction time. The results are shown in Table 3. The reaction time
was shortened when the reaction temperature was changed to
40 �C, while the yield of 5a slightly decreased (Table 3, entry 1).
On the other hand, the yield of 5a significantly decreased when
the reaction was performed without CSA due to the increasing for-
mation of 2a, demonstrating that CSA is essential to obtain a high
chemical yield of 5a. Further improvement of the yield was not ob-
served when the amount of CSA was increased to 0.5 equiv (Table 3,
entry 3). Decreasing the amount of copper salt (2.0 or 1.1 equiv)
gave a lower yield of 5a (Table 3, entries 4 and 5). Then, the tuning
of the N-substituent on aniline was attempted. The reaction of 1b,
bearing the trifluoromethanesulfonyl (Tf) group, yielded only the
3-protonated product 2b without the formation of 5b (Table 3, en-
try 6). When the N-protecting group on aniline was changed to tri-
fluoroacetyl (TFA), no reaction was observed at 40 �C; the formation
of a new spot was confirmed by thin-layer chromatography at
50 �C, and after 48 h, 5 h (R1 = H) was isolated in 38% yield along
with 41% recovery of 1c (Table 3, entry 7). Finally, the reaction of
a substrate bearing the toluenesulfonyl (Ts) group was completed
within 12 h, and 5d was obtained in 77% yield.

To evaluate the developed methods, other substituents were intro-
duced in the reactions. The results are shown in Table 4. To our delight,
substrate 1e, bearing an aromatic substituent on the acetylene moi-
ety, was found to be applicable to the developed reaction conditions,
and the use of DMSO as solvent showed the best results (Table 4, entry



Table 3
Effect of N-protecting groupa

NHR1

n-Bu
3.0 equiv. CuCN

DMA
40 °C

under Air

N
R1

CN

n-Bu
N

R1

H

n-Bu

1 5 2

Entry R1 Time (h) Additive (equiv) Yieldb (%)

5 2

1 Ms (1a) 24 CSA, 0.2 76 (5a) 2 (2a)
2 Ms 24 — 49 (5a) 32 (2a)
3 Ms 24 CSA, 0.5 72 (5a) 2 (2a)
4c Ms 36 CSA, 0.2 69 (5a) 10 (2a)
5d Ms 36 CSA, 0.2 62 (5a) 18 (2a)
6 Tf (1b) 3 CSA, 0.2 0 (5b) 66 (2b)
7e TFA (1c) 48 CSA, 0.2 38 (5h: R1 = H) 0 (2c)f

8 Ts (1d) 12 CSA, 0.2 77 (5d) 6 (2d)

a Substrate 3 (0.2 mmol), CuCN (0.6 mmol), and additive were stirred in DMA
(1.0 mL) at 40 �C under open-air conditions.

b Isolated yield.
c CuCN (0.4 mmol) was used.
d CuCN (0.22 mmol) was used.
e At 50 �C.
f 41% of 1c was recovered.
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1).9 In addition, the reactions of substrate 1d or 1e with 1.1 equiv of
CuCl or CuBr in DMA proceeded smoothly to give 3-halogenated
Table 4
Conversion of 1 to 3-substituted indoles 2–6a

NHR1

R2 Cu salt
CSA

solvent
temp.

under Air1

Entry Substrate Time (h) Cu salt (equiv) Solv

1
NHTs

Ph

1e
12 CuCN 3.0 DMS

2
NHTs

n-Bu

1d
24 CuCl 1.1 DMA

3
NHTs

n-Bu

1d
24 CuBr 1.1 DMA

4
NHTs

Ph

1e
18 CuCl 1.1 DMA

5
NHTs

Ph

1e
24 CuBr 1.1 DMA

6
NHTs

n-Bu

1d
4 CuCl 1.1 DMF

7
NHMs

Ph

1f
24 CuCl 1.1 DMS

a Substrate 3 (0.2 mmol), Cu salt (0.22 or 0.60 mmol), and CSA (0.04 mmol) were stirr
b Isolated yield.
c The numbers in parentheses are the yields of 2, 3, and 4. Compounds 2 and 3 (or 6) w

