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Abstract: The gold-catalysed direct couplings of in-
doles 1 and pyrroles 5 with 1,3-dicarbonyls 2 is describ-
ed. This new method for C—C bond formation allows
high functional group tolerance, regioselectivity, and
scope under relatively mild conditions. Moreover,
the 3-alkenylindoles 3 can be readily available
through gold-catalysed sequential cyclization/alkeny-

lation reaction of 2-alkynylanilines derivatives 4
with 1,3-dicarbonyls 2.
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Introduction

Countless natural products and biologically active com-
pounds incorporate indole and pyrrole heterocycles.!"
For this reason, the functionalisation of such compounds
via selective and eco-friendly strategies is still spurring
on great research activities."” Transition metal-mediated
couplings are the staple reactions for intermolecular
C—C bond formation between these heterocycles and
other organic substrates.”) Typically, transition metal-
catalysed oxidative carbon-carbon heterocouplings re-
quire that one or both entities are primed to react by
functionalisation.”! In a sense, the partners are pre-pro-
grammed to seek each other and react. Pre-program-
ming, however, incurs cost in time, materials, and re-
sources. Thus, simple and practical methods that elimi-
nate this prerequisite represent synthetic goals.! Partic-
ular focus is devoted on developing new methods to cou-
ple indoles and pyrroles with carbonyl compounds
directly, without modification of either coupling part-
ner. Remarkably simple methods for the transition met-
al-catalysed coupling of the C-3 carbon of indoles and
the C-2 carbon atom of pyrroles with the a-carbon of
carbonyl compounds have been reported.' By contrast,
to the best of our knowledge there are only rare exam-
ples of coupling reaction of indoles with 1,3-dicarbonyl
compounds!” and the direct coupling of pyrroles with
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1,3-dicarbonyls has not been previously reported. Our
continuing interest in the development of catalytic proc-
esses that exploit selective and controllable C—H func-
tionalisation of aromatic heterocycles® led us to devel-
op new synthetic approaches for the direct intermolecu-
lar alkenylation!” of indoles and pyrroles through their
gold-catalysed reactions with 1,3-dicarbonyl com-
pounds. Gold is an excellent catalyst for the C—H func-
tionalisation of aromatic heterocycles, thereby opening
new pathways for carbon-carbon bond formation.!'"!
Herein we describe the results of our investigation.

Results and Discussion

In the past and still today, most aromatic products are
prepared on the industrial level by well-known classic
transformations such as Friedel-Crafts alkylations, Frie-
del-Crafts acylations, nitrations, and halogenations.'!)
Although these methods work reliably with a variety
of substrates, they often have major drawbacks such as
drastic reaction conditions (high temperature, strong
acidic conditions), low regioselectivity, and large
amounts of by-products. More specifically, we are inter-
ested in the development of mild, efficient and general
methodologies for constructing scaffolds that incorpo-
rate nitrogen moieties as indoles and pyrroles which cir-
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cumvent the undesirable rearrangements and polymeri-
sations that readily occur with indoles and pyrroles un-
der the strongly acidic conditions typically utilised. Re-
cently, new efficient Lewis acid catalysts, such as SmlI;,['
bismuth(III) derivatives,"® Yb(OTf);-3 H,0O,'*! ceric
ammonium nitrate (CAN)™ and InBr;/'® have attract-
ed attention to avoid undesirable rearrangements and
polymerisations in electrophilic substitution reactions
with indoles and pyrroles. Lewis acidic metal catalysts
have been employed to a lesser extent.'’! Therefore,
the development of new direct C—C coupling reactions
of arenes/heteroarenes is an important topic in organo-
metallic chemistry and catalysis."® In our search for new
and improved catalysts for the regioselective electro-
philic substitution of indoles and pyrroles we studied
their gold-catalysed alkenylation with 1,3-dicarbonyl
compounds (Scheme 1). Gold is a soft transition metal
showing high electrophilic affinity for alkynes, arenes,
and allenes."” It can also act as a Lewis acid for the acti-
vation of electrophiles.””! Gold catalysts are quite ro-
bust, and exclusion of water and oxygen in most cases
is not necessary. The peculiar features of the high cata-
lytic activity of gold salts, determining the need for ex-
tremely small amount of these catalysts, the high selec-
tivity and the mild reaction conditions, are of great im-
portance for homogeneous catalysis. Many gold(I) as
well as gold(IIT) compounds are powerful catalysts and
both oxidation states I and III have been proposed for
the active species. In consequence, gold derivatives are
growing in importance as efficient catalysts of several or-
ganic transformations.

