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Six- versus five-membered ring formation in radical cyclization
of 1-vinyl-5-methyl-5-hexenyl radicals

Ana M. Gómez,* Marı́a D. Company, Clara Uriel, Serafı́n Valverde and J. Cristóbal López*

Instituto de Quı́mica Orgánica General, C.S.I.C., Juan de la Cierva 3, 28006 Madrid, Spain

Received 4 April 2002; revised 26 April 2002; accepted 7 May 2002

Abstract—Radical cyclization of 1-vinyl-5-methyl-5-hexenyl radicals (radical numbering) affords six-membered ring products
prevailing over the isomeric five-membered ring compounds; the former are generated through two reaction pathways: 6-endo–trig
ring closure and rearrangement of intermediate methylenecyclopentyl radicals obtained by 5-exo–trig cyclization. © 2002 Elsevier
Science Ltd. All rights reserved.

Since their introduction in 1982,1 vinyl radical cycliza-
tions have proved to be extremely popular in organic
synthesis.2 Seminal studies by Beckwith and Stork’s
groups3,4 have shown that, under tin hydride mediated
reaction conditions, vinyl radical cyclization gives a
mixture of both 5-exo and 6-endo products 2a and 3a,
respectively (Scheme 1). More recently, Crich’s group
reported the preferential formation of 5-exo products
when the reaction was conducted in the presence of
PhSeSePh.5 The work by Beckwith and O’Shea3

revealed that formation of the more stable methylene-
cyclohexane derivative 3a is not due to a competing
6-endo [6-(�-exo)-endo–trig ]6 cyclization (1a�6a), but it
is the result of a rapid rearrangement of the methylene-

cyclopentyl radical, 4a, via a reversible 3-exo–trig
cyclization (4a�5a�6a). As such, the 5-exo :6-endo
ratio is a function of tin hydride concentration with
higher concentrations favoring the kinetic 5-exo
product 2a.

On the other hand, it is well established that 5-alkyl
substituents retard radical cyclization of related 5-hex-
enyl radicals, so that 6-endo cyclization becomes an
effective competing reaction (see Scheme 2).2a,7

In this communication we describe experiments to
answer the question whether the formation of
methylenecyclohexane derivative 3b takes place via
‘direct’ 6-endo–trig cyclization (1b�6b) or via the inter-
mediates 4b, 5b and 6b (‘formal’ 6-endo mode5).2b,8

The yields of products 8, 9 and 10 (Scheme 3) obtained
when bromide, 7, was heated in toluene in the presence
of tributyltin hydride and 2,2�-azobisisobutyronitrile
(AIBN) at 80°C are given in Table 1.9 The same
products were also obtained by tin radical-mediated
cyclization10 of 1,6-enyne 11, followed by prot-
iodestannylation (4:2:1; AcOH, THF, H2O) (Table 1,
entries 2, 5, 8, 11 and 14).11 The above-mentioned
results have been compared with literature data for the
cyclization of the corresponding unsubstituted analog,
12.4

Stork and Mook reported cyclization of enyne 12 with
0.02 M Bu3SnH to give a 1:4 ratio of 5-exo and 6-endo
products 13 and 14, respectively (Table 1, entry 1).
Analogous cyclization of 7 and 11 (0.02 M Bu3SnH)
yielded methylenecyclohexane 912 as the sole observed

Scheme 1.
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Scheme 2.

cyclization. This observation could be interpreted in
two different ways: (a) that formation of methylenecy-
clohexane 9 takes place, partially or completely, by
direct 6-endo–trig cyclization (i.e. 1b�6b) of 7 and 11,
or (b) that 3-exo cyclization of 4b is significantly faster
than 3-exo-cyclization of the unsubstituted analog 4a
(R=H) and therefore a pathway, 4b�5b�6b, could be
responsible for the formation of 9. In the first case the
rate of 6-endo–trig cyclization of radical 1b would be
faster than the rate of tin hydride transfer, and in the
latter the rate of 3-exo cyclization of 4b would prevail
over tin hydride transfer.

