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The mechanism of stereomutation of cyclopropane has been
a topic of considerable interest and debate for many years.1,2 It
has generated extensive theoretical effort1 and fostered some
of the most elegant experiments in the history of physical
organic chemistry.2 However there is, to date, no consensus
on the mechanism. In this paper, we report quasiclassical
molecular dynamics on an analytical potential energy surface
for the reaction, obtained by fitting the results of CASPT2N/
6-31G*//GVB-PP(1)/6-31G* calculations.
It is by now generally agreed that cyclopropane stereomu-

tation occurs by C-C bond homolysis to give a trimethylene
biradical.3 It is the kinetics and stereochemistry of formation
and closure of this biradical that have been the subject of
controversy. The principal debate has concerned the relative
magnitude of the mechanistic rate constants for single and
double internal rotations of the terminal methylenes of the
biradical. Two experiments2ac,4appear to have shown a strong
preference for double rotation; whereas, a third seems to have
shown near equality of the rate constants for the two processes.2d,5

All three experiments involved measurement of phenomenologi-
cal rate constants for loss of optical activity (ka) and for approach
to equilibrium of geometrical isomers (ki) of isotopically labeled
cyclopropanes. The first two experiments employed optically
active cyclopropane-1,2-d2 and required that some estimate be
made of the secondary isotope effect which discriminates
between homolysis of doubly labeled and singly labeled C-C

bonds. The third experiment employed optically active cyclo-
propane-1-13C-1,2,3-d3 and required no such estimate, provided
that13C isotope effects could be neglected. Calculations of the
H/D isotope effect showed that no plausible value could bring
the results from cyclopropane-1,2-d2 and cyclopropane-1-13C-
1,2,3-d3 into concordance.1e,f

In the present work, stationary points on the trimethylene
potential energy (PE) surface were located at the GVB(1)/6-
31G* level6 and were characterized by computation of harmonic
vibrational frequencies. The energies of these stationary points
were then recomputed at the CASPT2N/6-31G* level.7 Ad-
ditionally, 39 other structures at values of the C-C-C angle
varying from 100° to 120° and with a variety of dihedral angles
for internal rotation about the two C-C bonds were computed
at the GVB level. All other geometrical parameters were
optimized at these points. The energies of the 39 points were
then recomputed at the CASPT2N level.
An analytical function, which used the C-C-C angle and

the two dihedral angles as independent variables, was fit to all
of the CASPT2N energies. The remaining 18 geometrical
degrees of freedom were described by molecular-mechanics
functions with force constants and geometrical constants
adjusted to fit energies of all 39 points, as well as the geometries
and vibrational frequencies of the key stationary points. Details
of the equations, as well as the quality of the fit to the ab initio
data can be found in the Supporting Information.
Consistent with other high-level ab initio calculations on

trimethylene,1e-g this surface exhibits only a small preference
for conrotatory over disrotatory closure.8 The PE barrier on
the analytical surface is 1.6 kcal/mol higher for disrotation than
for conrotation. The conrotatory transition state connects aC2

minimum, 0.49 kcal/mol lower in energy, to cyclopropane. As
on the GVB potential surface,1e the two mirror-imageC2 minima
are connected by a pathway that involves passage around a
mountain top at the (0,0) geometry of trimethylene. However,
the transition states that connect theC2 minima, via a higher
energyCsminimum, lie only 0.043 kcal/mol above the conro-
tatory transition state; the (0,0) mountain top too is only slightly
higher in potential energy (0.17 kcal/mol) than the conrotatory
transition state. Thus, the potential surface is rather flat in this
region. In fact, with inclusion of zero-point energies, the
shallowC2 andCs minima vanish.
The GVB calculations located a true transition structure for

monorotatory closure of trimethylene. This was very close in
both energy and geometry to a second-order stationary point
corresponding to the rigorouslyCs (0,90) trimethylene. The
analytical surface could not be made to reproduce the existence
of the transition structure without introducing spurious “ripples”
elsewhere in the surface. Consequently the second-order (0,90)
structure was used as the stationary point for direct monorota-
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tion. This was found to be 2.2 kcal/mol higher in PE than the
conrotatory transition state.
The small difference in energy between the disrotatory and

conrotatory transition structures might lead one to expect a small
ratio of rate constants for double- and single-methylene rotations.
Transition-state theory (TST) predicts that most of the cyclo-
propanes forming trimethylene by disrotation should reclose to
cyclopropane by the lower energy conrotation pathway, and the
combination of disrotatory opening and conrotatory closure
corresponds to a net single rotation.1e,f Inclusion of direct
monorotation pathways leads to the expectation of nearly equal
rate constants for double and single rotation. A TST analysis
for cyclopropane-1,2-d2 on the present surface, involving
simultaneous application of the steady-state approximation to
19 stereo- and label-isomers of trimethylene-1,2-d2 and -1,3-
d2, yields a ratio of double- to single-rotation rate constants of
only 1.18 at 400°C. This figure appears to be in good
agreement with the results of the third experiment,2d but not
with the results of the first two.2a,c,4

