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Abstract: Cyclization of 2-alkynylanilines in the presence of
NaAuCl,-H,0O using [bmim] BF, as the reaction medium afforded 2-
substituted indoles in high yields. The catalyst system was best re-
cycled using n-Bu,NAuUCI,. 2,3-Disubstituted indoles could be pre-
pared from 2-alkynylanilinesand 3-buten-2-one through aone-flask
annulation—alkylation sequence and 1,2,3-trisubstituted indoles
were obtained from the same starting materials via an aza-Michael
addition—annul ation—al kylation process.
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The development of new, efficient, clean and selective
synthetic methods for the preparation of indole deriva-
tivesisthetarget of many current studiest dueto their cen-
tral role as versatile building blocks in the synthesis of
natural products and in the design of therapeutic agents.?
Increasing attention is now being paid to simplification
and improvement of the existing procedures for their
preparation in the manufacture of pharmaceutical targets.
In this context, some of the main research areas involve
the construction of the indole ring system from acyclic
precursors® and the development of cheap and environ-
mentally safe protocols.*

As a response to legislative and socia pressure and
‘green’ -consciousindustrial community, researchers have
started to examine more eco-friendly and sustainable
chemical processes. Toxicity and recycling consider-
ations are influencing the choice of solvents and reagents
to use.

lonic liquids® represent a class of alternative solvents
which are currently receiving serious consideration be-
cause of their environmental and technological benefits.®
The development of reactions in ionic liquids is not only
important on the laboratory scale but aso for industrial
applications.” Moreover, ionic liquids can accomplish
control of product distribution, enhanced reaction rate
and/or reactivity, ease of product recovery, catalyst im-
mobilization and recycling.

Among the various synthetic strategies, catalytic trans-
formations by using transition metals is one of the most
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investigated approaches for assembling indole rings.® In
particular gold catalysis® has been proven to be very effec-
tive to promote their preparation via annulation of 2-alk-
ynylaniline derivatives 1.%%1° The reaction can be carried
out in ethanol or ethanol-water mixtures'®in good yields.
Although environmentally benign, these reaction media
do not alow catalyst/solvent recycling. Therefore, com-
bining a gold-catalyzed annulation of 1 with recycling the
catalytic system would be of great importance for large-
scale production of these derivatives.

To the best of our knowledge, there are rare reports on re-
usable gold catalysts (immobilized complexes),** though
gold-catalyzed reactions have become a hot topic in or-
ganic synthesis. The extensive use of n-Bu,N[AuCl], in
[bmim]BF, ([bmim]* stands for the 1-butyl-3-methylimi-
dazolium cation) as substitute for molecular solvents in
catalytic reactionsin recent years* turned out to be advan-
tageousin the cyclization of 2-(1-alkynyl)-2-alken-1-ones
to form highly substituted furans, because of the ready
availability and recyclability of [omim]BF,.*®

With the aim of developing asynthetic protocol involving
the use of more environmentally benign solvents and
avoiding the need of protecting groups** and/or harsh
conditions, we decided to investigate the gold-catalyzed
annulation of 2-ethynylaniline derivativesto 2-substituted
indoles 2 inionic liquids (Scheme 1).

Herein, we wish to report the preliminary results of our
investigation. 2-(Phenylethynyl)aniline (1a; R = Ph) was
selected as the model substrate in imidazolium salts.

gz
o )
N
NH H
2

2
1

R

Au cat.
—_—

ionic liquid

Scheme 1

The more representative results of this investigation are
reported in Table 1. As shown by these results, treatment
of 1la with a variety of gold catalysts in [bmim]PF, and
[bmim]BF,*® at 50 °C led to indolesin avery simple fash-
ion. However, when [bmim]Cl was used as the reaction
medium, the reaction failed to give detectable amounts of
2a (entry 5). Almost the same high yields of 2a were ab-
tained by using commercially available NaAuCl,-2H,0O
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Tablel Gold-Catalyzed Cyclization of 1ato 2a®in lonic Liquids

Entry Catalyst lonic Liquid Yield of 2a (%)°
1 [bmim]AuCl, [bmim]BF, 92
2 n-Bu,NAuCl, [bmim]BF, 91
3 NaAuCl,2H,0 [bmim]BF, 92
4 NaAuCl,2H,0 [bmim] PFg 92
5 NaAuCl ,-2H,0 [bmim]Cl o

@ Reactions were carried out on a 0.26-mmol scale with catalyst
(0.0026 mmol) in solvent (1.0 mL) at 50 °C for 24 h.

b Yields are given for isolated products.

