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ABSTRACT

Ring closure of the r-substituted radicals 4 (X ) S, SO2) is observed to be irreversible and to lead to significant amounts of the product of
6-endo cyclization. Indeed, reduction of the sulfonyl-based radical 4 (X ) SO2), in which regioselectivity is believed to be controlled by a
combination of both steric and FMO interactions, is found to provide an excellent route to the cyclic sulfone 7 (X ) SO2) in high yield.

The application of radical cyclization of the 5-hexenyl system
in organic synthesis leading to the preparation of some quite
complex substrates is well-documented.1 Generally, these
rearrangements occur under stereoelectronic control and
frequently yield products via a predominant 5-exo mode of
ring closure. When a modified radical containing a hetero-
atom is employed, the procedure can be exploited for the
synthesis of heterocyclic compounds, and a number of
compounds of commercial and physiological importance
have indeed been synthesized in this way. We have previ-
ously prepared several novel heterocyclic systems containing
nitrogen using bothR- andâ-ammonio-substituted 5-hexenyl
radicals.2

While oxygen- and nitrogen-containing radical cyclizations
have been studied intensively, an examination of the literature

reveals only scattered examples of the synthesis of sulfur-
based heterocycles via radical methods. These include
cyclizations with a sulfur functionality in the hexenyl chain
at the 3-3 and 4-positions4 and an example of a sulfonylated
radical in the 2-position5. Several useful radical cyclizations
with a sulfur functionality locatedR- to the radical center
have also been reported, but these yield a cyclic product with
the sulfur functionality external to the ring.6

More recently, we have reported7 the results of a parallel
study of the cyclization of the 2-thia- and 2-sulfonyl-5-
hexenyl radicals1 (X ) S, SO2) (Scheme 1). It was observed

that mixtures containing substantial quantities of both the
5-endo and 6-exo products2 and3 (X ) S, SO2), respec-
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tively, of irreversible ring closure were produced. Interest-
ingly, species1 (X ) SO2) is much more amenable to ring
closure compared to radical1 (X ) S) under similar
conditions, giving over 95% cyclized products. Nevertheless,
while the mode of cyclization of these radicals is of intrinisic
interest, the procedure does not represent a particularly
convenient entry into sulfur-substituted heterocyclic com-
pounds in view of the mixture of isomeric products so
obtained.

We now report a study on the regiochemistry associated
with the cyclization of 5-methyl-substituted radicals4 (X )
S, SO2) (Scheme 2). By analogy with behavior of the

corresponding all-carbon 5-methyl-5-hexenyl system4 (X
) CH2), it was anticipated that introduction of a methyl group
at C5 would be accompanied by a reduction in the rate of
5-exo ring closure of species4 (X ) S, SO2), thus giving an
enhanced yield of the 6-endo product7 (X ) S, SO2)
compared with isomer6 (X ) S, SO2). Furthermore, it is
noteworthy that in the case of theR-sulfonyl-substituted
radical, the strong inductively withdrawing influence of the
SO2R group (sp value) +0.7)8 would be expected to impart
significant electrophilic character onto the radical. Accord-
ingly, given that these reactions are predicted to proceed via
early transition states, regioselectivity is also expected to be
dependent upon the favored interaction of the frontier orbitals
of the reactants.

The selected precursors to the radicals4 (X ) S, SO2)
under study were the selenides8 (X ) S, SO2),9 which were
rigorously purified immeditely prior to use. Crich10 has
shown that the presence of PhSeH derived from reaction of
(PhSe)2 with Bu3SnH can introduce undesirable complica-
tions. As a precautionary measure, bistributyltin oxide was
added to the reaction mixture in view of its demonstrated
efficiency as a scavenger of PhSeH.11 Barton ester9 was
also employed in order to determine whether adventitious
diphenyl diselenide might be influencing the extent of
cyclization.

