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The stereochemistry of the electrocyclic ring-opening reaction
of the cyclopropyl radical has been a long-standing question.1 For
other pericyclic reactions, such as the ring-opening of cyclopropane
and cyclobutene, the Woodward-Hoffmann rules predict conro-
tatory and disrotatory stereochemistry, respectively.2 Unfortunately,
for the case of the cyclopropyl radical, the Woodward-Hoffmann
rules predict both conrotatory and disrotatory modes as nominally
forbidden.3 In early experimental work by Thynne,4 cyclopropyl
radicals were generated by the methyl-radical-induced decomposi-
tion of cyclopropane-carboxaldehyde. At 174°C they found that
10% of the cyclopropyl radicals formed react by ring-fission to
form allyl radicals. With the absence of any experimental data on
the cyclopropyl radical ring-fission mechanism, predictions of its
preferred stereochemistry have relied on theoretical calculations.

The earliest semiemperical calculations predicted a conrotatory
ring-opening mechanism, with synchronous rotation of the terminal
methylene groups.1 Higher-level UHF/3-21G and CASSCF/3-21G
calculations by Olivella et al.3 identified a highly asynchronous
transition structure withC1 symmetry (see Figure 1). In a recent
theoretical study at the B3LYP/6-311G(2d) level,5 intrinsic reaction
coordinate (IRC) calculations were carried out from theC1 transition
state (TS) to the allyl radical, and the overall reaction was found
to occur with disrotatory stereochemistry. On the basis of surface
topology, the asynchronous structure of the two methylene groups
at the TS would favor a nonconcerted ring-opening mechanism, in
which one methylene group completes its rotation before the other.
This was observed from both Olivella and Carpenters IRC calcula-
tions.3,5 However, it is not clear from the IRC calculations alone
that the topologically disrotatory nature of the TS should favor
disrotatory stereochemistry under experimental conditions. TS
vibrational zero-point energy (zpe) can influence the relative
importance of multiple reaction pathways as the reactive system
moves off the TS. In addition, mode-mode coupling may affect
the reaction mechanism.

In this contribution, we present results from a high-level ab initio
direct dynamics quasiclassical trajectory study of the ring-opening
of the cyclopropyl radical under experimental conditions,4 which
for the first time directly probe the ring-fission mechanism and
dynamics. The direct dynamics6-9 method has been applied
successfully to the study of similar ring-opening reactions. In this
method, classical trajectories are computed directly on an ab initio
potential energy surface (PES). We begin the trajectories at theC1

TS and randomly perturb this structure with quasi-classical normal
mode sampling10 at the experimental temperature of 174°C. Zero-
point and thermal vibrational energy are included in the initial
conditions. The latter is sampled from the normal mode Boltzmann
distribution. In addition, a rotational energy of RT/2 is added to
each rotational axis, and a translational energy, randomly sampled
from a thermal Boltzmann distribution,11 is added to the reaction

coordinate directed toward the allyl radical product. The algorithms
for sampling initial conditions were taken from the chemical
dynamics program VENUS12 and incorporated into a modified
version of the GAMESS13 electronic structure program. Structures
for the cyclopropyl and allyl radicals along with theC1 TS are
shown in Figure 1. The allyl product was identified as either cis or
trans by the positions of atoms 4 and 7. The cis configuration
formed by the disrotatory motion of the IRC is shown in Figure 1.
The other cis configuration and the two trans configurations are
not shown. The trajectories reported here only probe the dynamics
as the reactive system moves from the TS to the allyl radical.
Although of importance and of much interest, subsequent intramo-
lecular vibrational energy redistribution (IVR) processes of the
radical are not considered.

The trajectories are calculated on the electronically adiabatic
ground-state doublet PES at the CASSCF(3,3)/6-31G(d) level of
theory,14 where nonadiabatic electronic surface-crossing is not
allowed. The (3,3) active space involves the radical orbital and the
σ andσ* orbitals of the breakingσ bond occupied by the unpaired
electron and the two electrons in the breakingσ bond, respectively.
These orbitals transform into the threeπ orbitals of the allyl radical.

The resulting CASSCF(3,3)/6-31G(d) zpe-corrected barrier height
of 22.2 kcal/mol agrees with the experimental value15,16of 22 ( 2
kcal/mol and a recent CCSD(T)/6-311G(2d) result of 22.5 kcal/
mol.5 The computational expense at this level of theory limits the
number and duration of computed trajectories. A single 200 fs
trajectory, integrated with a 0.2 fs time-step, takes approximately
5 cpu hours on a single R12K processor.

As a first step in examining the ring-fission mechanism and
dynamics, a total of 141 trajectories are integrated for 200 fs each,
where formation of the allyl radical typically occurs during the first* To whom correspondence should be addressed. E-mail: wlh@cs.wayne.edu.

