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ABSTRACT

A palladium-catalyzed direct dehydrogenative annulation (DDA) of indolecarboxamides with internal alkynes via C-H and N-H bond cleavage
using air as the oxidant was developed. With this method, both �- and γ-carbolinones can be easily prepared under the mild conditions.

�-Carbolinone skeletons are found in natural products (Figure
1), which have received considerable attention in view of
their remarkable biological and pharmacological activities.1

For example, the first naturally occurring �-carbolinone
secofascaplysin A, I, was isolated from the F. reticulata in
1991.2 SL651498, II, was identified as a drug development
candidate from a research program designed to discover
subtype-selective GABAA receptor agonists for the treatment
of generalized anxiety disorder and muscle spasms.3 How-

ever, in contrast, the isomeric γ-carbolinones are less
widespread. One γ-carbolinone ring system is presented in
indolonaphthyridone III, which acts as a conformationally
restricted 5-HT3 receptor antagonist.4

The synthesis of �- and γ-carbolinones has attracted
considerable interest in recent years,5 among which the
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Depoortere, H.; Françon, D.; Avenet, P.; Schoemaker, H.; Evanno, Y.;
Sevrin, M.; George, P.; Scatton, B. CNS Drug ReV. 2003, 9, 3.

Figure 1. Structures of some biologically active �- and γ-carbolinones.
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intramolecular cyclization through path a, b, or c is the most
common strategy (Scheme 1). For example, Beccalli et al.
described an intramolecular Heck reaction of 2- and 3-io-
doindole derivatives for the synthesis of �- or γ-carbolino-
nes.6 Padwa and co-workers developed an approach to
�-carbolinones in high yields through a AuCl3-catalyzed
cycloisomerization of N-propargylindole-2-carboxamides.7

However, several steps are generally required to prepare the
relative complicated substrates for these intramolecular
annulations. Alternatively, we envisioned that the �- and
γ-carbolinones presumably can be constructed through an
intermolecular annulation between indolecarboxamides and
alkynes via C-C and C-N bond formations (path d,
Scheme 1).

Compared with the traditional methods, C-H activation
presents an advantage of convenience and atom economy,
which has been applied successfully in synthesis of some
aromatic and heteroaromatic compounds such as naphtha-
lenes, indoles, isoquinolines, carbazoles, benzothiazoles, and
pyridines.8 Recently, we developed the direct dehydrogena-
tive annulation (DDA) of simple anilines or biaryls with
internal alkynes to generate indoles, carbazole, and carboline
derivatives using O2 as the oxidant.9 Our interest in the

minimization of substrate preactivation in metal-catalyzed
processes led us to investigate the possibility of the direct
dehydrogenative annulation (DDA) of indolecarboxamides
with internal alkynes leading to �- and γ-carbolinone
derivatives.

We initiated this project by investigating the reaction of
N-butyl-1-methyl-1H-indole-2-carboxamide (1a) and diphe-
nylethyne (2a) catalyzed by Pd(OAc)2. When O2 was used
as the oxidant in this reaction, the expected �-carbolinone
product 3aa was successfully produced in 18% yield at 100
°C in DMF (entry 1, Table 1). To our delight, 58% of 3aa
was achieved in the presence of 3.0 equiv of K2CO3 (entry
2, Table 1). It is noteworthy that air could serve as the
oxidant as good as O2 in this reaction (cf. entries 3 and 4).
The reaction in DMA gave better results than that in DMF
(cf. entries 2 and 3, Table 1). Moreover, the amount of the
additive can be reduced to 1 equiv. The additives screen
revealed that the yield of 3aa could be further increased to
86% by using TBAB as the additive (entry 6, Table 1). The
yield decreased slightly with the lower catalyst loading (5
mol %) (cf. entries 6 and 7, Table 1). After screening on
different parameters, the highest yield (92%) of 3aa was
achieved, when the reaction was carried out at 50 °C (entry
8, Table 1).

Under these optimized reaction conditions, although free
(NH)-indoles 1b could not be transformed into the desired
products 3ba (entry 2, Table 2), substrate with protecting
groups such as Bn was well tolerated to give 3ca (entry 3,
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Scheme 1. Retrosynthetic Analysis of �- and γ-Carbolinones

Table 1. Optimization of Reaction Conditions for the
Preparation of 3aaa

entry oxidant
additives
(equiv) solvent

temp
(°C)

yield
(%)b

1 O2 (1 atm) s DMF 100 18
2 O2 (1 atm) K2CO3 (3.0) DMF 100 58
3 O2 (1 atm) K2CO3 (3.0) DMA 100 69
4 air K2CO3 (1.0) DMA 100 70
5 air CsOPiv (1.0) DMA 100 76
6 air TBAB (1.0) DMA 100 86
7c air TBAB (1.0) DMA 100 72
8 air TBAB (1.0) DMA 50 92
a Reaction conditions: 1a (0.20 mmol), 2a (0.25 mmol), Pd(OAc)2 (0.02

mmol), and solvent (2.0 mL) were heated in an open tube for 15 h. DMF
) N,N-dimethylformamide, DMA ) N,N-dimethylacetamide, Piv ) pivalyl,
TBAB ) tetra-n-butylammonium-bromide. b Isolated yield. c 5 mol % of
Pd(OAc)2 was used.
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Table 2). Notably, 1-methyl-1H-indole-2-carboxamide 1d
was successfully converted to the desired product 3da, which
can easily be transformed into other �-carboline derivatives.10

Moreover, the substrate 1g containing the N-tert-butyl
substituent produced 3da in 40% yield with the release of
the tert-butyl group (entry 7, Table 2). N-Phenyl-substituted
substrate 1h can also be converted into the interesting product
3ha in 81% yield (entry 8, Table 2).

