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ABSTRACT

The reductive lithiation of nitrile 9 led to the cyclic product 11 as a single diastereomer in 42% ee. The intermediate radical is a conformational
radical clock. The radical lifetime can be determined from the optical purity of the product 11. We show that the lifetime of the intermediate
radical is too brief to allow a radical cyclization, and thus the cyclization proceeds through an alkyllithium intermediate.

Radical clock reactions are powerful tools for evaluating
reaction mechanisms.1 We recently reported a radical clock
reaction based on the ring inversion of a 2-tetrahydropyranyl
radical.2 Described herein is the study of a cyclization
reaction using a conformational radical clock.

Alkyllithium cyclizations with alkenes provide an interest-
ing approach to five-membered ring synthesis. Work by
Bailey and others has established that reactive alkyllithium
reagents are required, and unless a leaving group is present,3

the alkene must be terminal for efficient cyclization.4 The
mechanism is thought to be a metal-ene type cyclization,4

and a transition state for the cyclization has been identified
using ab initio methods.5 A related cyclization of alkenyl

halides catalyzed by an alkyllithium reagent has been
studied.6 In this case the cyclization was determined to
proceed through a radical intermediate rather than the
expected alkyllithium intermediate.7 Unsaturated alkylmag-
nesium reagents have also been reported to cyclize via the
corresponding radical.8 Evaluating the mechanism of 5-hex-
enyl benzene sulfide reductive cyclizations3 is particularly
problematic, because the radical is an obligatory intermediate
in the generation of the alkyllithium reagent and both radical
and alkyllithium cyclization would produce the observed
product. We report a reductive cyclization in which the
alkyllithium rather than the radical is the active intermediate.

This study is predicated on determining the lifetime of an
intermediate radical using a conformational radical clock
reaction. An optically pure 2-tetrahydropyranyl radical can
be used as a radical clock as shown in Scheme 1.2 The
optically pure radical2, generated by reduction of cyano-
hydrin 1, racemizes by ring inversion, and we have shown
that the rate of racemization is about 5.7× 108 s-1 at 22°C
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or 3.9× 106 s-1 at -78 °C.2 Note that the barrier to radical
inversion is estimated to be less than 0.5 kcal/mol,9 but the
barrier to ring inVersion of 2 is closer to 7 kcal/mol.
Reduction of the radical2 and its enantiomer2′ lead to the
configurationally stable alkyllithium reagents3 and3′.10 Most
carbonyl electrophiles and protons react withR-alkoxy
lithium reagents such as3 with retention of configuration.11

Reductive lithiation of nitrile1 with lithium di-tert-butyl-
biphenylide (LiDBB) at-78 °C leads to a 69.5:29.5 mixture
of 4 and4′ (39% ee) on trapping with methanol. The optical
purity of the product is directly related to the lifetime of the
radical. The half-life of the radical under the reaction
conditions is given by eq 1.12 For the reductive lithiation of
optically pure cyanohydrin1, the lifetime of the intermediate
radical2 under the reaction conditions was found to be 2.8
× 10-7 s using eq 1. Conformational radical clocks are useful
tools for measuring the lifetimes of radical intermediates.

The preparation of the substrate for the reductive cycliza-
tion, nitrile 9, is outlined in Scheme 2. Oxidation of

commercially available tetrahydropyran-2-methanol, fol-
lowed by esterification, gave the expected ester. Deproto-
nation and alkylation with 5-iodo-1-pentene gave the unsat-
urated ester6 in good overall yield. After several unsuccessful
attempts to resolve the acid of6, we investigated the
resolution of diastereomeric amides. Ester6 was converted
to amides7 and7′ by treatment with (R)-R-methylbenzyl-
amine and isopropylmagnesium chloride.13 The two diaster-
eomers were easily separated by silica gel chromatography.14

Attempts to hydrolyze the secondary amides7 and7′ were
unsuccessful, but the secondary amide was converted to
primary amide8 by dissolving metal reduction with sodium
in ammonia. Dehydration of amide8 with thionyl chloride
gave the target nitrile9 as a single enantiomer.15

With nitrile 9 in hand, its reductive lithiation and cycliza-
tion was investigated, and the results are illustrated in
Schemes 3 and 4. Treatment with LiDBB in THF for 10

min at -78 °C, followed by addition of CO2 gas, aqueous
workup, and diazomethane treatment, gave the spirocyclic
ester11 in 65% yield and 42% ee.15 The relative configu-
ration of 11 was determined by NMR analysis and subse-
quently confirmed by an indirect correlation.16 When the
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Scheme 1. Tetrahydropyranyl Radicals as Radical Clocks

t1/2)ln2/kR×(1-ee)/ee (1)

Scheme 2. Synthesis of Nitrile9

Scheme 3. Lithiation and Cyclization of Nitrile9

808 Org. Lett., Vol. 3, No. 6, 2001



reduction of nitrile9 was run for 30 min at-78 °C prior to
trapping, compound11 in was isolated in similar yields and
optical purities. We conclude that the cyclization was
essentially complete after 10 min at-78 °C.

