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ABSTRACT

The generation of 2-indolylacyl radicals from the corresponding phenyl selenoesters, aldehydes, and r-keto carboxylic acids and the scope
of their participation in intermolecular addition reactions to carbon−carbon double bonds have been studied. Whereas the phenyl selenoester
method has provided easy access to a variety of 1,4-dicarbonyl compounds bearing the 2-acylindole moiety, the glyoxylic acid route has been
employed for the preparation of 2-indolyl pyridyl ketones.

Over the past years, radical reactions have become increas-
ingly important in organic synthesis1 and now they are
commonly used as key steps in the construction of complex
natural products.2 In particular, addition of nucleophilic acyl
radicals3 to alkenes provides a useful and practical method
for the formation of carbon-carbon bonds leading to
unsymmetrical ketones. In the context of our studies on the
synthesis of 2-acylindole alkaloids,4 we are currently inves-
tigating the possibility that a variety of 2-acylindole com-
pounds can be prepared through reactions of 2-indolylacyl
radicals with appropriate acceptors. In this Letter we describe
the generation of this type of radical from different precursors
(phenyl selenoesters1, aldehydes2, and glyoxylic acids3,
Scheme 1) and their role in intermolecular reactions with
alkenes and pyridines. To our knowledge, there are no

precedents for the generation and use of 2-indolylacyl
radicals in synthesis.

Selenoesters react readily with stannyl and tris(trimeth-
ylsilyl)silyl radicals to give acyl radicals.3 In this field, Boger5

has reported a ketone synthesis based on the acyl transfer
reaction of phenyl selenoesters to alkenes usingn-Bu3SnH
as the radical mediator. With this work in mind, we set out
to explore the addition of 2-indolylacyl radicals derived from
phenyl selenoesters1a,b6 (Scheme 2) to the alkene acceptors

depicted in Table 1. As expected, the reaction worked
reasonably well (60-66% yield) with simple electron-
deficient alkenes and styrene (entries 1-3) using Method A
(n-Bu3SnH, AIBN, C6H6, 80 °C, slow addition),7 with little
or no competitive reduction (0-5%) and no evidence of
competitive decarbonylation. Whereas substitution at the
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â-carbon of the alkene component by a methyl group (i.e.,
methyl crotonate, entry 4) did not affect significantly the
effectiveness of the addition, the substitution by an electron-

withdrawing substituent (i.e., dimethyl fumarate, entry 5)
gave a lower yield of the corresponding addition product
together with substantial amounts of 2-indolecarbaldehyde
2a.

Clearly the amide carbonyl group does not have enough
electron-withdrawing capacity to guarantee the intermolecular
alkene addition reaction: from1a andN-tosyl-5,6-dihydro-
2(1H)pyridone8 (entry 6), addition was observed only when
the poorer hydrogen-atom donor tris(trimethylsilyl)silane9

(TTMSS, AIBN, C6H6, 80 °C, slow addition, Method B)10

was used as the radical mediator, although the yield was low.
More satisfactorily, 2-indolylacyl radical derived from1b
reacted productively withR,â-unsaturated lactam ester48

under the above Method B conditions (entry 7). Taking into
account that theN-benzyl protecting group can be easily
removed in 2-acylindoles,11 the resulting 2-indolyl 4-piperidyl
ketone 5 can be envisaged as potentially useful for the
synthesis of 2-acylindole alkaloids (e.g., apparicine, dasy-
carpidone).12

When 2-cycloalkenones were used as alkene acceptors
(entries 8 and 9), the use of standardn-Bu3SnH conditions
(Method A) provided a modest yield of the corresponding
adducts. Knowing the ability of TTMSS to reduce ketones,9

the use of nonreductive conditions (n-Bu6Sn2, hν, C6H6, 80
°C, Method C)13 was the most satisfactory solution in these
cases to avoid the competitive reduction of the intermediate
acyl radical. Under these conditions, the corresponding
diketone adducts were isolated in acceptable yield. This result
can be rationalized by considering that the initially formed
R-keto radicalA, coming from the addition of the indolylacyl
radical to the enone, reacts with excessn-Bu6Sn2 to give a
tin enolate, which would undergo hydrolysis during the
workup (Scheme 3). The results shown in Table 1 clearly
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Table 1. Intermolecular Addition Reactions of 2-Indolylacyl
Radicals Derived from Phenyl Selenoesters1

a All compounds were fully characterized by spectroscopic analysis
(NMR) and gave satisfactory HRMS and/or combustion data.b All reactions
were carried out on a 0.6 mmol scale, using a four (or five)-fold excess of
the alkene acceptor.Method A: n-Bu3SnH (1.2 equiv,), AIBN (0.15 equiv),
C6H6, reflux, slow addition.Method B: TTMSS (2 equiv), AIBN (2 equiv),
C6H6, reflux, slow addition.Method C: n-Bu6Sn2 (2 equiv), hν, C6H6,
reflux. c Isolated yields of chromatographically pure material.d Recovering
of 2-indolecarbaldehyde2a in 60-65%.
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illustrate that the phenyl selenoester route provides easy
access to 1,4-dicarbonyl compounds bearing a 2-acylindole
moiety.

