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Abstract—The generation of 2-indolylacyl radicals from the corresponding selenoesters under reductive (tributyltin hydride-AIBN)
and nonreductive (hexabutylditin, 300 W) conditions and their behaviour in cyclisation reactions upon benzene rings attached either

to the indole nitrogen or the C-3 ring position have been studied.
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Intramolecular reactions of nucleophilic carbon-centred
radicals with aromatic systems have received consider-
able synthetic attention for the construction of complex
polycyclic molecules incorporating aromatic rings.!
Fully aromatic products are generally obtained after the
in situ oxidation of the initially formed cyclohexadienyl
radicals, which occurs even under the apparently
reductive tributyltin hydride-AIBN conditions.> Most
of the examples reported in the literature deal with
cyclisations of aryl and, to a lesser extent, alkyl radicals
upon arenes'? and heteroarenes,! including pyridines,*
quinolines,’ azoles,® or indoles.”® However, similar
processes involving acyl radicals, which have an
enhanced synthetic potential due to their intrinsic
functionalisation,” have scarcely been studied.'’

In the last few years we have been actively studying the
generation of 2- and 3-indolylacyl radicals from the
corresponding phenyl selenoesters and their reactions
with alkene acceptors under reductive conditions.!" Our
continuing interest in this area led us to explore intra-
molecular reactions of these radical intermediates with
aromatic and heteroaromatic rings, as a general ap-
proach to polycyclic aryl or heteroaryl indolyl ketones.
We herein report our preliminary results using 2-indo-
lylacyl radicals in cyclisation reactions upon benzene

Keywords: Radicals; Radical cyclisation; Aromatic polycyclic com-

pounds.

* Corresponding author. Tel.: +34-934024540; fax: +34-934024539;
e-mail: bennasar@ub.edu

0040-4039/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/j.tetlet.2004.05.133

rings located in chains attached either to the indole
nitrogen or the C-3 ring position.

Selenoesters 2a,b and 4, bearing a phenyl moiety sepa-
rated by one or two methylene groups or directly
attached to the indole nitrogen, were selected as radical
precursors for cyclisations leading to 1,2-fused ring in-
dole derivatives. These compounds were efficiently pre-
pared from simple starting products as shown in Scheme
1. Thus, N-alkylation of the sodium salt of methyl in-
dole 2-carboxylate with benzyl or 2-phenylethyl bromide
gave esters 1a and 1b, which were converted into 2a and
2b by hydrolysis and subsequent reaction of the result-
ing carboxylic acids with Et;N, PhSeCl and PBu;.'?> On
the other hand, Ullman reaction of indole 2-carboxylic
acid with bromobenzene gave acid 3,'* which was con-
verted as above into selenoester 4.

4R SePh

Scheme 1. Reagents and conditions: (a) Ph(CH;),Br, NaH, THF, rt,
93% (1a), 60% (1b); (b) PhBr, K,CO;, CuO, DMF, reflux, 71%; (c) 2N
KOH, MeOH-dioxane, reflux, then, 2N HCI; (d) Et;N, then PhSeCl,
PBu;, THF, rt, 95% (2a from 1a), 80% (2b from 1b), 75% (4).
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Table 1. Radical cyclisation of selenoester 2a

conditions N\ H N O
va ot Y O
\ + N
5 6

Conditions*  Products (yields, %)°

Entry Radical mediator

1 n-Bu;SnH aorb 5 (90)

2 n-Bu;SnH c 5+2a (1:1)¢

3 TTMSS d 5+6 (4:1)

4 n-BugSn, e 5 (10), 2a (25), 6 (40)
5 n-BugSn, f 6 (65)

#Conditions a: n-Bu;SnH (1.5 mol), AIBN (0.1 mol), benzene, 0.03 M,
reflux, syringe pump, 2h; b: n-Bu;SnH (1.8mol), AIBN
(1.8 mol), MeCN-hexane, 0.06 M, reflux, syringe pump, 4h; c: n-
Bu;SnH (1.2mol), AIBN (0.1 mol), Ph,Se, (cat), benzene, 0.01 M
reflux, syringe pump, 20 h; d: TTMSS (1.2 mol), AIBN (2 mol), ben-
zene, 0.03 M, reflux, syringe pump, 4 h; e: n-BusSn, (0.2 mol), 300 W,
benzene, 0.01 M, reflux, 24 h; f: n-BugSn, (2.2mol), 300 W, benzene,
0.01 M, reflux, 24 h.

