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Tunneling rates are expected to decrease exponentially with the
square root of the effective tunneling mass.1a Therefore, on
substitution of a heavier for a lighter isotope, the observation of a
large kinetic isotope effect (KIE), involving a substantial decrease
in rate constant, is a commonly used diagnostic for a large
contribution from quantum mechanical tunneling to a reaction.1

However, in this communication we report the results of
calculations that make the opposite prediction about some of the
KIEs on the ring opening of cyclopropylcarbinyl radical (1) to
3-butene-1-yl radical (2)2 by tunneling at cryogenic temperatures.3

Substitution of a heavier for a lighter isotope at the radical center
(C1) of 1 is calculated to accelerate the rate of tunneling, giving
KIEs at this carbon that are inverse. Of particular note is our
prediction that substitution of deuterium for both hydrogens at C1

will lead to a nearly 3-fold increase in the rate of reaction at
temperatures so low that ring opening proceeds exclusively by
tunneling from the lowest vibrational level.

As in our previous computational study of tunneling in the ring
opening of 1 to 2,3 we performed unrestricted electronic structure
calculations with B3LYP4 and the 6-31G(d) basis set,5 to carry
out direct dynamics calculations of the rate of this reaction.
Canonical variational transition state theory (CVT)6 was used to
locate the transition structure (TS) for the ring opening of 1 to 2.
Quantum effects on the reaction dynamics were computed semi-
classically, using the small-curvature tunneling (SCT) approxima-
tion.7 The direct dynamics calculations were carried out with
GAUSSRATE8 as the interface between Gaussian 039 and
POLYRATE.10

The results of our calculations are summarized in Table 1, which
gives the KIEs on the breaking of the bond between C2 and C4 in
1. The KIEs in Table 1 were calculated at 20 K. However,
calculations at lower temperatures give exactly the same results,
because below 20 K all of the reaction occurs by tunneling from
the lowest vibrational level of 1.

Not surprisingly, the largest KIEs on the ring opening of 1 are
calculated for substitution of 13C or 14C for 12C or of D2 for H2 at
C4. An animation of the transition vector, the vibration which has
an imaginary frequency in the TS, shows that, in the cleavage of
the bond between C2 and C4, the latter carbon moves the most.11

Since motion of C4 is the largest contributor to the internal
displacements that are necessary for passage of 1 over, or tunneling

of 1 through, the barrier that separates it from 2, isotopic substitution
at C4 would be expected to have the largest effect on increasing
the effective tunneling mass and, hence, on retarding the rate of
tunneling.

Certainly the most surprising result in Table 1 is the large, inVerse
KIE, predicted for substitution of D2 for H2 at C1. Instead of slowing
the rate of tunneling from 1 to 2, substitution of CD2 for CH2 at C1

is actually computed to accelerate the rate of ring opening by a
factor of 1/0.37 ) 2.7. This result shows that H/D KIEs on tunneling
rates need not necessarily be large and normal but can, in fact, be
large and inverse.

The explanation of the large, inverse KIE, predicted for substitu-
tion of D2 for H2 at C1 begins with the transition vector for ring
opening of 1 to 2. The animation of this vibrational mode shows
little or no motion at C1.11 Therefore, one might have expected
k(CH2/CD2) ≈ 1.00 at this carbon. In fact, k(12C/14C) ) 0.93 at C1.
Since 14CH2 and 12CD2 have the same mass, the very different KIEs,
computed for substitution of 12CD2 and 14CH2 at C1 of 1, indicate
that motion of the hydrogens at C1 plays a prominent role in the
large, inverse KIE that is computed for substitution of D2 for H2 at
this carbon.

On ring opening of 1 to 2, a double bond between C1 and C2 in
2 replaces the single bond between these two carbons in 1. As a
consequence of this change in bonding, the force constants for
torsion about the C1-C2 bond and pyramidalization of C1 increase
in both 2 and in the TS leading to it. Therefore, there are
corresponding increases in the frequencies for these two vibrations.
For C1H2 the torsional frequency is calculated to increase from 139.4
cm-1 in 1 to 498.1 cm-1 in the TS for ring opening of 1 to 2, and
the pyramidalization frequency is calculated to increase from 461.5
cm-1 in 1 to 702.0 cm-1 in the TS. These increases in unscaled
vibrational frequencies total 358.7 + 240.5 ) 599.2 cm-1 and
correspond to a net increase in the zero-point energies (ZPEs) of
these two modes of 299.6 cm-1 ) 0.86 kcal/mol on going from 1
to the TS for ring opening of 1 to 2.12