Taking into account that acyl radicals can also be generated
by homolytic scission of the aldehyde C(O)-H bond in the
presence oftert-butoxyl radicals,3 we decided to study this
process from 2-indolecarbaldehyde2b.14 However, we were
not able to induce any radical addition from2b and several
acceptors such as methyl acrylate or methyl crotonate. Only
the starting products were recovered when the reactions were
thermally initiated by di-tert-butyl hyponitrite15 or photo-
chemically initiated bytert-butyl p-benzoylperbenzoate.16

This result probably reflects the slow hydrogen abstraction
by the electrophilic adduct radicalB from the aromatic
aldehyde (Scheme 4, eq 2), which would generate a relatively

poor nucleophilic indolylacyl radical, as compared with the
more nucleophilic [tributylstannyl or tris(trimethylsilyl)silyl]
radical, generated in the productive propagation step using
n-Bu3SnH or TTMSS in the selenoester method (eq 3).15

Finally, we considered the generation of 2-indolylacyl
radicals under oxidative conditions. We focused our attention

on the Minisci transformation,3,17 a classical reaction that
was recognized as being preparatively useful well before the
reemergence of radical reactions in synthesis. Minisci and
co-workers18 have developed the Ag(I)-catalyzed oxidative
decarboxylation ofR-keto acids using the peroxydisulfate
anion as the oxidant as a source of acyl radicals able to
undergo addition to protonated heteroaromatic bases (e.g.,
pyridines). These oxidative conditions determine the return
to aromatic derivatives, the net result being the substitution
at theR- and/orγ-position of the ring.19

For our study we selected indoleglyoxylic acids3a-c,20

and their oxidative decarboxylation was tested toward
pyridines6 and7 under the above conditions (Scheme 5).21

As can be observed in Table 2, mixtures of C-4 (8, 10) and
C-6 (9, 11) acylation products were generally obtained. The
best yields (90%) were observed when the reaction was
performed with 3-acetylpyridine (6) and N-methylindole
derivative3a (entry 1, compare with entries 4 and 5) in a
1:1 mixture of H2O-CH2Cl2 at 40 °C. In accordance with
the literature,22 the solvent influences the regioselectivity of
the addition since the use of 4:1 CH3CN-H2O (entry 2)
significantly changes the ratio of products obtained. As
expected, due to polar effects the use of 3-ethylpyridine (7)
as the acceptor was less efficient (entry 3).
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Table 2. Minisci-Type Reactions of Indoleglyoxylic Acids
3a-c with Pyridines6 and7

entry indole derivative pyridine productsa,b (ratio)c yield (%)d

1 3a 6 8a + 9a (1:1) 90
2 3a 6 8a + 9a (7:1)e 40
3 3a 7 10a + 11a (0:1) 20
4 3b 6 8b + 9b (1:1) 30
5 3c 6 8c + 9c (1:1) 20

a Experimental conditions: indole3 (2 equiv), pyridine6 or 7 (1 equiv),
(NH4)2S2O8 (2 equiv), AgNO3 (0.2 equiv), TFA (3 equiv), 1:1 H2O-CH2Cl2,
40 °C. b All compounds were fully characterized by spectroscopic analysis
(NMR) and gave satisfactory HRMS and/or combustion data.c The regio-
isomeric ratio was determined by the1H NMR integration of the reaction
mixtures.d Isolated yields of chromatographically pure material.e In 4:1
CH3CN-H2O as the solvent system.
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In conclusion, 2-indolylacyl radicals, generated for the first
time from phenyl selenoesters1a,b andR-keto acids3a-c,
open new synthetic possibilities for the preparation of

2-indolyl ketones, including a variety of 1,4-dicarbonyl
compounds (keto esters, keto lactams, diketones) and indolyl
pyridyl ketones. This radical approach provides an alternative
synthetic route to 2-indolyl ketones, which are usually formed
by electrophilic acylation of the indole ring.
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