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Because of the synthetic value of base-induced rear-
rangements of alkyl-substituted epoxides to allyl alcohols,
the reaction has been investigated in some detail.1
Frequently, allyl alcohols can be formed with high
regioselectivity, and preparation of optically active prod-
ucts using chiral lithium amide bases has shown some
success.2 In acyclic systems, the reaction proceeds via a
â-elimination (i.e., 1,2- or E2-type).1 Cyclohexene oxide
has been shown through deuterium-labeling studies to
undergo exclusive syn â-elimination in ether.3 Complex-
ation of Li+ to the epoxide oxygen apparently directs the
facial selectivity via a six-atom cyclic transition state.
Some epoxides, generally those of medium-sized cyclic
and bicyclic olefins, appear to react via a carbenoid
formed by an R-elimination followed by epoxide opening.
This pathway is supported by the observation of ketones
and transannular C-H bond insertion products.1 Allyl
alcohols are sometimes formed competitively, but whether
they result from R- or â-elimination is unclear. We report
here that cyclopentene oxide gives 2-cyclopentenol via an
R-elimination in benzene or in ether solvents but via
â-elimination in HMPA.
Cyclopentene oxide gives a mixture of three productss2-

cyclopentenol, cyclopentanone, and the product of nu-
cleophilic additionswhose proportions depend strongly
on the base used.4 The steric bulk and poor nucleophi-
licity of lithium diisopropyl amide (LDA) prevent its
addition to cyclopentene oxide; thus, LDA was employed
to study the mechanism(s) of allyl alcohol formation.
First, it was ascertained that cyclopentanone is a primary
reaction product and not due to rearrangement of allyl
alcoholate to enolate under the highly basic reaction
conditions.
When 1-deuteriocyclopentene oxide was treated with

2.5 equiv of LDA in benzene or in ether,1 2-cyclopentenol
and cyclopentanone were formed after quenching. NMR
analysis of the GC-purified alcohol showed some deute-
rium loss, and the remaining deuterium (0.77D in
benzene and 0.71D in ether) was exclusively on the
carbinol carbon (i.e., no vinyl deuterium), consistent with
the carbenoid mechanism and not â-elimination (Scheme
1). From the amount of deuterium present, primary

kinetic deuterium isotope effects of 3.3 ( 0.5 (benzene)
and 2.4 ( 0.4 (ether) were calculated for rate-determining
removal of the R-proton. Under these reaction conditions,
cyclopentanone is also formed (15 ( 2% in benzene, 25
( 4% in ether), but its deuterium content could not be
determined since H/D exchange occurs with workup.5
Hexamethylphosphoric triamide (HMPA) is known to
promote allyl alcohol formation for compounds which
exhibit carbenoid behavior in nonpolar solvents,1 and, in
fact, when treated with LDA in HMPA, cyclopentene
oxide gives only allyl alcohol with a deuterium distribu-
tion consistent with â-elimination (Scheme 1).6 In all
three solvents, the half-life of the reaction is 15-30 min
at 0 °C.
For comparison purposes, 1-deuteriocyclohexene oxide

was subjected to an identical series of reaction conditions,
and the allyl alcohol produced had a deuterium distribu-
tion consistent with exclusive â-elimination in all three
solvents. Cyclopentene oxide reacts 2-10 times faster
than cyclohexene oxide during in situ competition, yet
other epoxides thought to rearrange via the R-elimination
mechanism react much more slowly.1 This might be due
to greater acidity of the bridgehead proton of cyclopen-
tene oxide or to relief of ring strain at the transition state.
It is also possible that cyclohexene oxide undergoes a
rapid, unproductive reversible R-deprotonation, followed
by productive â-elimination. However, the GC/MS spec-
tra of ether and benzene reaction mixtures quenched
after partial isomerization showed no evidence of a
preequilibrium. For the reaction of 1-deuteriocyclopen-
tene oxide in HMPA, GC/MS data showed that at long
reaction times (>50% reaction) the recovered epoxide was
a mixture of non-, mono-, and dideuterated material,
though not in a statistical mixture. The 1-deuteriocyclo-
hexene oxide recovered from the reaction conducted in
HMPA shows minimal equilibration.
The importance of Li+ complexation in the nonpolar

solvents was investigated by treating epoxides with LDA
in ether containing 12-crown-4 (1 equiv with respect to
LDA). Neither cyclopentene nor cyclohexene oxide un-
derwent reaction yet, in HMPA, a strong cation-complex-
ing solvent, cyclopentene oxide reacts as rapidly as in
the less polar solvents without crown. HMPA, no doubt,
favors the dipolar transition state, and complexation of
Li+ to the epoxide oxygen is apparently not necessary for
â-elimination in this solvent.
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To determine the isotope effect on the carbene insertion
into the â-CH bond, a mixture of syn- and anti-3,4-
dideuteriocyclopentene oxide was treated with LDA in
benzene (Scheme 2).
The NMR spectrum of the allyl alcohol showed deute-

rium at all positions except the carbinol carbon. No
deuterium was lost, and the distribution is interpreted
in terms of the products shown in Scheme 2. Thus, the
carbenoid mechanism derives further support. The
observed distribution of deuterium indicates a primary
kinetic isotope effect of approximately 2.3 for insertion
of the carbenoid into the adjacent carbon-hydrogen
(deuterium) bond.
A bulky R-tert-butyl group on cyclopentene oxide was

found to sterically inhibit R-elimination by a rate factor
of 1/200 relative to the parent so that â-elimination is
more favorable in both ether and benzene. As expected,
HMPA solvent promotes exclusive â-elimination (Scheme
3: note that the 9:1 ratio of the first two products
represents the ratio of D and H at C-2 of the starting
material), and here the reaction is 10 times slower than
the parent.
HMPA has been known to reverse the facial selectivity

of E2 eliminations from that which occurs in nonpolar
solvents.7 This was also found to be the case in the
cyclopentene oxide system (Scheme 4). A mixture of four

monodeuterated compounds was treated with LDA in
HMPA, and the epoxide was recovered after 40% reac-
tion. Significant enhancement of deuterium at the anti
â position is observed along with diminution at all other
positions; thus, anti â-elimination occurs here. The
distribution of deuterium in the tertiary allyl alcohol is
consistent with these observations, and the product ratio
suggests a primary deuterium isotope effect of ap-
proximately 3 for rate-determining deprotonation at the
anti â position.
AM1,8 ab initio,9 and density functional theory10 cal-

culations agree that, in simple E2 reactions of primary
derivatives with strong base, the transition state is quite
reactant-like, with minimal dihedral angle distortion.
The gas-phase structures of cyclopentene and cyclohexene
oxides have been determined by electron diffraction,11 but
the appropriate H-C-C-O torsional angles were not
determined. However, the heavy-atom geometries were
reproduced using PCMODEL,12 which then provided the
desired torsional angle. These calculations suggest that
cyclohexene oxide can adopt a favorable syn-gauche
conformation, but the structure of cyclopentene oxide will
not easily lead to syn â-elimination. The geometry of both
epoxides is reasonably favorable for anti-eliminations,
which occur for cyclopentene oxide in HMPA.
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