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Abstract: Variational transition state theory has been used to calculate the kinetic isotope effects affecting
product ratios in the reaction between 1O2 and d6-tetramethylethylene. The minimum energy path on the
potential energy surface for this process reaches a valley-ridge inflection point and then bifurcates leading
to the two final products. Using canonical variational transition state theory, two distinct dynamical bottlenecks
were located corresponding to the H- and the D-abstraction, respectively. The calculated KIE at 263 K
turns out to be 1.126. Analogously, a H/T KIE of 1.17 at the same temperature has been found for the
reaction of 1O2 with the tritiated derivative of tetramethylethylene.

Introduction

Transition-state theory and, in particular, its generalization,
variational transition state theory (VTST)1 have proved to be
accurate practical methods for calculating thermal reaction rate
constants.2 The essence of this theory is that it is based on the
local dynamics at the dynamical bottleneck. In its canonical
version, VTST places that bottleneck at the dividing surface
between reactants and products which maximizes the generalized
activation free energy. Recently, several authors3-6 have claimed
that transition-state theory is unable to interpret the experimental
kinetic selectivity in product formation when the minimum-
energy path (MEP) contains a valley-ridge inflection point
(VRI)7-19 after the rate-limiting transition state of the global

reaction (that is, in the energy descending region of the potential
energy surface (PES) from the rate -limiting transition state to
the different products). Their argument was very clear. If there
is neither enthalpic nor entropic barriers along the alternative
branching pathways that lead to the different products, transition-
state theory simply does not apply. Then, the branching ratio
of the products must be decided by dynamic effects, outside of
the realm of transition-state theory.

A specially challenging, subtle chemical problem in that field
is the H/D kinetic isotope effect (KIE) on the ene reaction of
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singlet (1∆g) oxygen (1O2) with tetramethylethylene affecting
the product ratios. In effect, a significant KIE was experimen-
tally20 observed on the product distribution (2 versus3) in the
addition of1O2 to the stereoisomericallyd6-labeled tetrameth-
ylethylene1. In the final products, one oxygen atom becomes
bonded to one of the carbon atoms supporting the double bond
in 1, while the other oxygen atom abstracts either a hydrogen
or a deuterium atom from a-CH3 or a -CD3 group,
respectively, attached to the other carbon atom of the double
bond, leading to2 or 3, with rate constantskH or kD. kH/kD turns
out to be 1.4. Very recently, CCSD(T)/6-31G* single-point
energy calculations on a grid of B3LYP/6-31G* geometries were
carried out by Singleton et al.3,4 showing that the MEP for the
perprotio reaction involves two adjacent saddle points without
an intervening intermediate. The first one is a relatively early
Cs-symmetric rate-limiting transition-state structure (TS1) for
the attack of1O2 to the ethylene. At this saddle point, the
hydrogen abstraction has not yet started. The second one (TS2),
alsoCs-symmetric, is a perepoxide-like structure.TS2 is actually
a transition-state structure that corresponds to the interconversion
of the two products2 and3. The MEP connectsTS1 andTS2
but becomes unstable in-between, when theVRI is reached.
At the VRI , the frequency corresponding to a generalized
normal mode orthogonal to the MEP goes to zero, marking the
place where a valley turns into a ridge, indicating possible
branching of the PES. SinceTS1 is previous to the branching,
andTS2 has no enthalpic or entropic barrier for its decomposi-
tion, Singleton et al.4 claim that selectivity in the area of the
VRI cannot be analyzed using transition-state theory. Instead,
in an accompanying paper, Singleton et al.3 have performed
quasiclassical direct dynamics calculations on the B3LYP/6-
31G* PES of1. The trajectories were started in a region between
TS1 and the VRI , centered on the MEP with both O-C
distances of 1.95 Å. The trajectories were initialized in two
ways: at 0 K, giving each mode in total only its zero-point
energy with a random sign for its initial velocity, or at 263 K,
using a Boltzmann sampling of vibrational levels along with a
Boltzmann sampling of translational energy for theCs-symmetric
approach of the O2 toward the olefinic carbons. Out of 183 runs
at 0 K, with 95% confidence, the simulation’s nominalkH/kD

of 2.1 was between 1.3 and 3.4. The selectivity was lower for
the higher temperature 263 K simulation after 257 runs, which
gave a nominalkH/kD of 1.38 with a standard deviation of 0.17.
From those results, the authors have concluded that this
selectivity is a new form of KIE, dynamical in origin, unrelated
to the usual effect of zero-point energies on barriers.

