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From the results of quasiclassical trajectory simulations, we
have recently suggested that thermally generated reactive inter-
mediates, such as singlet biradicals, can exhibit bimodal lifetime
distributions.1 The situation is shown schematically in the graph
of Figure 1. The short-lived component of such a distribution
arises from direct reactive trajectories that do not randomize the
internal energy of the “intermediate” prior to product formation.2

The longer-lived component arises from trajectories that fail to
form products on the first pass through the intermediate region
of the potential energy surface (PES) and then become trapped
in that region for some time, before eventually exiting to products.
We have assumed that this latter set would lead to randomization
of internal energy prior to product formation and would therefore
be adequately described by statistical kinetic models such as
transition state theory.1 The direct trajectories are of potential
mechanistic significance because the simulations suggest that they
can mimic behavior expected for a concerted reactionsi.e., a
process occurring on a part of the PES where there is no local
minimum corresponding to an intermediate.3 In particular, the
direct trajectories can lead to product ratios that fail to conform
to the symmetry of the PES.3 It becomes important, therefore,
to distinguish when a reaction really is occurring by competitive
mechanisms that explore different parts of the PES and when it
occurs with coexistence of nonstatistical and statistical dynamic
populations of a common “intermediate.” This paper describes
an experimental technique that we believe may allow such a
distinction to be drawn.
The strategy behind the experiment is to try to intercept the

putative direct trajectories by collision of the “intermediate” with
a chemically unreactive partner. For a direct trajectory, redis-
tribution of internal energy as a result of the collision would
correspond to a deflection from the ballistic path to product and
might convert it into a trapped, presumably statistical, trajectory.
This should result in a change in the product ratio. The situation
can be modeled kinetically as shown in the lower left of Figure
1. In this scheme, the PES is assumed to possess an effective
symmetry element such that statistical trajectories will lead to
the two products,P andQ, with equal probability. The direct
trajectories are assumed to give only one product (in this case
P), for reasons discussed previously.3 The phenomenological rate
constants,kP andkQ, for formation ofP andQ from A can be
related to the microscopic rate constants of the mechanistic scheme
by applying the usual steady-state approximation to the biradical
populationsN andS. The result is eq 1. As expected, the ratio
of phenomenological rate constants depends on the collision
frequency,kC, on the fraction of trajectories that are nonstatistical,

fN, and on the rate constant,kN, with which the nonstatistical
population proceeds on to its product.

To intercept the direct trajectories, it is obvious thatkC has to
be of a magnitude similar to that ofkN. Our simulations on
various biradical species have given values for the average lifetime
of the nonstatistical populations (τN ) kN-1) of 100-300 fs.1,3

That means one needs collision frequencies ranging from 1012 to
1013 s-1. Such high collision frequencies are not easily attained
in the gas phase, but are accessible in supercritical fluids.4 In
such a medium, the density, and hence effective collision
frequency, can be adjusted over a wide range by changing the
pressure.4,5 As shown by eq 1, the dynamic model leads one to
expect that the product ratio should approach unity as the pressure,
and hence collision frequency, increases. This expectation stands
in contrast to that from the competitive-mechanisms model, as
illustrated by consideration of the specific reaction studied in the
present work.
Azo compound1 has long been known to give the stereoiso-

meric biyclopentanes2x and 2n in a ratio that favors the exo
isomer by about 3:1 in the gas phase.6 Correction for intercon-
version of the products during the reaction allows one to derive
the intrinsic ratio (kP/kQ), which turns out to be constant at 4.7(
0.9:1 over a temperature range of 130-180°C.7 One mechanism
for explaining the preferential formation of2xwould be to invoke
a concerted C-C bond formation and C-N bond cleavage from
the biradical3, which is now generally agreed to be the first-
formed intermediate.8 If this concerted reaction occurred with
inversion of configuration at the carbon from which N2 was
departing, the result would indeed be to give2x.6 To explain
the source of2n, one might invoke a competitive process in which
C-N bond cleavage occurred prior to C-C bond formation,
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affording cyclopentane-1,3-diyl, which could give both stereo-
isomers of the bicyclopentane.
An alternative explanation for the stereochemistry has arisen

from a combination of experiments7 and molecular dynamics
simulations7,9 on the reaction. In this mechanism, cleavage of
the second C-N bond always precedes formation of the C-C
bond. Some fraction (fN) of the population of the resulting
cyclopentane-1,3-diyl closes to product2x before it has had time
to randomize its internal energy. The preference for formation
of 2x over2n in such a picture can be ascribed to better dynamic
matching3 between the entrance channel to cyclopentane-1,3-diyl
and the exit channel for inversion.7

As described above, the dynamic model leads one to expect
thatkP/kQ should decrease with increasing pressure, if the reaction
were run in a supercritical fluid. By contrast, one might expect
the product ratio toincreasewith increasing pressure from the
competitive-mechanisms model. This is because the only influ-
ence from change in pressure that one might expect in the latter
model would arise from differences in activation volume for the
two pathways. It is well-known that activation volumes for
uncharged systems are related to numbers of bonds being made
and broken in the rate-limiting transition structure.10,11 By this
criterion, the activation volume for the putative concerted pathway
should be smaller than that for the stepwise one; thus, the former
should be favored at higher pressure, leading to an increase of
kP/kQ (although it should be noted that the range of pressures
explored here is smaller than that used in studies where such
effects have been detected10). This difference in expected
outcomes from the two models is not specific to the reaction
studied here. It is generally true that the dynamic model leads
to predictions of lower product ratios with increasing pressure
whereas the competitive-mechanisms model predicts the opposite
(at least for the common situation in which the mechanisms in
competition are stepwise and concerted versions of the same
transformation).
The experimental results are shown in Figure 2. The lines

through the data points correspond to best fits of an isolated-
binary collision (IBC) model12,13 and of a Troe-type model in

which the collision frequency in the supercritical propane scales
as the inverse of the self-diffusion coefficient.12,14 It is clear that
the ratio of phenomenological rate constants decreases with
increasing pressure, as expected for the dynamic model. The data
smoothly interpolate between previously determined gas-phase
and solution-phase values ofkP/kQ.7 Furthermore the best-fit
values of the adjustable parameters for the IBC and Troe models
seem physically reasonable.12,15 Of special interest are the fraction
(fN) of reactions occurring via direct, nonstatistical trajectories,
which turned out to be 0.67 for both models, and the lifetime
(τN ) kN-1) of the nonstatistical population which was found to
be 130( 22 fs by the IBC model and 103( 13 fs by the Troe
model.15

Also shown in Figure 2 are results for a control reaction in
which the products really do come from two competitive
mechanisms. The competitive pathways for the control are both
believed to be concerted reactions,16 and in accord with that, one
sees little dependence of product ratio on pressure in the region
where the reactant is miscible with the supercritical fluid (above
about 40 bar).17

It appears that the study of reactions in supercritical media may
be of general value for distinguishing dynamically controlled
reactions from those occurring by genuinely different mechanisms.
In the cases where the former appears to be the better description,
such studies can also afford values for critical parameters that
can be compared with simulation results.
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propane under all conditions because it is in the vapor phase, as shown by
the following data. We have determined the vapor pressure for1 as a function
of temperature. It is given by logP (Torr) ) -1796.6/T + 7.746. Assuming
ideal-gas behavior, this equation suggests that up to 1.8 mmol of azo compound
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Figure 2. Curves through the azo compound data are from the IBC model
(solid line) and the Troe model (dashed line).
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