The molecular dynamics analysis for trimethylene-1,2-d2 and
-1,3-d2 began by generation of quasiclassical canonical en-
sembles (T) 400°C) in the vicinities of conrotation, disrotation,
and monorotation stationary points. Molecular rotations were
included, but the rotational energy was not quantized. Trajec-
tories were each followed forward to product and backward to
reactant,9 with the equations of motion being integrated in a
laboratory-fixed Cartesian frame, using a modified Bulirsch-
Stoer algorithm.10 A total of 12 000 trajectories was examined.11

The stereochemical results are summarized in Table 1.
For reactions conducted at the high-pressure limit, an overall

stereochemistry can be computed by weighting the results from
the three classes of stationary points, according to their free
energies at 400°C and to the fraction of reactive trajectories
from each starting region. These weighting factors, including
statistical contributions that favor monorotation, are 68.3%
conrotation, 19.7% disrotation, and 12.0% monorotation for
cleavage of the doubly-labeled bond and 68.5%, 19.5%, and
12.0%, respectively, for cleavage of the singly-labeled bonds.
Using harmonic vibrational frequencies, the secondary deuterium
isotope effect is computed to bez12 ) 1.09 at 400°C for
cleavage of singly-labeled over doubly-labeled bonds. In total,
the ratio of double to single rotations for stereomutation of
cyclopropane-1,2-d2 at 400°C is calculated to be 4.73( 0.11.
This ratio is clearly very different from that deduced by TST

analysis. The principal source of the difference is readily
apparent from Table 1. According to the dynamic model,
trimethylenes formed by disrotationdo notpreferentially reclose
by conrotation as TST assumes. Most of them follow direct

trajectories12 across the surface and exit by disrotation,despite
the fact that this means crossing a higher barrier.Dynamic
matching13 of entrance and exit channels can apparently
outweigh barrier-height effects. In the present example, a simple
analysis based on conservation of angular momentum of the
rotating methylenes would do quite well in predicting the
qualitative outcome.1d,14

With z12 ) 1.09, the isotope effect calculated from the
harmonic vibration frequencies, the ratio of double to single
rotations computed here leads one to expect thatki/ka should
be 1.210( 0.007 for cyclopropane-1,2-d2. However, it is quite
possible that the use of harmonic vibrational partition functions,
especially for the torsional motions of the terminal methylenes,
is a bad approximation1g and leads to too large a value ofz12.

In order to check for unanticipated isotope effects on the
dynamics, 2000 trajectories have been run for trimethylene-1-
and -2-13C-1,2,3-d3. The results were within the sampling error
of those for thed2 isotopomer (double to single rotation favored
by a factor of 4.4( 0.3). Thus, the apparent agreement between
experiment and theory for stereomutation of cyclopropane-1-
13C-1,2,3-d3 that is found when a TST kinetic model is used,
disappears when the reaction is analyzed by quasiclassical
dynamics. While the simulation results can be expected to
depend to some degree on the details of the underlying PE
surface, the fact that a direct dynamic analysis on a rather
different surface has come up with a quite similar final result15

suggests that the dependence on details of the surface may not
be strong.

Finally, it is worth noting that the mode of the lifetime
distribution for trimethylene-d2, found in these calculations, is
around 140 fs (varying somewhat with isotope distribution16):
similar to the lifetime from variational unimolecular rate theory1g

and from direct dynamics on a semiempirical surface.17 During
this brief period, the biradical is quite clearly able to execute
internal rotations of the terminal methylenes, indicating that the
methylene rotational time constant of 1.8 ps, recently estimated
for another biradical18 is probably much too long. It does
appear, therefore, that even very short-lived biradicals can
undergo stereochemical isomerization.
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Table 1. Ratio of Double to Single Methylene Rotations in the
Reactive Trajectories from Each of the Specified Starting Regionsa

net double/single rotations

stationary point total no. of trajectories 1,2 bond 1,3 bond

conrotation 3000 5.84 6.00
disrotation 6000 2.84 3.26
monorotation 3000 0.40 0.36

a The numbering of the label positions refers to the cyclopropane-
1,2-d2 reactant. The differences in results for the 1,2- and 1,3-deuterium-
labeled biradicals are of marginal significance because the sampling
error is estimated to give uncertainties of(0.20,(0.14 and(0.05 in
the ratios from the conrotation, disrotation and monorotation starting
points, respectively.
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