Selected results of the gold-catalysed reaction of in-
doles 1 with 1,3-dicarbonyl compounds 2 are given in Ta-
ble 1.
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Scheme 1. Gold-catalysed alkenylation of indoles and pyr-
roles with 1,3-dicarbonyl compounds.
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Usually, the reactions of indoles 1 with 1,3-dicarbonyl
derivatives 2 proceed smoothly with high selectivity. In
general, indoles 1 were reacted in the presence of an ex-
cess of 1,3-dicarbonyl compounds 2 (2:1=2). With re-
gard to indoles 1, the procedure is compatible with a va-
riety of functional groups. The reaction of functionalised
3-unsubstituted indoles with cyclic 2 resulted in a better
yield at 80 °C, while with acetylacetone (2e) satisfactory
results have been observed even at 40 °C. Gold showed
higher catalytic activity in the higher oxidation state.
Generally, NaAuCl,-2 H,O (5 mol %) in acetonitrile af-
forded satisfactory results. AuCl; and AuBr; can also
catalyse the reaction but they gave the products in better
yield in combination with silver(I) salts. Silver salt
should help generate a more electrophilic gold(I1T) spe-
cies. AgOTf alone did not efficiently catalyse these reac-
tions under the same conditions. It is noteworthy that, by
contrast with the results obtained in the BF;- Et,O-cata-
lysed reaction of 1a with 2a which gave mainly the for-
mation of 11-(1H-indol-3-yl)-2,3,4,5,10,11-hexahydro-
dibenzo[b, flazepin-1-one,’ the transition metal-cata-
lysed reaction allows the chemoselective formation of
the 3-(indol-3-yl)cyclohexen-2-en-1-one (3a) as the
only reaction product. Moreover, the formation of the
indole dimer which has been suggested as the key inter-
mediate for the dibenzoazepinone derivative, can be
ruled out by the recovering of the starting indole 1a.
C—H functionalisation by C—C bond formation points
out the unique catalytic properties of gold derivatives.
The catalytic activation of sp® hybridised aryl C—H
bonds by gold has been applied to the development of
a variety of syntheses of heterocycles.”!! He and Shi re-
ported an efficient gold(III)-catalyzed hydroarylation
reaction of alkynes and alkenes®™! as well as gold-cata-
lysed alkylation of arenes with epoxides.””! Dyker,
Hashmi and co-workers found that gold(III) chloride in-
deed nicely catalyses the addition of 2-methylfuran to
a,B-enones. Au(I) complexes are effective in catalysing
the regioselective hydroheteroarylation of acetylene-
carboxylic acid ester by furan.* The intramolecular hy-
droarylation of N-propargyl-N-tosylanilines catalysed
by the cationic complex formed from [Au(PPh;)Me]
and HBF, gave 1,2-dihydroquinolines.” A highly effi-
cient imino-Friedel-Crafts-type addition of heteroar-
enes to imines has been developed by using a combina-
tion of gold and silver catalysts.* In all these reactions it
is uncertain whether a C—C or a C—N multiple bond is
activated by gold and then attacks the arene in an elec-
trophilic manner or whether the electrophilic auration
of arenes generates aryl-/heteroaryl-gold species which
undergo an addition reaction to the multiple bond.
Moreover, the combination of gold and silver salts cata-
lysed the addition of 1,3-dicarbonyl compounds to styr-
ene derivatives, dienes, triene, and cyclic enol ethers
with high regioselectivity.””! We previously investigated
the effectiveness of gold(III) catalysis in the reaction of
1,3-dicarbonyls with N-, O-, S-, and P-nucleophiles."**!
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Table 1 (cont.)
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Yield [%]

Time [h] Reaction conditions™ Product 3

Catalyst

1,3-Dicarbonyl compound 2

Indole 1

Br.