from NMR spectra of mixture.
d Less than 1% of 2 or 6 was detected by NMR spectra after silica gel column chroma
indoles 3d, 6d, 3e, or 6e in 72–88% yields (Table 4, entries 2–5). Shen’s
group reported the cupric halide-mediated intermolecular halocycli-
zation of 2-alkynylanilines (typical reaction conditions: 2.5 equiv of
cupric halide and 2.0 equiv of K2CO3 in aprotic DMSO under nitrogen
atmosphere); however, their reactions did not proceed in the absence
of a base, and the reaction without an excess of Cu salt gave unsatis-
factory results.7c Moreover, in the aforementioned report by Pyne’s
group, the reaction of 1e with cuprous halide was unsuccessful and re-
sulted in the recovery of unreacted starting material.7b These results
clearly indicate the utility of our reaction methods. Alternatively,
the reaction of 1d or 1f10 with CuCl (1.1 equiv) in DMF or DMSO re-
sulted in the formation of the homocoupling dimers 4d or 4f in 58%
and 41% yield, respectively, (Table 4, entries 6 and 7). To the best of
our knowledge, this is the first report of direct methods for the synthe-
sis of 3,30-biindoles from alkynylanilines.11 Further improvement of
the chemical yield of homocoupling dimers is under investigation in
our laboratory.

The detailed mechanism of this tandem reaction is not clear at
this stage. Based on the previous reports7 and our findings, the pro-
posed mechanism for transformation is shown in Scheme 2. As
mentioned above, the reactions of o-alkynylanilines with divalent
copper such as CuCl2 and CuBr2 in the absence of a base did not
proceed. Moreover, when the reaction of Table 3, entry 1 was con-
ducted under argon atmosphere, completely different results were
obtained (recovery of 40% starting 1a, 2a: 30%, 5a: 18%). Therefore,
N
R1

R3

R2

2-6

ent Temp (�C) Product Yieldc (%)

O 50 �C
N
Ts

Ph

CN

5e

69b (2e: 8)

0 �C
N
Ts

n-Bu

Cl

3d

72d (4d: 11) b

0 �C
N
Ts

n-Bu

Br

6d

79d (4d: trace)

40 �C
N
Ts

Ph

Cl

3e

80d (4: trace)

40 �C
N
Ts

Ph

Br

6e

88d (4: trace)

rt N
Ts

n-Bu

2

4d

58b (2d:22, 3d:15)

O rt N
Ms

Ph

2

4f

41b (2a: 23, 3a: 18)

ed in solvent (1.0 mL) at 40 �C.

ere difficult to separate by silica gel column chromatography. Yield was calculated

tography.
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Scheme 2. Proposed mechanisms for the transformation of 5 from 1.
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we suppose that the first cyclization reaction is preferably cata-
lyzed by monovalent and/or divalent aryl copper species such as
8 and 9 generated during the reaction, and partially catalyzed by
CuCl. Moreover, the decrease in the yield of 5a under argon atmo-
sphere indicates that a Glaser-type coupling reaction of monova-
lent aryl copper species 8 is unlikely (path A). Further oxidation
of copper species with molecular oxygen is required to convert
monovalent and/or divalent copper to divalent and/or trivalent
copper. Thus, at this stage the formation of the desired product 5
through reductive elimination of divalent or trivalent copper spe-
cies (path B and C) seems to be a reasonable reaction pathway.
Moreover, although the exact role of CSA is not clear, CSA probably
accelerates the oxidation of the intermediate 8 and/or 9 due to the
addition of CSA suppressing the formation of 2 as mentioned in
Table 2, entry 2. The addition of base increases the formation of
2 (Table 2, entry 8); hence, the trapping of amine impurities in
solvents such as DMF and DMA by CSA is a plausible scenario.
However, at this stage this should also be ruled out as the reaction
in DMSO showed the same effects as that seen in DMF and DMA
(Table 4, entry 1). Further studies are necessary to elucidate the de-
tailed mechanism and define the exact role of CSA.

In conclusion, a practical method has been developed to synthe-
size 3-substituted indoles by utilizing a copper-catalyzed tandem
intramolecular cyclization/coupling reaction. It is noteworthy that
the developed method proceeds under simple and mild conditions.
Future applications of this strategy for the synthesis of biologically
active compounds are under investigation and will be reported in
due course.
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