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Numerous experiments with substituted cyclopropanes1 have
failed to confirm Hoffmann’s 1968 prediction,2 that cyclopropane
should preferentially undergo stereomutation by coupled rotation
of two methylene groups in a conrotatory fashion. Elegant
experiments on cyclopropanes, containing deuterium as the only
substituent, have led to conflicting results.3-5

Berson and co-workers found a strong preference for coupled
rotation of two methylene groups in their study of the stereo-
mutation of cyclopropane-1,2-d2.3,4 In contrast, Baldwin and co-
workers reported nearly equal rate constants for single and double
methylene rotations in cyclopropane-13C-1,2,3-d3.5 Recent ab
initio calculations of the potential surface for stereomutation of
cyclopropane and vibrational analyses, performed at the stationary
points on this surface, found that the computed isotope effects
are incapable of reconciling the results of these two experiments.6,7

On the potential energy surfaces that were computed there is
only ca. 1 kcal/mol difference between the energies of the
transition state for conrotation and the transition states for both
single methylene rotation and disrotation.6-8 Moreover, the
calculations found that alkyl substituents significantly reduce the
already small preference predicted for conrotatory ring opening
and ring closure.6 These computational findings explain the
failure of the experiments on substituted cyclopropanes to detect
any significant preference for coupled conrotation.1

Transition-state theory, when applied to the potential surfaces
computed for stereomutation of unsubstituted cyclopropane,

predicts that disrotatory ring opening should be followed,
preferentially, by conrotatory ring closure, because the conrotatory
transition state is the lower energy of the two transition states
for ring closure. Since disrotatory ring opening, followed by
conrotatory ring closure, has the same net effect as passage across
the transition state for rotation of a single methylene group,6,9

transition-state theory predicts nearly equal rate constants for
double rotation and net single rotation.7

In contrast to transition state theory, very recent reaction
dynamics calculations on similar potential energy surfaces for
cyclopropane stereomutation predict a 3- to 5-fold preference
for double rotation.10,11 In the dynamical calculations, conserva-
tion of angular momentum tends to result in disrotatory ring
opening being followed by disrotatory, rather than conrotatory,
ring closure.11 Thus, the dynamical calculations predict that
disrotation makes a significant contribution to the coupled rota-
tion that appears to dominate the stereomutation of cyclopropane-
1,2-d2.3,4

Unfortunately, with deuterium as the only substituent, there is
no way to distinguish experimentally between the contributions
of con- and disrotation to the double rotation found in cyclo-
propane-1,2-d2.3,4 The results of the reaction dynamics calcula-
tions caution against assuming that the observation of coupled
rotation in this cyclopropane implies that the mode of coupling
is necessarily the conrotation that was predicted by Hoffmann.2

Ab initio calculations find that the geminal fluorine substituents
in 1,1-difluorocyclopropane should make its stereomutation very
different from that of cyclopropane.12a,b 1,1-Difluorocyclopropane
is predicted to show alarge preference for stereomutation by
disrotationof C(2) and C(3). This preference is predicted to be
enhanced, not diminished,6 by alkyl substituents. Finally, since
thes-trans,s-trans-(0,0) conformation of 3,3-difluoropentane-2,4-
diyl is computed to be 3-4 kcal/mol lower in energy than the
s-cis,s-trans-(0,0) conformation,12b,c the relative rates of coupled
rotation in cis- and trans-1,1-difluoro-2,3-dialkylcyclopropanes
via these two possible transition states are predicted to be useful
for differentiating experimentally between con- and disrotation.
More specifically, an optically activecis-1,1-difluoro-2,3-

dialkylcyclopropane is predicted to racemize much more rapidly
than its trans stereoisomer. As shown in Scheme 1, thecis-
cyclopropane can undergo disrotatory ring opening to the preferred
s-trans,s-trans transition state for racemization, whereas disro-
tatory ring opening of thetrans-cyclopropane gives the higher
energys-cis,s-transconformation of the diradical. On the other
hand, if conrotation were preferred, thetrans-cyclopropane should
racemize faster than thecis isomer.
In this communication we report experimental confirmation