The 2-fold larger mass of deuterium, compared to protium, makes
these increases in the unscaled, harmonic frequencies in the TS
for ring opening of 1 to 2 smaller for C1D2 than for C1H2. The

Table 1. SCT KIEs Calculated for Ring Opening of 1 to 2 at 20 K

Carbon k(12C/13C) k(12C/14C) k(CH2/ CD2)

C1 0.96 0.93 0.37
C2 1.77 2.99 1.49a

C3 1.12 1.24 0.85
C4 2.42 5.46 6.47
C3/C4 2.17b 4.41c 7.57d

a CH/CD. b Predicted ratio in 2 of 13C at C3 to 13C at C4. c Predicted
ratio in 2 of 14C at C3 to 14C at C4. d Predicted ratio in 2 of D2 at C3 to
D2 at C4.
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calculated increases are 380.1-101.8 cm-1 ) 278.3 cm-1 for C1D2

torsion and 561.4-414.1 cm-1 ) 147.3 cm-1 for C1D2 pyramidal-
ization. Consequently, the net increase in the ZPEs for these two
vibrations on going from 1 to the TS for ring opening to 2 is 212.8
cm-1 ) 0.61 kcal/mol for C1D2. Thus, the sum of the increases in
these two ZPEs is smaller by 0.25 kcal/mol for C1D2 than for C1H2.

The calculated increases in the unscaled harmonic frequencies
in going from 1 to the TS for its ring opening to 2 occur in
vibrational coordinates that are orthogonal to the reaction coordinate.
Therefore, the effect of the change in either frequency on the
difference between the ZPEs in 1 and the TS for ring opening can
be depicted schematically as in Figure 1.

For passage over the reaction barrier, the difference between
∆H0

‡(H) and ∆H0
‡(D) gives rise to a temperature-dependent,

secondary, H/D KIE. In the rearrangement of 1 to 2 the difference
between the calculated, zero-point-inclusive barrier heights for H2

and for D2 at C1 is 0.24 kcal/mol, which is almost the same as the
0.25 kcal/mol sum of the differences between the changes in ZPEs
for torsion about the bond between C1 and C2 and for pyramidal-
ization at C1. At 20 K the effect of the 0.24 kcal/mol difference
between the effective barrier heights for H and D gives rise to a
very large, inverse, CVT KIE at C1 of k(H)/k(D) ) 0.0023 for
passage over the barrier.13 As shown in Table 1, the same difference
in effective barrier heights is calculated to give rise to a smaller,
inverse KIE at C1 of k(H)/k(D) ) 0.37 on the rate of tunneling.

Isotopic substitution at C2, C3, and C4 affects the KIEs for
tunneling in two ways. The substitution of a heavier for a lighter
isotope not only increases the effective tunneling mass but also, as
shown schematically in Figure 1, alters the effective barrier height
through which tunneling occurs. For example, rehybridization of
C3 on ring opening results in a 0.06 kcal/mol decrease in the
effective barrier height upon substitution of D2 for H2 at this carbon.
This decrease, coupled with the small amount of motion of C3 in

the transition vector,11 causes the H/D KIE for substitution of D2

for H2 at C3 to be inverse, rather than normal, unlike the isobaric
substitution of 14C for 12C at this carbon.

Obtaining experimental ratios of rate constants that would be
precise enough to compare with the predicted KIEs in Table 1 might
be difficult, due to the differences between the rates at which
molecules at different types of sites react in matrix isolation.14

However, the ratios of the KIEs at C3 and C4 in Table 1 predict
whether it is the isotopically substituted or unsubstituted C-C bond
in 1 that preferentially cleaves. After chemical trapping of 2,
accurate measurements of the ratio of isotopes at these two carbons
could be made. Assay of the distribution of 13C at C3 and C4 in the
product by natural-abundance 13C NMR should be particularly easy.
Such experiments are underway, and the results will be reported
in due course.15
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connecting them; the CVT and SCT rate constants for ring opening of
1 to 2; and complete lists of authors for refs 9 and 10. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 1. Schematic depiction of the effect on ∆H0
‡, the effective height

of the barrier through which tunneling must occur, of a vibration, orthogonal
to the reaction coordinate, which increases in frequency in going from the
reactant to the TS. If the increase in the ZPE that is associated with this
vibration is greater for H than for D, and if motion of H and D along the
reaction coordinate is negligible, an inverse H/D KIE on tunneling can occur,
since ∆H0

‡(H) is greater than ∆H0
‡(D).
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