In order to shed some light on this issue we prepared
iodide, 17 (Scheme 4), as a precursor of radical, 4b, by
iodination14 of hydroxy compound 16.15 Treatment of
iodide, 17, under the reaction conditions used in entries
14 and 15 (neat Bu3SnH), resulted in the exclusive
formation of methylenecyclopentane 8.16

This result shows that 3-exo radical cyclization of radi-
cal 4b is slower than hydride transfer in neat Bu3SnH,
and by corollary that formation of methylenecyclohex-
ane, 9 (Table 1, entries 14 and 15), had to be explained
by direct 6-endo–trig radical cyclization of radical 1b
(1b�6b). In addition, the fact that methylenecyclohex-
ane 9 prevailed over 8, when the cyclization was con-
ducted in neat Bu3SnH, seems to indicate that
6-endo–trig cyclization of 5-methyl vinyl radicals is
slightly faster than the corresponding 5-exo–trig ring
closure. Under lower tin hydride concentrations the
rearrangement 4b�5b�6b might also take place, there-
fore it could be assumed that methylenecyclohexane
formation in the cyclization of 1-vinyl-5-methyl-5-hex-
enyl radicals would take place by two different reaction
pathways, the formal 6-endo mode and a direct 6-endo–
trig mode.

In summary, we have shown that in the vinyl radical
ring closure of 5-methyl hexenyl radicals, unlike vinyl
radical cyclization of 5-unsubstituted substrates, a
‘direct’ 6-endo–trig ring closure is responsible, to a
considerable extent, for the regiochemical outcome of
the reaction. It is, however, to be emphasized that the
regioselectivity control does not rely exclusively in the
presence of the methyl group, but that the tin hydride
concentration plays an essential role in the observed
regiochemistry. From a synthetic standpoint, these
results are of interest since they reveal that substituted
cyclohexanes can be efficiently prepared by cyclization
of 5-alkyl-vinyl radicals. This process is currently being
applied to the synthesis of carbasugars18,19 from carbo-
hydrates and the results will be reported in due course.

Scheme 3.

product (Table 1, entries 2 and 3). Literature data for
cyclization of 12 with 0.25 M Bu3SnH showed a rever-
sal in the regiochemistry, and methylenecyclopentane
13 was obtained as the major isomer (Table 1, entry 4).4

Conversely, bromide 7, and enyne 11, cyclize under
similar, or even higher, tin hydride concentration (0.25
and 0.50 M) to give methylenecyclohexane 9 as the
major product13 (Table 1, entries 5 and 6). Radical
cyclization of 7 and 11 with 2.2 M Bu3SnH provided a
mixture of 9 and 8, with the former prevailing (Table 1,
entries 11 and 12), whereas cyclization of 12 with the
same Bu3SnH concentration had been reported to yield
exclusively the 5-exo product, 13 (Table 1, entry 10).

It was also reported that vinyl radical cyclization of 12
took place, even, in neat Bu3SnH leading to five-mem-
bered ring compound, 13, along with acyclic product,
15 (Table 1, entry 13).4 When a similar ring closure
reaction (neat Bu3SnH) was conducted on 5-methyl
analogs, 7 and 11, the six-membered ring product, 9,
was obtained as the major isomer (Table 1, entries 14
and 15).

These results (Table 1, entries 13–15) indicate that
radical cyclization of methyl substituted compounds 7
and 11 gives predominant 6-endo cyclization whereas
the hydrogen-substituted analog, 12, gives only 5-exo Scheme 4.
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Table 1. Radical cyclization of compounds 7, 11 and 12 under different tin hydride concentrations4,9,11

SubstrateEntry Molar concentration Molar concentration of tributyltin Yield (%)aProduct ratio, Acyclic products
5-exo :6-endo (% yield)hydrideof substrate

1 (lit.)4 12 0.02 0.02 20:80
0.02 0.02 0:10011 –2 72

73 0.02 0.02 0:100 – 65
0.3 0.254 (lit.)4 80:2012
0.25 0.5 16:8411 –5 59
0.3 0.25 15:856 –7 75
0.7 0.6 95:512 –7 (lit.)4

118 0.5 0.75 19:81 – 58
0.5 0.75 28:727 14b9 63

1210 (lit.)4 1.9 2.2 100:0
1.9 2.2 30:70 21c 5411 11
1.9 2.3 38:627 13b12 65
Neat Bu3SnH Neat Bu3SnH 100:013 (lit.)4 1612
Neat Bu3SnH Neat Bu3SnH 43:5711 28c14 72
Neat Bu3SnH15 Neat Bu3SnH7 45:55 24b 58

a Based on isolated compounds.
b Yield of isolated 10.
c Compound 10 was not detected but instead a mixture of tin containing products were isolated. The structure shown below had been tentatively

assigned to one of the products.
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Danelón, G. O.; Moreno, E.; Valverde, S.; López, J. C.
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