¢ 1a was recovered in quantitative yield.

and n-Bu,NAuUCI, or [bmim]AuCl,, prepared from
[bmim]Cl and NaAuCl,-H,0.16

Subsequently, the NaAuCl,-2H,0-based protocol in
[bmim] BF, was extended to alkynylanilines 1b—f and the
corresponding indoles were isolated in high yields’
(Table 2). Experimentally, the isolation of products is
simple. They were selectively and quantitatively extracted
from [bmim]BF, solutions by several extractions with
small portions of diethyl ether. In every case, the use of
[bmim]BF, resulted to be superior to that of molecular
solvents.’® The corresponding indoles were isolated in
higher yields in all comparisons. In addition, alower cat-
alyst loading was always used. Under these conditions,
the advantages of ionic liquids over molecular solvents
are even more evident. For example, 1e was cyclized in
94% yield using 1 mol% of catalyst in [bmim]BF, (entry
5) whereas utilization of EtOH (all other parameters re-
maining unchanged) led to the isolation of 2e in only 69%
yield.

The alkynylanilines could aso be cyclized under solvent-
free conditions. For example, 1f gave 2f in 85% yield in
the absence of solvents. However, this latter protocol is
limited to substrates that are liquid at the reaction temper-
ature. In addition, the catalyst recycling appears |ess obvi-
ous.

Next we investigated the extension of the above protocol
to a domino annulation—alkylation process for the prepa-
ration of 2,3-disubstituted indoles 3 from 2-alkynyl-
anilines 1 and a,B-enones (Scheme 2a). However, in
contrast to the previously reported results in EtOH,'% the
analogous reaction of la with 3-buten-2-one in
[bmim]BF, led exclusively to the aza-Michael addition
product 4a in excellent isolated yield (Scheme 2b).
Though the desired indol e derivative 3a was not obtained,
it isworth emphasizing that gold catalysisinionic liquids
appears to provide a convenient route to aza-Michael ad-
dition products'® and holds promise as an efficient tool to
overcome some of the drawbacks of traditional methods.*®

Eventually, we were pleased to find that 2,3-disubstituted
indoles 3 could be prepared by theionic liquid-based pro-
tocol in asingle, practical one-flask operation by adding
3-buten-2-one to the reaction mixture after completion of
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Table2 Gold-Catalyzed Synthesis of 2-Substituted Indoles 2 from
2-Alkynylanilines 12

Entry 2-Alkynylaniline 1 Indole 2
Yield (%)°
1 =Z 2a
C
NH,
la
l Cl
= 2b
(94)

cl
3 2c
(95)
NH,

Cl
1c
N
=
. & 2d
(92)
NH»
1d
l COMe
5 = 2e
C
NH
le
CgHa7
6
92
NH, ( )

[N

f

@ Reactions were carried out on a0.26-mmol scalein [bmim]BF, (1.0
mL) at 50 °C for 24 h using the following molar ratio: 1/
NaAuCl,-2H,0 = 1:0.01.

b Yields refer to single runs and are for pure isolated products.

the annulation step (HPL C analysis) and increasing there-
action temperature to 80 °C (Scheme 3). Control experi-
ments revealed that 2a can be converted into 3a in 85%
yield upon treatment with 3-buten-2-one in the presence
of 1% of NaAuCl,2H,O0 a 80 °C for 24 hours
(Scheme 4).
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Then, the gold-catalyzed alkylation of indoles®® with 3-
buten-2-one in [bmim]BF, was extended to other sub-
stratesand the results obtained are summarized in Table 3.
Thereaction gave excellent results even with indolyl rings
containing electron-withdrawing groups [e.g. 5-bromoin-
dole (2g) and 5-cyanoindole (2h)].