®Isolated yields.

“Ratio determined by 'H NMR analysis of the reaction mixtures.

We set out to examine several experimental conditions
from selenoester 2a to achieve the desired cyclisation
(Table 1). Considering the literature precedents,' the use
of standard reductive (tributyltin hydride-AIBN) con-
ditions was first investigated. Unsatisfactorily, using
different amounts of the initiator either in benzene (entry
1, conditions a) or in acetonitrile—hexane'® (entry I,
conditions b) aldehyde 5, coming from simple reduction
of the initially formed 2-indolylacyl radical, was isolated
in high yield as the only product. This premature
reduction was also observed in the presence of catalytic
phenylselenol under conditions reported by Crich and
Hwang,'* although significant amounts of the starting
substrate 2a were also recovered even after 20 h reaction
(entry 2). On the other hand, the use of the poorer
hydrogen-atom donor tris(trimethylsilyl)silane
(TTMSS, entry 3)"° as the radical mediator gave a
reaction mixture, in which aldehyde 5 could be identified
as the major product along with minor amounts of the
desired tetracycle 6.

The above results prompted us to investigate the cycli-
sation of 2a under non reductive conditions (n-BugSn,,
300 W sun lamp, entries 4 and 5).!° We expected that
this process was now favoured due to the comparatively
longer effective lifetime of the indolylacyl radical. Our
first experiments were promising, as treatment of 2a
with a substoichiometric amount of n-BugSn, gave the
cyclised product 6'7 in 40% yield. However, significant
amounts of recovered 2a (25%), indicative of a poor
chain, and aldehyde 5 (10%, see below) were also
formed. Satisfactorily, complete conversion of the sub-
strate 2a was achieved using 2.2mol of the radical
mediator to give tetracycle 6 (65% isolated yield) with no
trace of reduction product.

The above results can be rationalised as depicted in
Scheme 2. After cleavage of n-BugSn, under the influ-
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Scheme 2. Proposed mechanism for the n-BugSn,-mediated cyclisation
of selenoester 2a.

ence of heat and/or light, the resulting tributyltin radical
generates the 2-indolylacyl radical A, which in absence
of competitive reactions can intramolecularly react upon
the benzene ring to give the cyclohexadienyl radical B.'®
When substoichiometric amounts of the radical media-
tor are used, conversion of B into 6 must be described, at
least in part, through a chain propagation mechanism,
which may involve a Sgn1 type reaction very similar to
the one first proposed by Bowmann for tributyltin hy-
dride-AIBN mediated aromatic substitutions.!” Thus,
deprotonation of radical B, followed by a SET reaction
from the resulting radical anion C to selenoester 2a
would generate tetracycle 6 and a new radical anion,
which would lose phenylselenolate anion to give radical
A to propagate the chain. Phenylselenol thus formed
could reduce radical A, thereby accounting for the for-
mation of aldehyde 5. However, under conditions of
Table 1, entry 5, this oxidative step can also occur by a
simple hydrogen abstraction,'® for instance, by peroxy
radical n-Bu;SnOOr coming from reaction of tin radicals
with oxygen, which was not rigorously excluded from
the reaction mixture.

The cyclisation method that had allowed the efficient
preparation of isoquinolinoindole 6 was next extended
to selenoesters 2b and 4, having a different tether be-
tween the phenyl ring and the radical centre (Scheme 3).
However, all attempts to create a seven-membered or a
strained benzo fused five-membered ring met with fail-
ure. Thus, when 2b or 4 were treated with 2.2 mol of n-
BueSn, under sun lamp irradiation tributyltin esters 72
(80%) or 8 (40%) were isolated as the only reaction
products. These compounds probably are formed by

n-BugSna>
2p (2.2 mol)
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&
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300W or N 0
O
7 8

Scheme 3.
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Scheme 4. Reagents and conditions: (a) benzoic acid, trifluoroacetic
anhydride, H;PO4, CH;CN, rt, 70%; (b) Et;SiH, TFA, rt, 93%; (c)
Mel, NaH, THF, 0°C to rt, 90%; (d) 2N KOH, reflux, then, 2N HCI;
(e) Et;N, then PhSeCl, PBu;, THF, rt, 95%.

reaction of the starting selenoesters with n-BugSn,, fol-
lowed by oxidation of resulting 2-indolylacyltin with
molecular oxygen.?!