The results of the behavior of radicals4 (X ) S, SO2)12

together with those for1 (X ) S, SO2) are summarized in

Table 1. Inspection of the table reveals that the extent of
6-endo versus 5-exo ring closure is enormously enhanced
in the case of the sulfonyl radical4 (X ) SO2) in which the
ratio of the 5-exo to 6-endo product is 1:37, with little of
the acyclic reduced species5 (X ) SO2) detected. Under
experimental conditions designed to minimize even further
the extent of reduction,13 the reaction is found to give an
excellent yield (86%) of the substituted cyclohexane7 (X
) SO2)14 uncontaminated by either isomer5 (X ) SO2) or
isomer6 (X ) SO2).

The data within Table 1 further demonstrate that the ratio
of 5-exo to 6-endo products remains constant for radicals4
(X ) S, SO2) despite changes in concentration, thus
indicating that these reactions occur irreversibly under the
conditions employed in this study.

It is also of interest to compare the behavior of radicals4
(X ) S, SO2) with that of otherR-substituted 5-methyl-5-
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Table 1. Product Ratios from Bu3SnH Reduction of Radicals1
and4 (X ) S, SO2)

precursor radical
concn
(M)

T
(°C) reduced 5-exo 6-endo

8a 4 (X ) S) 0.011 80 38.6 7.1 54.3
9a 4 (X ) S) 0.011 80 35.6 8.3 56.2
9a,b 4 (X ) S) 0.011 80 75.7 2.7 21.6
8a 4 (X ) SO2) 0.011 80 3.9 2.5 93.6
8a 4 (X ) SO2) 0.044 80 8.9 2.3 88.7
107 1 (X ) S) 0.013 80 17.1 70.1 12.8
107 1 (X ) SO2) 0.013 80 3.8 73.1 23.1

a From this work.bBu3SnH was used in 5-fold excess.
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hexenyl radicals; these data are included in Table 2. Again,
it can be seen that the proportion of 6-endo product derived
from radical4 (X ) SO2) is overwhelming.

While the longer C-S bonds would be expected to
facilitate 6-endo closure, as evidenced by the exo/endo ratios
produced in the cyclization of radicals1 (X ) S, SO2),17 we
believe that the high regioselectivity observed in the case of
radical ring closure of sulfone4 (X ) SO2) is a combination
of two predominant factors: (a)steric effects, which disfavor
the 5-exo mode of cyclization as a result of the methyl group

attached to C5, in accordance with the effect of a methyl
group at C5 in the system4 (X ) CH2); at the same time,
there is no steric encumbrance for 6-endo closure, and (b)
frontier molecular orbital interactions,in which the presence
of the highly electron-withdrawing SO2 group attached to
the radical center confers considerable electrophilic character
onto the radical. Thus, in the case of electrophilic radicals
such as4 (X ) SO2), FMO theory suggests18 that the mode
of ring closure is largely determined by the interaction
between the radical SOMO and the alkene HOMO. For
alkenes of types1 and 4, the coefficient of the HOMO at
C6 is larger than that at C5, and, accordingly, more favorable
bond formation occurs between the radical center and C6,
favoring the 6-endo product.

The data collected in Table 2 reveal that the attachment
of the two oxygen atoms in4 (X ) SO2) does not appear to
exert the kind of steric effect on the rate of cyclization as
displayed bygem-dimethyl groups. It is found that the
presence of the methyl groups at C2 leads to an enhanced
rate of 5-exo ring closure in4 (X ) Me2)16 compared with
that in4 (X ) CH2),15 a phenomenon referred to as the “gem-
dialkyl effect”.19

We are currently investigating the behavior of the corre-
sponding sulfoxides1 and4 (X ) SO).
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Table 2. Ratio of Exo/Endo Products from Some
5-Methyl-5-hexenyl Radicals

radical T (°C) 5-exo:6-endo reference

4 (X ) S) 80 12:88 a
4 (X ) SO2) 80 2.6:97.4 a
4 (X ) CH2) 80 40:60 15
4 (X ) CMe2) 80 68:32 16
4 (X ) +NMe2) 102 72:28 2b

a From this work.
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