As an example, we also applied the one-flask protocol to
the preparation of the trisubstituted indole 5a from la
through a process based on the aza-Michael addition—an-
nulation—alkylation sequence (Scheme 5).

We have not investigated the nature of the active catalyst
species under our conditions, but it islikely that a species
different from the added one is involved. Indeed, hints

Table3 Gold-Catayzed Alkylation of Indoles with 3-Buten-2-one

Entry Indole 2

1 m
2a
g

3-Alkylindole 3
Yield (%)°

3a
(85)

S—ph
N
H
N (95)
b
I
0 %
N (95)
C
o
N
H
h

2
B
2
N
3h
(90)
2

@ Reactions were carried out on a 0.26-mmol scale in [bmim]BF,
(2.0mL) at 80 °C for 24 h using the following molar ratios: 2/3-buten-
2-one/NaAuCl,-2H,0 = 1:3:0.01.

b Yields refer to single runs and are for pure isolated products.

Ph P Ph
Z o NaAUCl;-2H,0 = o
* )J\/ [bmim]BF, /\)l\
NH, 50°C, 24 h N

la

_— Ph

80°C, 48 h N

j\ 5a (40% yield)
o

indicative of the non-innocuous nature of imidazolium-
based ionic liquids as well as the formation of carbene
species and nanoparticles in the presence of palladium
catalysts have been observed.?* Application of a gold(l)-
carbene complex as a catalyst for the hydroamination of
unactivated alkenes has been reported.?? Clearly, further
studies are needed to clarify the nature of the active
catalyst in the present reactions.

Therecyclahility of the catalyst system in [bmim]BF, was
then examined for the annulation of 1a to 2a. The nature
of the gold salt was found to play a pivotal role in the

Scheme5
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reutilization of the catayst system. Only n-Bu,NAuCl,
was recycled and reused for more than five runs?® without
any significant loss of the catalyst activity (Table 4).

Table4 Recycling Studiesfor the Cyclization of lato 2ain
[bmim]BF, in the Presence of n-Bu,NAuCI 2

Run Yield of 2a (%)°
1 98
2 98
3 97
4 98
5 85

@ Reactions were carried out on a 0.52-mmol scale in [bmim]BF,
(2.0 mL) at 50 °C for 24 h using the following molar ratio: 1/n-
Bu,NAuCl,-2H,0 = 1:0.01.

b Determined by HPLC analysis.

To optimize this synthetic approach in terms of reaction
time, the cyclization of 1ato 2a was also attempted under
microwave irradiation conditions, which are known to ac-
celerate the gol d-catalyzed homogeneous reactions.?* Us-
ing multimode irradiation with internal temperature
control, 2a was obtained in quantitative yield in 15 min-
utes at 100 °C. By comparison, one hour of conventional
heating was required at the same temperature to obtain 2a
in 90% yield.

Finally, the cyclization of 2-alkynylanilide 6a was briefly
investigated (Scheme 6). Below 120 °C thereaction failed
to givethe desired product, most probably because of sol-
ubility problems. At 120 °C the indole derivative 7a was
formed in 90% yield after 24 hours. This result shows that
the amide 6a is less reactive than the amine 2a in this cy-
clization process, very likely because of the lower nucleo-
philicity of the nitrogen atom.

! Cl

=
NaAuCl,-2H,0 A
_— Cl
[bmim]BF4 N
NH 120 °C, 24 h )\
o o
6a 7a (90% yield)

Scheme 6

In summary, we have shown that catalysis by gold in
[bmim] BF, can represent an efficient tool for the cycliza-
tion of 2-akynylanilines to 2-substituted indoles. The na-
ture of the gold salt plays a key role in the recyclability
and reuse of the catalyst system. 2-Alkynylanilides are
less reactive than 2-alkynylanilines. The reaction times
can be significantly reduced using microwave irradiation.
One-flask annulation—alkylation and aza-Michael addi-
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tion—annulation—alkylation procedures can provide an
easy entry into 2,3-disubstituted and 1,2,3-trisubstituted
indoles, respectively.
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