Figure 1. Structures of the cyclopropyl radical,C1 ring-opening transition
state, and the allyl radical (the isomer formed by the disrotatory motion of
the IRC).
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30-60 fs of dynamics. Two key features of the dynamics are
investigated: the initial rotation of the two methylene groups, and
the final stereochemistry at the termination of each trajectory. This
was accomplished by animating each trajectory and analyzing the
H5-C1-C2-C3 (φ1) and H6-C3-C2-C1 (φ2) torsion angles versus
time.

The trajectories exhibit several unique types of dynamical
behavior. Barrier recrossing after 12-21 fs of dynamics is observed
from 21 of the 141 trajectories leading to the cyclopropyl radical,
a violation of transition-state theory. Additional recrossing of the
TS was not observed. Initially, 68 of the 120 reactive trajectories
followed the asynchronous disrotatory motion of the IRC, leading
to the cis isomer in Figure 1. The H5-C1-H4 group first rotated,
followed by rotation of the second methylene group. The remaining
52 trajectories also had an asynchronous motion similar to the IRC,
except the H6-C3-H7 methylene group rotated in the opposite
direction, forming the conrotatory, trans isomer with H7 in Figure
1 pointing up. The preference found here for disrotatory motion
agrees with Carpenter’s predictions, but a sizable amount (43%)
of the trajectories follow the conrotatory path. In all of the reactive
trajectories the rotations of the terminal methylene groups are
nonconcerted, in agreement with the previous IRC calculations.3,5

The average time between the initial rotations of the two methylene
groups was determined to be 35 fs for the conrotatory trajectories
and 56 fs for the disrotatory trajectories.

The initial rotation of the methylene groups may not determine
the final cis or trans stereochemistry of the unlabeled allyl radical
product. For the 200 fs of dynamics followed here, the trajectories
fall into four distinct categories, where each is depicted from the
plots of theφ1 andφ2 torsion angles in Figure 2. These are either
the direct process described above (Figure 2, a and c), where only
an initial rotation of the methylene groups occurs (con/trans and
dis/cis), or indirect (Figure 2, b and d), where a subsequent rotation
of one of the methylene groups follows formation of the allyl radical
(con/cis and dis/trans). The number of trajectories for the four
categories identified by Figure 2, a-d are 27, 25, 46, and 22,
respectively. For approximately 50% of the reactive trajectories
subsequent rotations of one of the methylene groups follow the
formation of the allyl radical, altering the product stereochemistry.
If the allyl radical is formed with a vibrationally excited CH2

wagging mode, additional rotations of the methylene group may
occur. From approximately 40% of the reactive trajectories
subsequent rotations of one of the methylene groups follow the
formation of the allyl radical, altering the product stereochemistry.
With a CASSCF barrier of 17.2 kcal/mol for internal rotation of
the allyl radical and an average energy of 84 kcal/mol above this
barrier, the RRKM rate constant for isomerization was determined
to be 2.05× 1012 s-1, corresponding to a lifetime of 488 fs for the
allyl radical. The number of cis and trans isomers formed after
200 fs of dynamics was 71 and 49, respectively, only slightly
different from the initial amounts. Because of the slow IVR of the
excited CH2 wagging mode and a trajectory integration time shorter
than the RRKM internal rotation lifetime, obtaining the statistical
cis/trans ratio of 1/1 is not expected.

The initial conditions leading to the disrotatory, conrotatory, and
barrier recrossing trajectories were analyzed to determine those
conditions, if any, that favor the three observed types of dynamics.
The averages of the initial reaction coordinate translational energy
are 1.25 kcal/mol for the disrotatory trajectories, 0.64 kcal/mol for
the conrotatory trajectories, and 0.23 kcal/mol for those trajectories
that recrossed the barrier. This result is surprising and suggests a
possible correlation between reaction coordinate translation and
reaction stereochemistry. A small ensemble of 10 trajectories, all
initiated with a reaction coordinate translational energy of 4 RT
(3.55 kcal/mol), resulted in disrotatory stereochemistry.

In summary, the results from the ab initio quasi-classical
trajectories provide evidence for both disrotatory and conrotatory
ring-opening of the cyclopropyl radical at 174°C. We find a small
(57%) preference for disrotatory ring-opening; however, given the
limited number of trajectories performed in this study it is possible
that a larger ensemble of trajectories may predict no stereochemical
preference for ring-opening. The possible existence of a valley-
ridge inflection (VRI) point along the PES, as suggested by
Carpenter,17 may help explain the mixture in stereochemistry
observed from these trajectories. Future studies will attempt to
address this issue, in addition to the role of reaction coordinate
translational energy on the initial reaction stereochemistry.
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Figure 2. Plots of theφ1 (‚‚‚) and φ2 (s) torsion angles for the four
trajectory types observed in the simulations; (a) con/trans, (b) con/cis, (c)
dis/cis, (d) dis/trans. The label dis/trans, for example, represents a trajectory
for which the initial rotation of the methylene groups is disrotatory, directed
toward the cis isomer in Figure 1, but further methylene rotation after 200
fs of dynamics leads to a trans configuration.
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