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ABSTRACT

Tandem carbon−carbon bond-forming reactions were studied by using indium as a single-electron-transfer radical initiator. The radical addition−
cyclization-trap reaction of a substrate having a vinyl sulfonamide group and an olefin moiety proceeded smoothly in aqueous media. The
radical addition−cyclization reaction of hydrazone gave the functionalized cyclic products.

Free radical reactions have developed as a powerful method
for constructing the carbon-carbon bond in organic synthe-
sis.1 Particularly, strategies involving tandem radical reaction
or radical annulation offer the advantage of multiple carbon-
carbon bond formations in a single operation; thus, a number
of extensive investigations were reported in recent years.1,2

However, the aqueous-medium tandem construction of
carbon-carbon bonds has not been widely studied, and
therefore, tandem radical reactions in aqueous media have
been a subject of current interest3

The use of water as a solvent has many advantages in
organic synthesis from both economical and environmental
points of view.4 Particularly, carbon-carbon bond formation
in aqueous media is a challenging problem for synthetic
organic chemistry.5,6 We recently reported the indium-
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mediated alkylation reactions of imines and electron-deficient
olefins in aqueous media.7 In these studies, we proposed a
mechanistic hypothesis involving addition of a radical
species.8,9 However, an alternative mechanistic hypothesis
involving the addition of an alkylindium species was not
excluded. As a part of our program directed toward the
development of aqueous-medium radical reactions,10 we now
report indium-mediated tandem carbon-carbon bond-form-
ing reactions in aqueous media. In this study, we also
expected that the tandem reactions would lead to informative
suggestions regarding the reaction mechanism of indium-
mediated alkylation reactions.

As a preliminary study, we investigated the indium-
mediated reaction of substrates having two different radical
acceptors. At first, the tandem addition-cyclization-trap
reaction of substrate1 having acrylate and olefin moieties
was examined (Scheme 1). To a suspension of1 in H2O

were addedi-PrI (2 × 5 equiv) and indium (2 equiv), and
then the reaction mixture was stirred at 20°C for 2 h. As
expected, the reaction proceeded smoothly to give the desired
cyclic product2a in 63% yield as a trans/cis mixture in 3.2:1
ratio, along with 13% yield of the addition product3a (Table
1, entry 1).11 The biphasic reaction in H2O-CH2Cl2 (4:1,

v/v) proceeded slowly to give2a in 63% yield after being
stirred at 20°C for 20 h (entry 2). Thus, a highly concentrated
organic phase without CH2Cl2 should be advantageous for
indium-mediated atom-transfer reactions. A cyclopentyl
radical worked well under similar reaction conditions to give
the cyclic product2b in 65% yield, although a bulkytert-
butyl radical was less effective under the present reaction
conditions (entries 3-5).

The preferential formation of cyclic products2a-ccould
be obviously explained by a radical mechanism (Scheme 2).

The indium-mediated reaction was initiated by single-electron
transfer (SET) to RI with generation of an alkyl radical,
which then attacked the electrophilic acrylate moiety of1
to form the carbonyl-stabilized radicalA (path a). The cyclic
products2a-c were obtained via the intramolecular reaction
of radicalA with the olefin moiety followed by iodine atom-
transfer reaction from RI to the intermediate primary radical
B. Although there are many examples of anions adding to
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Scheme 1. Indium-Mediated Tandem Reaction of Substrate1

Table 1. Indium-Mediated Tandem Reaction of Substrate1

yield (%)a

entry RI solvent time (h) 2a-cb 3a-c

1c i-PrI H2O 2 63 (3.2:1) 13
2d i-PrI H2O-CH2Cl2 (4:1) 20 63 (4.7:1) 21
3c c-Pentyl I H2O 2 65 (4.0:1) 9
4c t-BuI H2O 2 38 (3.6:1) 19
5d t-BuI H2O-CH2Cl2 (4:1) 20 38 (3.2:1) 26

a Isolated yields. b Ratio in parentheses is for trans:cis selectivity of2a-
c. The trans:cis selectivities were determined by1H NMR analysis.
c Reactions were carried out with RI (2× 5 equiv) and In (2 equiv) in H2O
at 20°C. d Reactions were carried out with RI (10 equiv) and In (3 equiv)
in H2O-CH2Cl2 (4:1, v/v) at 20°C.

Scheme 2. Indium-Mediated Tandem
Addition-Cyclization-Trap Reaction
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isolated double bonds, these reactions have been limited to
lithium-mediated reactions.12 Thus, the formation of cyclic
products2a-c from a carbanionC would be excluded. In
contrast, the formation of the addition products3a-ccould
be explained by either a radical mechanism (path a) or an
ionic mechanism (path b) via carbanionC. As for the
formation of compounds3a-c, the indium-mediated reduc-
tion of the compounds2a-c and the subsequent ring-opening
reaction could be proposed as an alternative pathway. To
study the reversibility in this reaction, the compound2awas
treated with indium under similar reaction conditions.
However, the formation of compound3a was not observed
and compound2a was recovered, probably due to low
reactivity of the primary alkyl iodide moiety of2a toward
indium. A similar trend was observed in our previous study.7a

The primary alkyl iodides such as ethyl iodide did not work
in indium-mediated radical reactions. Therefore, the alterna-
tive pathway giving compounds3a-c from compounds
2a-cwould be excluded. Trans selectivity in the formation
of the cyclized products2a-c is coincident with the case of
the thiyl radical addition-cyclization of analogous sub-
strates.13 One possible explanation is that cyclized radicalB
would be equilibrated with the precursor radicalA and
therefore temporarily formedcis-B would be transformed
to more stabletrans-B, which would give preferably the trans
isomer. In the indium-mediated radical reactions, indium(0)
was oxidized to indium(I), which then would be converted
to indium(0) and indium(III) as a result of a disproportion-
ation reaction.