of the prediction12a-c that stereomutation of a 1,1-difluorocyclo-
propane should show a large preference for disrotatory ring
opening and closure. We find that racemization ofcis-1,1-
difluoro-2-ethyl-3-methylcyclopropane (1) at 274.5°C is more
than 2 orders of magnitude faster than its epimerization totrans-
1,1-difluoro-2-ethyl-3-methylcyclopropane (2).13 In addition, we
find at the same temperature that racemization of1 is more than
forty times faster than racemization of2, thus showing that the
coupled rotation observed in1 is, indeed, disrotation.
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The kinetic studies of optically active1 and214 were carried
out in toluene solution.15 Analyses were performed by GLC on
a chiral polysiloxane cyclodextrin capillary column,16 which gave
four well-resolved peaks for racemic mixtures of1 and2. Rate
constants for racemization of optically activecis-cyclopropane
(1) were obtained at five temperatures in the range 201.1-240.7
°C. An Arrhenius plot of the racemization data provided the
following activation parameters: logA ) 13.3( 0.9 andEa )
41.3( 2.0 kcal/mol. The energy of activation for racemization
of 1 is 8.4 ( 2.1 kcal/mol lower than that reported for
epimerization ofcis-1,1-difluoro-2,3-dimethylcyclopropane.17,18

The epimerization of1 was examined at 274.5°C: (kct + ktc)
) (8.73( 0.17)× 10-6 s-1; Keq ) ktc/kct ) 0.41. The resulting
values ofkct ) (6.20 0.12)× 10-6 s-1 andktc ) (2.53 0.05)×
10-6 s-1 in toluene are in good agreement with the rate constants
for epimerization ofcis- and trans-1,1-difluoro-2,3-dimethylcy-
clopropanes in the gas phase at the same temperature.17,19

The activation parameters for the racemization of1 can be used
to extrapolatekrac

1 ) 7.03× 10-4 s-1 at 274.5°C. The factor by
which coupled rotation in1 is favored over the sum of all the
processes that result in net single rotation20 is, therefore,krac

1 /kct
) 107 at 274.5°C.

The rate constant for racemization oftrans-cyclopropane (2)
was measured at 274.5°C: krac

2 ) (1.66 ( 0.02)× 10-5 s-1.
When combined with the value forktc obtained above, one obtains
the ratio krac

2 /ktc ) 6.6. Thus, even though disrotatory ring
opening oftrans-cyclopropane2 must pass over the disfavored
s-cis,s-trans transition state, coupled rotation in2 at 274.5°C is
a factor of ca. 7 faster than the sum of all the processes that result
in net single rotation.20

The ratio of the rate constants of racemization and epimerization
is 16.2 times larger for1 than for2, indicating that the transition
state for racemization of1 is substantially lower in energy than
that for racemization of2. The free energies of activation (∆Gq)
for racemization of1 and2 at 274.5°C can be calculated from
their rate constants to be 40.7 and 44.8 kcal/mol, respectively,
whereas∆G° (1f 2) can be calculated from theKeq (0.41) to be
-1.0 kcal/mol. Thus the difference between the free energies of
formation of the transition states for racemization of1 and2 is
3.1 kcal/mol. This free energy difference is about the same size
as the calculated energy difference between the transition states
for coupled disrotation incis- andtrans-1,1-difluoro-2,3-dimeth-
ylcyclopropane.18

In summary, racemization of both1 and2 has been found to
be much faster than any process that leads to epimerization.20,21

Coupled rotation is preferred to single rotation by a factor of 107
for 1 and 6.6 for2 at 274.5°. The finding that the ratio of
racemization to epimerization is more than sixteen times larger
for 1 than for2 indicates that the transition state for racemization
of thecis isomer is ca. 3 kcal/mol lower in energy than that for
racemization of thetransisomer, thus demonstrating that the mode
of coupled rotation that is preferred in1 and2 is disrotation, not
conrotation.
1 is the first cyclopropane in which aVery large preference

for coupled rotation has been found and for which the mode of
coupling has been identified. The experimental results reported
here amply confirm the theoretical predictions12a-c that disrotation
is strongly favored over both conrotation and monorotation in
the stereomutation of 1,1-difluorocyclopropane and that this
preference survives the presence of alkyl groups at C-2 and C-3.22
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