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ABSTRACT: Noradamantylchlorocarbene has been
found experimentally to undergo ring expansion to 2-
chloroadamantene at cryogenic temperatures. The rate
constant, calculated with inclusion of small-curvature
tunneling, is within a factor of 2 of the rate constant
measured at 9 K in a nitrogen matrix. Our calculations
predict that noradamantylfluorocarbene will not be found
to rearrange under these conditions. The rate constant for
carbon tunneling in the ring expansion of noradamantyl-
methylcarbene (1d) to 2-methyladamantene at T ≲ 10 K
is calculated to be lower by more than 8 orders of
magnitude than the rate constant for formation of 3-
vinylnoradamantane from 1d by hydrogen migration.

Although tunneling by carbon is much less common than
tunneling by hydrogen, tunneling by carbon can occur

when the barrier to reaction is both low and, even more
important, narrow.1 The first reaction in which evidence for
tunneling by carbon was obtained was the shift of the double
bonds in cyclobutadiene-d2 (eq 1 in Figure 1), a reaction that
was studied experimentally by Whitman and Carpenter.2

Calculations by Carpenter3 and subsequently by others4

showed that the anomalously low A factor, found in the rate
constant for this reaction around 0 °C, was due to a large
contribution to the rate of reaction from tunneling by carbon.5

Calculations have found that the ring expansion of singlet
methylcyclobutylfluorocarbene (eq 2) at 8 K proceeds from the
zeroth vibrational level of the reactant, by quantum mechanical
tunneling by carbon.6 The calculated rate constant for
tunneling was within a factor of 5 of the rate constant that
was measured.6

Calculations have also predicted the importance of tunneling
by carbon in two more reactionsthe degenerate rearrange-
ment of semibullvalene (eq 3)7 and the ring-opening of
cyclopropylcarbinyl radical (eq 4).8 The prediction of the
importance of tunneling in the latter reaction at low
temperatures has been confirmed by measurements of the
intramolecular 13C kinetic isotope effects on the regiochemistry
of the product formed.9

Given the central role that calculations have played in
understanding and/or predicting the tunneling reactions in eqs
1−4,10 we decided to perform calculations on another reaction
that almost certainly involves tunneling by carbonthe ring
expansion of singlet noradamantylchlorocarbene (1c) to 2-
chloroadamantene (2c) at very low temperatures.11 Moss,

Sheridan, and co-workers found that, at 9 K, this reaction
proceeds with a rate constant of k = 2.3 × 10−7 s−1. This
observed rate constant is 10111 faster than the rate constant that
these authors computed for passage over the reaction barrier at
this temperature,11 so they concluded that rearrangement of 1c
to 2c at 9 K proceeds by tunneling through the barrier.
Our computational studies of this reaction had several goals.

In addition to testing how well our tunneling calculations
would reproduce the experimental rate constant for ring
expansion of 1c, we also wanted to predict the tunneling rate
constants for two as-yet unstudied reactions, the ring expansion
reactions of noradamantylfluorocarbene (1b) and nor-
adamantylmethylcarbene (1d).
In the case of 1d, there is another reaction that might

compete with ring expansion: a 1,2-hydrogen shift to give 3-
vinylnoradamantane (3d, eq 6). Even if the ring expansion
reaction in eq 5 were faster than the 1,2-hydrogen shift in eq 6
at room temperature, the much smaller mass of hydrogen than
of carbon might tend to selectively favor the formation of 3d,
rather than 2d, by tunneling at cryogenic temperatures.12 If
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Figure 1. Some reactions in which tunneling by carbon has been
calculated and/or found to play an important role.
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observed, this change in the reaction product with temperature
would constitute another example of “tunneling” control in
product formation.1b

Tunneling calculations were performed with the B3LYP
functional,13 using the 6-31G(d) basis set14 for the ring
expansion reactions in eq 5. For the H-migration reaction in eq
6, the 6-31G(d,p) basis set was used, in order to provide
polarization functions on the reacting hydrogen.14 For
comparative purposes, calculations on the ring expansion of
1d were carried out with both basis sets.15

Rate constants were calculated using canonical variational
transition-state theory (CVT),16 and the contributions of multi-
dimensional tunneling to the rate constants computed for ring
expansion were incorporated using the small curvature
tunneling (SCT) approximation.17,18 The tunneling calcula-
tions were carried out with Polyrate,19 using Gaussrate20 as the
interface between Polyrate and Gaussian09.21

Below 20 K the calculated rate constants for the ring
expansion reactions of 1b−e are computed to be nearly
independent of temperature because, below 20 K, all four
reactions are predicted to occur by tunneling from the lowest
vibrational level of the reactants. At all temperatures, ring
expansion of noradamantylmethylcarbene (1d) is calculated to
be the fastest reaction and that of noradamantylfluorocarbene
(1b) the slowest.
At 300 K, where passage over the reaction barrier dominates

all three reactions, the activation energies (ΔH⧧ + RT) are
computed to be Ea = 9.4, 5.6, and 5.5 kcal/mol for the ring
expansion reactions of, respectively, 1b, 1c, and 1d. The relative
heights of the barriers decrease with decreasing stabilization of
the reactant by electron donation from the substituent X into
the unoccupied 2p atomic orbital on the carbene carbon.22