Attention was next turned to cyclisations leading to 2,3-
fused ring indole derivatives. For this purpose, seleno-
ester 12, which incorporates a benzyl group at the
3-position of the indole ring, was prepared from methyl
indole 2-carboxylate as depicted in Scheme 4. Friedel-
Crafts acylation with benzoic acid®?> followed by reduc-
tion of the resulting 2,3-diacylindole 9 with triethylsilane
gave ester 10, which, after N-methylation, was converted
into 12 following the same procedure previously used
for selenoesters 2 and 4.

We examined the behaviour of 12 in both reductive and
non reductive conditions (Table 2). In contrast to the

Table 2. Radical cyclisation of selenoester 12

conditions O
a-c H
12 > O N .
N\ o
13 Me 14

Entry Radical Conditions* Products
mediator (yields, %)®
1 n-Bu;SnH a 13 (50), 14 (40),
2 n-BugSn, b 12 (25), 13 (14),
14 (30), 15 (5)
3 n-BugSn, c 14 (50), 15 (10)

#Conditions a: n-BuzSnH (1.8 mol), AIBN (1.8 mol), MeCN-hexane,
0.06 M, reflux, 4h, syringe pump; b: n-BusSn, (0.2mol), 300 W,
benzene, 0.01 M, reflux, 24 h; ¢: n-BugSn, (2.2 mol), 300 W, benzene,
0.01 M, reflux, 24 h.

®Isolated yields.

above 1-benzyl series, the desired cyclisation did take
place when n-Bu3;SnH was used as the radical mediator
to give tetracycle 147 in 40% yield along with significant
amounts of aldehyde 13 (50% yield, entry 1). These re-
sults clearly indicated that intramolecular reaction of the
2-indolylacyl radical D (Scheme 5) to give the cyclo-
hexadienyl radical E is now more favoured, although
reduction to 13 is still a competing pathway. Consider-
ing the recent mechanistic findings on the n-Bu;SnH-
mediated homolytic aromatic substitutions,’ the initia-
tor AIBN, which is present in stoichiometric amounts, is
probably responsible for the regeneration of the aro-
maticity of the phenyl ring. Nevertheless, the initially
formed tetracycle F was not observed since an addi-
tional oxidation at the benzylic position spontaneously
occurred to give 14.

Under nonreductive conditions the cyclisation course of
selenoester 12 was similar to that of 2a. As can be ob-
served in Table 2, entry 2, exposure of 12 to a substoi-
chiometric amount of n-BugSn, resulted in incomplete
conversion to give the overoxidised tetracycle 14 in a
modest 30% yield and minor amounts of two reduction
products: aldehyde 13 (14% yield) and tetracycle 15*
(5%). Satisfactorily, the yield of 14 increased to 50%
when 2.2mol of the radical mediator were used (entry
3), neither the starting product 12 nor aldehyde 13 being
observed.? Significantly, tetracycle 15 was again formed
in 10% yield. From the mechanistic point of view,
regeneration of the aromaticity from the cyclised
cyclohexadienyl radical E can be described as in the
1-benzyl series, by hydrogen abstraction or via a Sgn1
type chain reaction to initially produce tetracycle F,
which would now undergo an additional oxidation to
give tetracycle 14 (Scheme 6). However, in this series
reduction of radical E (or G), probably by phenylsele-
nol'* produced from the chain reaction (see Scheme 2),
partially competes with the oxidative step to give 15
after dehydration.

In summary, the intramolecular homolytic acylation of
benzene rings has been studied from several indolyl se-
lenoesters. This reaction efficiently occurs from seleno-
esters 2a and 12 under nonreductive conditions
(n-BugSn,, 300 W) to give tetracyclic phenyl indolyl

N\
l\{ (o]
M

‘ reduction
\J

13

14 overoxidation

Scheme 5. Probable mechanism for the n-Bu;SnH-AIBN mediated
cyclisation of 12.
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Scheme 6. Proposed mechanism for the formation of tetracycles 14
and 15 under n-BugSn,—hv conditions.

ketones 6 and 14, which deserve interest due to their
potential pharmacological activities.?® Further extension
of this reaction to heterocyclic systems is currently
underway in our laboratory.
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