The purpose of the present work is to show that, using
variational transition state theory in a convenient way, distinct
dynamical bottlenecks leading to each particular product can
be located in a reaction including a VRI with no additional
dynamic calculations being required to predict successfully the
experimental product distributions. To this aim, as a challenging
example, we have applied VTST to determine the intramolecular
KIEs affecting product branching in the reaction of singlet
oxygen withd6-tetramethyethylene1 and with the corresponding
tritiated derivative.

Details of the Electronic Structure Calculations.For the
sake of comparison between the VTST results of this paper and

the quasiclassical simulation by Singleton et al.,3 we have just
used their own electronic level of calculation.The PES obtained
by Singleton et al.4 by means of CCSD(T)/ 6-31G* single-point
energy calculations on a grid of B3LYP/6-31G* is qualitatively
shown in Figure 1. In this figure, we have marked the relevant
points mentioned in the Introduction. Anyway, the quasiclassical
direct dynamics calculations by Singleton et al.3 have been
carried out on a B3LYP/6-31G* PES. Then, the VTST calcula-
tions in this paper also correspond to that B3LYP/6-31G* PES.
This PES overestimates the energy of1O2 but closely models
the CCSD(T)/6-31G* PES as the1O2 draws close (O1-C1 or
O1-C2 < 2.3 Å) to the ethylene.3,4 Unfortunately,TS1 is an
early transition state structure in the CCSD(T)/6-31G*//B3LYP/
6-31G* PES (O1C1 ) O1C2 ) 2.38 Å) but does not exist as an
actual saddle point in the B3LYP/6-31G* PES because of the
bad description of the isolated1O2. In this paper, we will refer
to the TS1 in the B3LYP/6-31G* PES as a structure with a
geometry corresponding to the CCSD(T)/6-31G*//B3LYP/
6-31G* TS1 and an energy calculated at the B3LYP/6-31G*
level at that geometry. As a matter of fact, thisTS1 would be
needed to calculate the global rate constant of the reaction, but,
as shown below, it is not explicitly required to determine the
branching ratio of the products.

To locate the B3LYP/6-31G*VRI point, we have analyzed
the vibrational frequencies of the normal modes perpendicular
to the MEP. For this purpose, the Page-McIver algorithm21

has been used to compute the MEP fromTS1 and by stepping
down in the direction of the gradient with a step size ofδs )
0.015 au (wheres denotes the distance along the MEP in an
isoinertial mass-scaled Cartesian coordinate system with a
scaling mass equal to 1 amu). As expected, the MEP preserves
theCs symmetry. The step size has been reduced toδs) 0.0075
au from a structure with O1-C1 and O1-C2 distances of 1.95
Å. In this region of the MEP, the force constant matrix in mass-
scaled Cartesian coordinates has been evaluated at each step
and a projector has been used to project the direction along the
reaction path as well as overall rotations and translations out
of the space associated with the nonzero eigenvalues.22 The
diagonalization of the projected force constant matrix showed
that the lowest harmonic vibrational frequency corresponding
to a normal mode perpendicular to the MEP goes to nearly zero
(its actual value is of 5i cm-1) at a structure with the O1-C1

and O1-C2 distances equal to 1.902 Å. This point can be
identified as theVRI , where the valley relative to that orthogonal
mode becomes a ridge. ThisVRI structure lies 2.81 kcal/mol
belowTS1and only 1.0 kcal/mol above theTS2structure (O1-

(20) (a) Grdina, B.; Orfanopoulos, M.; Stephenson, L. M.J. Am. Chem. Soc.
1979, 101, 3112. (b) Orfanopoulos, M.; Smonou, I.; Foote, C. S.J. Am.
Chem. Soc.1990, 112, 3607.
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(22) Miller, W. H.; Handy, N. C.; Adams, J. E.J. Chem. Phys. 1980, 72, 99.

Figure 1. Qualitative potential energy surface.
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C1 ) O1-C2 ) 1.67 Å). Following the gradient, the MEP
remains on the ridge of the PES until the system reaches the
saddle point structureTS2 where the direction associated with
the orthogonal imaginary frequency normal mode corresponds
to the conversion of the two final products (2 and3) into each
other. All these calculations of the PES for the1O2 +
d6-tetramethylethylene reaction were carried out with GAUSS-
RATE9.0 package,23 which is an interface linking POLY-
RATE9.024 and GAUSSIAN98.25

Results and Discussion

In this section, we will present the main results of the paper
along with a discussion of the dynamical methods we have used.