]
-

3j

[ Yields refer to single non-optimised runs, and are given for pure isolated products.

[l Reactions were carried out by using the following molar ratios and at 80°C: A

1:2: AuCl=1:2:0.05in CH;CN; C

1:2:NaAuCl,-2 H,0=1:2:0.05 in CH,CN; B

1:2:0.05:0.10 in CICH,CH,CI.
[l Figures in parentheses refer to the recovered starting indole 1.

[l Reaction temperature 40°C.

1:2:AuX;: AgOTf

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

No matter what the exact mechanism of the reaction of 1
with 2 s, this gold-catalysed alkenylation reaction seems
to be a synthetically useful reaction.

Interestingly the gold-catalysed domino reaction of 2-
alkynylanilines™! 4a, b with 2e, f accomplished the for-
mation of the corresponding products 3k, 1 in 90 and
88% yields, respectively (Scheme 2).

The nitrogen of 2-alkynylanilines 4a, b did not require
prior protection to avoid the gold-catalysed competitive
formation of the $-enaminone derivative. The sequen-
tial cyclization/alkenylation reaction of 4 leading to 3-al-
kenylindoles 3 can be directed by increasing the reaction
temperature. As the 2-alkynylanilines 4 are easily avail-
able by established synthetic procedures,*” the methods
for the syntheses of 3 with these compounds as the start-
ing materials are much more versatile.

We imagined that the results of the reaction of indoles
with 1,3-dicarbonyl compounds could be extended to an
analogous coupling of pyrroles. Whereas the locus of nu-
cleophilicity of indole is at C-3, it resides at C-2 for the
pyrrole nucleus,! and it was expected that direct cou-
pling would link pyrroles to 1,3-dicarbonyl derivatives
at that site. Indeed by using the same reactions condi-
tions as for indoles, this proved to be the case as shown
in Scheme 3.

(0]

// 2f
NaAuClg2 H,O AN
—>

NH, CHsCN, 140 °C N

4a 3k (90%)
Ph
= 2e

NaAuCls+2 H,0

—>»  3i (88%)
NH,  CH3CN, 140 °C
4b

Scheme 2. Sequential gold-catalysed cyclisation/alkenylation
reaction of 2-alkynylanilines with 1,3-dicarbonyl compounds.

2a A\ 0
AuBr; (5%); N
{/ \5 AgOTf (10%) 6a (60%)
—_— 0
N CICH,CH,CI
80°C,24h
5a L2 7 0
N
H
6b (63%)

Scheme 3. Gold-catalysed alkenylation reaction of pyrrole.
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2f
AuBr3 (5%);

@\/ AgOTf (10%)
N

1 \/O\q
5b ' (74%)

N CICH,CH,CI
80 °C, 24 h

2f
AuBr3 (5%)
AgOTf (10%)
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Scheme 4. Gold-catalysed alkenylation reaction of substitut-

ed pyrroles.

AuBr3 (5%);
/@\ __AgOTf (10%) (10%)
o CICH,CH,CI
80°C, 24 h
5d e( 4%)

Scheme 5. Gold-catalysed f-alkenylation reaction of a,o’-di-
substituted pyrroles.

The reactions proceeded smoothly with high selectiv-
ity. Pyrrole (5a) underwent electrophilic substitution ex-
clusively at its a-position. The reactions were clean and
the formation of any side polymerisation products that
are normally observed under the influence of strong
acids has not been observed. For a comparison, the reac-
tions of 5a with 2a in 1,2-dichloroethane at 80°C in the
presence of a catalytic amount of p-toluenesulphonic
acid (p-toluenesulphonic acid/5a ratio=0.15) led main-
ly to polymerisation derivatives and 6a was isolated in
only 26% yield. Substitution patterns are tolerated on
the pyrrole subunit (Scheme 4).

