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Thiol-mediated radical cyclization: regioselective formation
of indole-annulated sulfur heterocycles by tandem cyclization
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Abstract—Indole-2-yl-prop-2-ynyl sulfides, under thiophenol-mediated alkenyl radical cyclization conditions, afforded exclusively 4-
thiophenyl-2,3,4,9-tetrahydrothiopyrano[2,3-b]indoles or 3-thiophenylmethyl-2,3,8-trihydrothieno[2,3-b]indoles depending on the
substituent at the indole nitrogen.
� 2007 Elsevier Ltd. All rights reserved.
Radical reactions have become a useful tool in synthetic
organic chemistry.1 The synthesis of sulfur heterocycles2

by radical reactions present a major challenge in organic
synthesis. The most common mediator of radical reac-
tions in synthetic organic chemistry is tributyltin
hydride.1 Naito et al.3,4a have recently explored a new,
efficient carbon–carbon bond forming reaction based
on sulfanyl radical addition-cyclization. These radical
reactions proceed via formation of a carbon-centred
radical species generated by the addition of a sulfanyl
radical to an unsaturated bond and subsequent intramo-
lecular addition of the resulting carbon-centred radical
to another multiple bond. Intermolecular addition of a
radical to terminal alkynes offers an attractive tactic
for the generation of alkenyl radicals and thiophenol2a,4

is a very efficient reagent for this purpose. Moreover, the
cyclized products are functionalized with a phenylthio
moiety and thus are regarded as useful intermediates
for further transformation.3a,4b In our present study,
we focused on the thiophenol-mediated radical reaction
for the construction of indole-annulated sulfur hetero-
cycles. Here, we report the results of our investigation.

The required precursors indole-2-yl-prop-2-ynyl sulfides
3a–d were synthesized in 90–95% yields by the reaction
of various substituted indoline-2-thiones 1a–d and
propargyl bromide 2 under phase transfer catalysis
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conditions using benzyltriethylammonium chloride
(BTEAC) as phase transfer catalyst (Scheme 1).

In an attempt to prevent the thio-Claisen rearrange-
ment5 the sulfides were purified at room temperature.
Sulfide 3a was treated with PhSH (2 equiv) in refluxing
tert-butanol in the presence of a radical initiator (AIBN,
1.5 equiv) for 20 min. A colourless solid 4a, mp 104 �C
was obtained in 82% yield (Scheme 2). The same prod-
uct was also obtained when the reaction was carried
out in refluxing benzene. However, the thio-Claisen rear-
rangement product5 6, under similar reaction conditions
did not give any of the expected product even after 5 h.

The structure of 4a was confirmed by single crystal
X-ray diffraction6 (Fig. 1) and was characterized as 9-
methyl-4-thiophenyl-2,3,4,9-tetrahydrothiopyrano[2,3-b]-
indole.

Substrates 3b–d, under similar treatment gave the prod-
ucts 4b–d in 76–80% yields. The reaction was also suc-
cessfully conducted with thiophenol (1 equiv) and
acetic acid in refluxing t-butanol. Substrate 3a, in tert-
butanol in the presence of AIBN (1 equiv), acetic acid
(0.5 equiv) and thiophenol (1 equiv) afforded the same
product 4a in a lower yield (58%). However, in the ab-
sence of AIBN substrate 3a failed to give any product
due to extensive decomposition. In the case of alkenyl
radical cyclizations of 3 the formation of products 4
are unusual. The reductive addition of a thiophenyl rad-
ical at the alkyne terminus can generate alkenyl radical
7. It should be noted that the initially generated alkenyl
radical 7 could undergo either 4-exo-trig or 5-endo-trig
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Scheme 1. Reagents and conditions: 1% NaOH, DCM, BTEAC, rt, 15 min.
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Scheme 2. Reagents and conditions: (i) t-butanol, PhSH, AIBN,
reflux, 20–25 min.

Figure 1. ORTEP diagram of 4a.
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cyclization. A 5-endo-trig cyclization of radical 7 pro-
duces the intermediate radical 8 whilst a 4-exo-trig cycli-
zation gives the spiroheterocyclic radical 9 followed by
neophyl rearrangement7 to radical intermediate 8. The
formation of products 4 from 3 is explicable by abstrac-
tion of a hydrogen radical by the intermediate radical 7
to afford intermediate 10 followed by intramolecular
addition of enamine (indole or indole with electron
donating group) to thioenol ether via an ionic pathway.
This is possible due to the availability of a nitrogen lone
pair (Scheme 3).
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With a view to investigate the participation of the lone
pair of nitrogen of the indole moiety in the cyclization
we prepared substrates 3e,f by reaction of compound
3b with benzoyl chloride or acetyl chloride, respectively
(Scheme 4).

Compound 3e was treated as in the case of compounds
3a–d to afford product 12a in 68% yield. It was character-
ized as 3-thiophenylmethyl-8-benzoyl-2,3,8-trihydrothi-
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Scheme 4. Reagents and conditions: (i) PhCOCl or CH3COCl dry
DCM, Bu4NHSO4, NaOH (powdered), stirring, 1 h, 0 �C; (ii) t-
butanol, PhSH, AIBN, reflux, 25 min.
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eno[2,3-b]indole. Compound 3f, on similar treatment,
gave product 12b in 65% yield (Scheme 4). Thus, when
electron withdrawing groups are attached at the indole
nitrogen, the pyrrole ring of indole becomes much less
aromatic and hence more alkene-like, thereby facilitating
the radical cyclization to form 5 (Scheme 3) followed by
two successive proton exchanges to afford products 12
(Scheme 5). Aromatization of the indole moiety may be
the driving force for the formation of products 12 from 5.

In conclusion, 4-thiophenyl-2,3,4,9-tetrahydrothiopyr-
ano[2,3-b]indole was formed via initial intermolecular
attack of a thiophenyl radical at the acetylenic sulfide
followed by hydrogen abstraction and intramolecular
addition of enamine to thioenol ether. The lone pair of
electrons present on the nitrogen atom of the indole
moiety may facilitate enamine addition, which leads to
the formation of six-membered thiopyrano products 4.
However, in the presence of electron withdrawing
groups on the nitrogen of the indole moiety, 5-endo-trig
radical cyclization of the alkenyl radical becomes facile
and 3-thiophenylmethyl-2,3,8-trihydrothieno[2,3-b]in-
doles were obtained. The methodology described here
is simple and mechanistically interesting.
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