Reduction of 9 with lithium in ammonia gave very
different results, Scheme 4. The Li/NH3 reduction of racemic

9 at -78 °C gave the uncyclized tetrahydropyran12 in 76%
yield with none of the corresponding cyclized product13.
Lithium ammonia reductions of nitriles proceed through
stepwise electron transfers and generally produce results
similar to those of LiDBB reductions with the same
substrates.17 Reduction of 9 with LiDBB, followed by
methanol quenching, led to12 and 13 in a 1:10 ratio.
Oxidation of 13 with RuO4 gave the known lactone14.18

Thus, nitrile9 cyclizes rapidly and efficiently when reduced
with LiDBB, but it did not cyclize at all when reduced with
lithium in liquid ammonia.

The cyclization of9 en route to11 can be rationalized
either as a radical cyclization or as an alkyllithium cycliza-
tion. These two mechanistic possibilities are illustrated in

Scheme 5. In both pathways, nitrile9 is reduced to radical
15; radical15 is the key branch point in each pathway. In
the alkyllithium pathway, the racemization of15 will
compete with reduction to the alkyllithium reagent16.
Alkyllithium reagents16and16′ are configurationally stable
at -78 °C in THF,19 and the cyclizations ofR-alkoxy
alkyllithium reagents have been found to take place with
retention of configuration.20 Thus, in the alkyllithium cy-
clization the ratio of16:16′will determine the final ratio of
11:11′.

An alternative view of the cyclization is that it proceeds
via a radical cyclization. On the face of it, the fact that the
cyclization of 9 is complete in 10 min at-78 °C might
suggest a radical cyclization, many of which are known to
be very rapid, over the alkyllithium cyclization. The radical
cyclization pathway is outlined in the lower half of Scheme
5. The intermediate radical15 is again the key branch point
with cyclization and racemization reactions competing. The
cyclized radicals19 and19′ that are produced would then
be reduced to give alkyllithium reagents17and17′. Reaction
with CO2 and esterification with diazomethane generates a
mixture of11 and11′. In this case the ratio11:11′would be
determined by competition between racemization of15 and
cyclization of15.

A radical clock reaction would help distinguish between
the alkyllithium and the radical cyclization pathways. Radical
15 is structurally similar to radical2, and it should have a
comparable racemization rate at-78 °C. Radical15 is the
only point in either mechanism where racemization would
be likely, and so the enantiomeric excess of product11 is a
direct measure of the lifetime of the radical under the reaction
conditions. Using the optical purity of11, 42% ee, and the
measured rate of racemization of radical2 in eq 1 gives an
estimated lifetime for radical15of 2.4× 10-7 s.21 How does
this lifetime compare with the expected rate of radical
cyclization? Extrapolating from the published Arrhenius data
for a 5-hexenyl cyclization leads to a predicted cyclization
rate of 4× 102 at-78°C.22 Comparing the lifetime of radical
15and the predicted rate of cyclization suggests that the rate
of cyclization is approximately 5 orders of magnitude too
small to allow cyclization in the lifetime of the radical.

One concern that might be raised with the foregoing
analysis is that the rate of cyclization was calculated from a
5-hexenyl radical but the cyclizing radical15 is highly
substituted. Newcomb, however, has evaluated the cycliza-
tion rates of the 6,6-diphenyl-5-hexenyl radical23 and the
1-methoxy-6,6-diphenyl-5-hexenyl radical.24 The rate of
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C. P.; Gallardo, I.; Savéant, J.-M.J. Am. Chem. Soc.1989,111, 1620-
1634. (b) Gonzalez, J.; Hapiot, P.; Konovalov, V.; Savéant, J.-M.J. Am.
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Scheme 4. Reduction and Reductive Cyclization of Nitrile9
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cyclization for theR-alkoxy radical does differ from that of
the primary radical, but only by about a factor of 2 over the
extrapolated range from-70 to 80°C. Variations of this
magnitude do not change the conclusions of the analysis.

A final piece of evidence is the absence of cyclization
products in the reduction of9 under Li/NH3 conditions
(Scheme 3). We were not able to measure the optical purity
of 12 directly,25 but one might expect that it would have an
optical purity of about 30% on the basis of the Li/NH3

reduction of nitrile1 under comparable conditions (Scheme
1). Similar enantiomeric excesses between acyclic product
12 and cyclic product11 would dictate a similar lifetime of
the radical15 in each reaction. Since one product is cyclic
and the other is not, the cyclization cannot be attributed to
the radical intermediate15. Only in the reduction of9 with
LiDBB, where intermediate alkyllithium reagents16and16′
would have long lifetimes, is cyclization observed.

Conformational radical clocks are useful for determining
the lifetime of radical intermediates. For the reductive
lithiation of nitrile 9, the optical purity of the product12,
42% ee, implies a lifetime for radical15 of 2.4 × 10-7 s.
This lifetime is too brief for a radical cyclization to take
place. Thus, the reduction of9 to 11proceeds via cyclization
of the alkyllithium 16.
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Scheme 5. Radical and Alkyllithium Cyclization Pathways for the Formation of Esters11 and11′
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