The scope of alkynes was then investigated using N-butyl-
1-methyl-1H-indole-2-carboxamide (1a) as a partner. These

results indicate that diarylacetylenes with electron-withdraw-
ing or electron-donating groups proceeded well (42-72%,
entries 1-3, Table 3). When unsymmetrical alkynes, such
as 1-phenylpropyne, 1-phenyl-1-hexyne, or phenylcyclopro-
pylacteylene, were employed, two regioisomers were ob-
tained in 79-89% yield with good regioselectivity (entries
4-6, Table 3). Moreover, alkyl-substituted alkynes such as
dec-5-yne (2h) were converted to 3ah in good yield (entry
7, Table 3).

We next attempted the synthesis of γ-carbolinones under
the above optimized conditions. However, N-butyl-1-methyl-
1H-indole-3-carboxamide (1i) reacted with diphenylethyne
(2a) producing the desired product 3ia only in 25% yield
(Scheme 2). The yield increased to 55% when the reaction
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Table 2. Pd(OAc)2-Catalyzed DDA Reaction of
Indole-2-carboxamides 1 and Diphenylethyne 2aa

a Reaction conditions: 1 (0.20 mmol), 2a (0.25 mmol), Pd(OAc)2 (0.02
mmol), DMA (2.0 mL), in an open tube, at 50 °C, 15 h. b Isolated yield.
c This reaction was carried out at 100 °C.

Table 3. Pd(OAc)2-Catalyzed DDA Reaction of
N-Butyl-1-methyl-1H-indole-2-carboxamide 1a and Internal
Alkynes 2a

a Reaction conditions: 1a (0.20 mmol), 2 (0.25 mmol), Pd(OAc)2 (0.02
mmol), DMA (2.0 mL), in an open tube, at 50 °C, 15 h. b Isolated yield.
c The structures and the ratio of the regioisomers were determined by 1H-1H
NOESY and 1H NMR analysis, respectively.
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was performed at 100 °C. Moreover, the reaction efficiently
produced 3ia in 78% yield using O2 (1 atm) instead of air
as the oxidant in DMA at 100 °C (Scheme 2). Under these
conditions, both aryl- and alkyl-substituted alkynes are
tolerant of this transformation, leading to the corresponding
γ-carbolinones (42-85% yields, Scheme 2). Compared with
the reactions of 1a with unsymmetrical alkynes (entries 4-6,
Table 3), the regioselectivities in the synthesis of corre-
sponding γ-carbolinones from 1i with 2e or 2f are lower

(Scheme 2). Furthermore, 1-methyl-N-phenyl-1H-indole-3-
carboxamide (1j) reacted with 2a, providing 3ha in good
yield (85%).

A plausible mechanism for the reaction of 1 with alkynes
2 is illustrated in Scheme 3. The initiated electrophilic
aromatic palladation11 affords PdII intermediates A,12 which
appear to be the key process for the DDA reaction. The
resulting intermediates A subsequently insert into alkynes 2
to produce vinylic palladium(II) intermediates B, which
undergo proton abstraction13 to afford seven-membered
palladacycles C.14 Subsequent reductive elimination gener-
ates the �- or γ-carbolinones as well as a Pd0 complex that
can be reoxidized to the PdII species by air or O2 (Scheme
3).

In conclusion, we have demonstrated a novel palladium-
catalyzed direct dehydrogenative annulation (DDA) of in-
dolecarboxamides with internal alkynes using air or O2 (1
atm) as the oxidant. The reaction provides a new strategy
for the synthesis of synthetically and medicinally important
�- and γ-carbolinone derivatives with H2O as the byproduct
via C-H and N-H bond cleavage. Studies are ongoing in
our laboratory to discover the synthetic applications.
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Scheme 2. Pd(OAc)2-Catalyzed DDA Reaction of
Indole-3-carboxamides 1 and Internal Alkynes 2a,,b,,c

a Reaction conditions: 1 (0.20 mmol), 2 (0.25 mmol), Pd(OAc)2 (0.02
mmol), DMA (2.0 mL), O2 (1 atm), at 100 °C, 20 h. b Isolated yield. c The
structures and the ratio of the regioisomers were determined by 1H-1H
NOESY and 1H NMR analysis, respectively. The above-described structure
is the main isomer.

Scheme 3. Plausible Mechanism for the DDA Reaction of 1
with 2
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