Thus, for X = H, where the carbene substituent has no lone
pairs of electrons or C−H bonds, the Ea for rearrangement of
1a is calculated to be only 0.4 kcal/mol.23

As already noted, in the ring expansion reactions of 1b−e,
the calculated rate constants at 20 K and below are the rate
constants for tunneling from the lowest vibrational level of each
of the reactants. These rate constants are k = 7.3 × 10−16, 3.7 ×
10−7, and 8.9 × 10−4 s−1, for the ring expansion reactions of,
respectively, 1b, 1c, and 1d below 20 K.
The calculated rate constant for rearrangement of chloro-

carbene 1c to adamantene 2c is within a factor of 2 of the
experimental value of k = 2.3 × 10−7 s−1 at 9 K.11 This
agreement provides an indication that the computed rate
constants for the ring expansion reactions of 1b and 1d below
20 K are also likely to be reasonably accurate.
Below 20 K, the calculated half-time for ring expansion of

fluorocarbene 1b→2b is 3 × 107 years. Therefore, it seems safe
to predict that, in experiments carried out at cryogenic
temperatures, rearrangement of 1b→2b is highly unlikely to
be observed within the lifetime of any experimentalist.24

The B3LYP/6-31G(d) rate constant for ring expansion of
methylcarbene 1d to 2d, by tunneling from the lowest
vibrational energy level, is calculated to be k = 8.9 × 10−4 s−1

[1.6 × 10−3 s−1 with the 6-31G(d,p) basis set], which is ca. 103

faster than the rate constant for chlorocarbene 1c→2c.25

Whether or not this prediction can be tested experimentally
depends on the relative rate of the competing 1,2-hydrogen
shift in 1d to form 3d.
As shown in Figure 2, there are actually two low-energy

conformations of carbene 1d, with conformation 1dA calculated

to be lower in energy than conformation 1dB by 0.2 kcal/mol.
From conformation 1dA, both ring expansion to form 2-
methyladamantene (2d) and hydrogen shift to form 1-vinyl-
adamantane (3d) can occur easily, because the unoccupied 2p
atomic orbital on the carbene carbon is properly aligned with
both the strained noradamantyl C−C bond and one C−H
bond of the methyl group.
Although 1,2-hydrogen shifts in carbenes are usually faster

than 1,2-alkyl migrations, the 1,2-alkyl migration that leads to
ring expansion of 1dA to 2d results in significant amounts of
strain relief. Consequently, without inclusion of the effects of
tunneling, at 300 K the CVT value of Ea = 5.4 kcal/mol that is
calculated for ring expansion of 1d to 2d with the 6-31G(d,p)
basis set is actually lower than the CVT value of Ea = 8.6 kcal/
mol that is calculated for the 1,2-hydrogen migration that
converts 1d to 3d.
However, the rate of rearrangement of carbene 1dA by

tunneling should be very sensitive to the mass of the migrating
group,12 which is carbon in the case of the ring expansion to 2d
and hydrogen in the case of the 1,2-shift that leads to formation
of 3d. In fact, despite the higher CVT barrier height for the
rearrangement of 1dA to 3d, at T ≤ 20 K, tunneling is predicted
to result in a rate constant for rearrangement of 1dA to 3d of k
= 1.9 × 105 s−1,18 which is ca. 108 faster than the calculated rate
constant of k = 1.6 × 10−3 s−1 for ring expansion of 1dA to 2d at
T ≤ 20 K.
Even at room temperature, the 1,2-hydrogen shift that forms

3d from 1dA is calculated to proceed mostly by (vibrationally
activated) tunneling. However, with inclusion of tunneling, the
calculated rate constant of k = 2.3 × 107 s−1 at 300 K is only
about 5 times faster than the CVT rate constant for 1,2-
hydrogen shift by passage over the reaction barrier.
Consequently, the 3.2 kcal/mol lower CVT barrier height for
ring expansion of 1dA than for 1,2-hydrogen shift makes the
CVT + SCT rate constant of k = 5.1 × 108 s−1 for ring
expansion of 1dA to 2d at 300 K about a factor of 20 faster than
the rate constant for 1,2-hydrogen shift to form 3d.