The next substrate of choice was the sulfonamide4, since
phenyl vinyl sulfone has shown excellent reactivity as an
electron-deficient olefin in our previous work on indium-
mediated intermolecular reactions (Scheme 3).7a As expected,

sulfonamide4 exhibited good reactivity to give moderate
and good yields of the desired cyclic products5a-c without
the formation of other byproducts. The indium-mediated
tandem reaction of4 with i-PrI in H2O gave selectively the
cyclic product5a in 81% yield as a trans/cis mixture in 1:1.4
ratio, with no detection of simple addition product (Table 2,
entry 1).

Thus, indium was found to be a highly promising radical
initiator in aqueous media. In the case of the biphasic reaction

in H2O-CH2Cl2, the cyclic product5awas obtained in 42%
yield after being stirred for 48 h (entry 2). Other alkyl radicals
such as cyclopentyl andtert-butyl radicals worked well under
similar reaction conditions, allowing facile incorporation of
structural variety (entries 3 and 4). These results indicate
that the electrophilic vinyl sulfonamide group of4 has
excellent reactivity toward nucleophilic carbon radicals and
the intermediate sulfonamide-stabilized radical shows a
strongly electrophilic nature, which easily reacted with the
vinyl group. Additionally, the overall difference in steric and
stereoelectronic factors between sulfonamides and carboxam-
ides also would be important for cyclization as shown in
the related studies on intramolecular reactions of sulfon-
amides.14,15 Compared with the case of the carboxamide1,
cis-products5a-cwere major isomers though this different
behavior of these two types of amides cannot be easily
explained at the moment.

As shown in our previous studies,7 the intermolecular
reactions of imines and electron-deficient olefins required a
large amount of indium (7 or 10 equiv) for the successful
reaction. Therefore, it is important to note that the present
tandem radical reactions proceeded in the presence of only
2 equiv of indium, because the tandem radical reaction is
assumed to proceed via catalytic radical cycle. However, the
reaction of4 with i-PrI in a catalytic amount of indium (0.2
equiv) did not complete, probably due to the formation of a
lump of indium in the aqueous media, to give the cyclic
product5a in 14% yield, accompanied by starting material
4. Additionally, a remarkable feature of this reaction is the
concomitant construction of two carbon-carbon bonds and
a carbon-iodine bond via a tandem process, providing an
effective and convenient method for the synthesis of highly
functionalized cyclic compounds.

As a part of our program directed toward the development
of tandem reaction of imines,3 we finally investigated tandem
radical addition-cyclization of hydrazone6 connected with
the vinyl sulfonamide group (Scheme 4).

The radical reaction of6 does not proceed via catalytic
radical cycle such as iodine atom-transfer reaction; thus, a
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Scheme 3. Indium-Mediated Tandem Reaction of Substrate4

Table 2. Indium-Mediated Tandem Reaction of Substrate4

entry RI solvent time (h) yield (%)a

1b i-PrI H2O 4 81 (1:1.4)
2c i-PrI H2O-CH2Cl2 (4:1) 48 42 (1:1.1)
3b c-pentyl I H2O 4 84 (1:1.3)
4b t-BuI H2O 4 79 (1:2.0)

a Isolated yields. Ratio in parentheses is for trans:cis selectivities which
were determined by1H NMR analysis.b Reactions were carried out with
RI (2 × 5 equiv) and In (2 equiv) in H2O at 20 °C.c Reaction was carried
out with RI (2× 5 equiv) and In (2× 2 equiv) in H2O-CH2Cl2 (4:1, v/v)
at 20°C.
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large amount of indium was required for the successful
reaction (Scheme 5).16 The tandem reaction of hydrazone6

with an isopropyl radical was carried out in H2O-MeOH
for 5 h by usingi-PrI (2 × 5 equiv) and indium (10 equiv).
As expected, the reaction proceeded smoothly to give the
isopropylated product7a in 93% yield as a trans/cis mixture
in a 1:1.2 ratio, without the formation of the simple addition
product (Table 3, entry 1). The biphasic reaction of6 in
H2O-CH2Cl2 also proceeded effectively to afford a 94%

yield of 7a (entry 2). A cyclopentyl radical and a bulkytert-
butyl radical worked well to give the cyclic products7b and
7c in 86% and 42% yields, respectively (entries 3 and 4).
The stereochemical outcome in the cyclization of hydrazone
6 is almost the same as the case of olefin4 in which cis
products were the major products.

A favorable experimental feature of indium-mediated
radical reactions is that the reactions proceed in the absence
of toxic tin hydride, providing the carbon-carbon bond-
forming method in aqueous media. Additionally, the indium-
mediated reactions disclosed a broader utility of aqueous-
medium tandem reaction for the preparation of various types
of highly functionalized cyclic compounds.
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Scheme 4. Indium-Mediated Tandem Reaction of
Hydrazone6

Scheme 5. Possible Reaction Pathway

Table 3. Indium-Mediated Tandem Reaction of Hydrazone6a

entry RI solvent time (h) yield (%)b

1 i-PrI H2O-MeOH (2:1) 5 93 (1:1.2)
2 i-PrI H2O-CH2Cl2 (4:1) 24 94 (1:1.2)
3 c-pentyl I H2O-MeOH (2:1) 5 86 (1:1.1)
4 t-BuI H2O-MeOH (2:1) 5 42 (1:1.6)

a Reactions were carried out with RI (2× 5 equiv) and In (10 equiv) at
20 °C. b Isolated yields. Ratio in parentheses is for trans:cis selectivities
which were determined by1H NMR analysis.
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