The formation of the P-alkenyl-substituted pyrrole
derivatives could be observed when the a,0’ positions
of the free N—H pyrroles were substituted (Scheme 5).

Conclusion

This investigation shows that gold(IIl) derivatives are
efficient catalysts for the direct selective alkenylation
reaction of indoles and pyrroles with 1,3-dicarbonyl
compounds. This new method for C—C bond formation
allows high functional group tolerance, regioselectivity,
and scope under relatively mild conditions. Moreover,
the 3-alkenylindoles can be readily available through
gold-catalysed sequential cyclisation/alkenylation reac-
tion of 2-alkynylanilines with 1,3-dicarbonyl com-
pounds. Current efforts are aimed at elucidating the
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mechanism and exploring further scope of these trans-
formations.

Experimental Section

General Procedure A

To a solution of the indole derivative 1 (1 mmol) in CH;CN
(2mL) were added the 1,3-dicarbonyl compound 2 and
NaAuCl,-2 H,O (0.05 mmol). The mixture was stirred at
80°C for the appropriate time and monitored by TLC or GC-
MS. After completion, the solvent was removed by evapora-
tion. The residue was purified by chromatography on silica
gel (230-400 mesh) eluting with n-hexane/ethyl acetate mix-
tures to afford the pure derivative 3.

General Procedure B

To a solution of the indole derivative 1 (1 mmol) in CH;CN
(2 mL) were added the 1,3-dicarbonyl compound 2 and AuCl
(0.05 mmol). The mixture was stirred at 80 °C for the appropri-
ate time and monitored by TLC or GC-MS. After completion,
the solvent was removed by evaporation. The residue was pu-
rified by chromatography on silica gel (230—-400 mesh) eluting
with n-hexane/ethyl acetate mixtures to afford the pure deriv-
ative 3.

General Procedure C

To a solution of the indole derivative 1 or pyrrole 5 (1 mmol) in
CICH,CH,CIl (2 mL) were added the 1, 3-dicarbonyl com-
pound 2, AuX; (0.05 mmol) and AgOTf (0.10 mmol). The mix-
ture was stirred at 80°C for the appropriate time and moni-
tored by TLC or GC-MS. After completion, the solvent was re-
moved by evaporation. The residue was purified by chroma-
tography on silica gel (230—400 mesh) eluting with n-hexane/
ethyl acetate mixtures to afford the pure derivative 3 or 6.

General Procedure D

To a solution of the indole derivative 1 (1 mmol) in CICH,-
CH,Cl (2mL) were added the 1,3-dicarbonyl compound 2
and AuBr; (0.05 mmol). The mixture was stirred at 80°C for
the appropriate time and monitored by TLC or GC-MS. After
completion, the solvent was removed by evaporation. The res-
idue was purified by chromatography on silica gel (230-400
mesh) eluting with n-hexane/ethyl acetate mixtures to afford
the pure derivative 3.

General Experimental Procedure for the Gold-
Catalysed Sequential Cyclisation/Alkenylation
Reaction of 2-Alkynylphenylamines 4 with 1, 3-
Dicarbonyl Compounds 2

To a solution of 2-alkynylphenylamine 4 (1 mmol) and 1,3-di-
carbonyl compound 2 (3 mmol) in acetonitrile (2 mL) was add-
ed NaAuCl,-2 H,O (0.028 g, 0.07 mmol). The resulting mix-

Adv. Synth. Catal. 2006, 348, 331-338
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ture was allowed to react under stirring at 140 °C for the appro-
priate time and the reaction was monitored by TLC or GC-MS.
After completion, the solvent was removed by evaporation.
The residue was purified by chromatography on silica gel
(230-400 mesh) eluting with n-hexane/ethyl acetate mixtures
to afford the pure derivative 3.

Characterization data for products 3 and 6 can be found in
the Supporting Information file.
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