Figure 2. Calculated rate constants (in s−1) for the reactions of the
two conformers, 1dA and 1dB, at T = 300 K and T = 10 K.
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In the higher energy conformation of 1d (1dB), the empty 2p
atomic orbital on the carbene carbon is aligned with a C−H
bond and with one of the less strained C−C bonds of the
noradamantyl skeleton. Therefore, like 1dA, 1dB can undergo
hydrogen shift to form 3d, but ring expansion from 1dB leads to
4-methyltricyclo[4.3.1.03,8]dec-3(4)-ene (4d), rather than to 2-
methylnoradamantene (2d).
B3LYP/6-31G(d,p) calculations find 4d to be lower in

energy than 2d by 13.3 kcal/mol. However, these calculations
also find that the CVT transition structure (TS) leading to 4d is
6.5 kcal/mol higher in energy than the TS leading to 2d.26 That
is why, as shown in Figure 2, the rate constants calculated for
ring expansion of 1dB to 4d are much smaller than those for
ring expansion of 1dA to 2d at both 300 and 10 K.
Figure 2 also gives the rate constants computed for the

interconversion of conformations 1dA and 1dB. B3LYP/6-
31g(d,p) calculations predict that conformation 1dA is 0.2 kcal/
mol lower in energy than conformation 1dB and that they are
separated by a barrier of only 1.5 kcal/mol on going from 1dB
to 1dA. Therefore, the rate constant for forming 1dA from 1dB,
by rotating about the C−C bond connecting the noradamantyl
group to the carbene carbon, is computed to be fast at 300 K, k
= 2.4 × 1011 s−1. Since the equilibrium constant at 300 K is
calculated to be K = 1.4, the rate of the reverse reaction is also
computed to be very fast, with a calculated rate constant of k =
1.7 × 1011 s−1.
However, the situation is predicted to be very different at

cryogenic temperatures. Although the height of the barrier
separating 1dA from 1dB is calculated to be only 1.5 kcal/mol,
at cryogenic temperatures 1dB must tunnel through this barrier,
rather than pass over it, in order to reach 1dA. The required
rotation about the C−C bond connecting the noradamantyl
group to the carbene carbon involves movement of the methyl
group through an angle of 64°. Consequently, the barrier is
wide, and the wide barrier, combined with the large mass of the
methyl group that must tunnel through it,12 leads to a very
small computed rate constant of k = 3.0 × 10−7 s−1 for 1dB→
1dA at T ≤ 10 K.27

As shown in Figure 2, the 1,2-hydrogen shift to form 3-
vinylnoradamantane (3d) is calculated to be fast at 10 K from
both conformations 1dA and 1dB. Therefore, the slow
interconversion of these two conformations at 10 K should
have no effect on the composition of the product formed from
1d. However, the slow rate of interconversion, predicted for
these two conformers of 1d, suggests that in other reactions run
at cryogenic temperatures, rotation from an unreactive to a
reactive conformation could be the rate-determining step in a
rearrangement.
We believe that the most interesting of the results

summarized in Figure 2 is the prediction that tunneling control
will result in a dramatic change in the preferred pathway for
rearrangement of carbene 1d, from ring expansion at 300 K to
1,2-hydrogen shift at 10 K.28 The difference between the
masses of the migrating groups in these two competing
reactions of 1d is predicted to result in an increase of ca. 109 in
the ratio of the rate constants for formation of 3d and 2d, when
1d rearranges by tunneling through each of these reaction
barriers at T ≤ 20 K. This huge, predicted change in the ratio of
rate constants for formation of 3d and 2d is apparent in the
Arrhenius plots for these two reactions of 1d in Figure 3.
Substituting the three deuteriums in 1e for the three

hydrogens in 1d is computed to reduce the rate constant for
1,2-shift at T ≤ 20 K by a factor of about 103 for both of the

low-energy conformations of 1d. In contrast, the rate of ring
expansion of 1e is actually calculated to be faster than in 1d
giving a calculated inverse H/D kinetic isotope effect (KIE) of
0.92. Nevertheless, the rate constant for the formation by
tunneling of 3e is still predicted to be higher than that of
formation of 2e by a factor of ca. 105. Therefore, tunneling
control should be found in the products formed by rearrange-
ment of both 1d and 1e at cryogenic temperatures.
In summary, our calculations make the following exper-

imentally testable predictions: (a) Fluorocarbene 1b should be
kinetically stable to ring expansion to 2-fluoroadamantene (2b)
at cryogenic temperatures, where chlorocarbene 1c undergoes
ring expansion to 2-chloroadamantene (2c). (b) At room
temperature, the ring expansion of methylcarbene 1d to 2d
should be about a factor of 10−20 faster than the 1,2-hydrogen
shift that forms 3d. (c) In contrast, at cryogenic temperatures,
where both reactions proceed by tunneling, the lighter mass of
hydrogen, compared to carbon, should make formation of 3d
much faster than that of 2d. (d) At cryogenic temperatures,
substitution of the deuteriums in the methyl group of 1e for the
hydrogens in the methyl group of 1d should make the rate of
formation of 3e by tunneling a factor of ca. 103 slower than the
rate of formation of 3d. (e) However, despite the large KIE
predicted for formation of 3e by tunneling, the preferred
product formed from 1e under cryogenic conditions should still
be 3e, rather than 2e.
We very much hope that some or all of these predictions will

be tested by experiments.29,30
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