From theVRI geometry on the MEP, the two reaction paths
leading to the isotope-labeled products (2 and3) were initiated
by stepping down in the direction of the normalized imaginary
frequency eigenvector which is associated with the breaking of
theCs-symmetry of the MEP. At this point, a small modification
of the GAUSSRATE9.0 code was necessary to force the system
to follow the two bifurcating reaction paths. Concretely, to
define the initial step at theVRI on the direction of those two
bifurcating reaction paths, we only needed to substitute in the
code of normalized gradient vector at theVRI by the above-
mentioned normalized eigenvector associated with the breaking
of the Cs-symmetry.

After the initial step, the Page-McIver algorithm was used
again with a gradient step size ofδs ) 0.05 au to describe the
bifurcating reaction paths all the way down to the final products.
At every gradient step size, the projected force constant matrix
was also computed. The generalized vibrational frequencies and
the generalized normal modes orthogonal to the reaction path
were obtained by diagonalization of those projected force
constant matrixes using again mass-scaled Cartesian coordinates
within the harmonic approximation. From those frequencies,
the harmonic zero-point energy correction at each step along
the path can be calculated. The interpolated variational transition
state theory by mapping (IVTST-M)26 was then used to
interpolate the information along the bifurcating reaction paths
to obtain the adiabatic ground-state potential energy curve at
each side of theVRI as a function ofs (the adiabatic energy
includes classical potential energy and zero-point energy
contributions). Neither the H-abstraction path leading to2 nor
the D-abstraction path leading to3 present an adiabatic potential
energy barrier.

Accordingly to VTST, we define a sequence of generalized
transition states corresponding to the reaction coordinate as
dividing surfaces which are orthogonal to the reaction path
intersecting it at a particular value ofs.The partition functions
at reactants and at the generalized transition states are evaluated
as products of the electronic, vibrational, and rotational partition
functions and for bimolecular reactions, as in this case, a relative
translational partition function per unit volume. For the elec-
tronic and vibrational partition functions, we use quantum
expressions including only the ground-state electronic contribu-
tion whereas the translational and rotational partition functions
are evaluated classically. The vibrational partition function is
obtained as a product of the contributions corresponding to each
individual normal mode. In absence of tunneling, the generalized
rate constant corresponding to the dividing surface intersecting
at s is defined as

where T is the temperature,σ is the symmetry factor,kB is
Boltzmann’s constant,h is Planck’s constant,V(s) is the classical
potential energy ats with zero of energy at the overall classical
energy of reactants,QR(T) is the reactant partition function per
unit volume again with zero of energy at reactants, and
QGT(T,s) is the generalized transition-state partition function with
zero of energy atV(s) and excluding the reaction coordinate.
For all the partition functions, the rotational symmetry numbers
are removed, as they are included inσ. The location of the
canonical variational transition state (CVT) is then determined
by

which is equivalent to maximize with respect tos the generalized
free energy of activation defined as

whereK° is the reaction quotient evaluated at the standard state,
the free energy is calculated in kcal/mol, and the standard state,
as usual in VTST, is 1 molecule cm-3.

The first step from theVRI along the eigenvector associated
with the imaginary frequency (orthogonal to the MEP) leads to
a point very close to theVRI . At that point, once the
Cs-symmetry has been already broken, the gradient is almost
parallel to the gradient at theVRI (the angle between them is
just 0.55°). In other words, after the first orthogonal step to the
MEP, both bifurcating reaction paths are initially almost parallel
to theTS1 to TS2 MEP, although they progressively diverge
from it as the reaction progresses toward the respective final
products (2 or 3). Then, during a range of values ofs (about
1.9 au) from theVRI geometry, one of the frequencies is
imaginary (its associated eigenvector still has an important
component orthogonal to the original ridge) along each bifurcat-
ing path. In this region of the bifurcating path, the harmonic
oscillator treatment cannot be used to calculate the vibrational
partition function of the corresponding normal mode.

Normally, when the reaction path lies along the bottom of a
valley, each one-dimensional potential energy profile orthogonal

(23) Corchado, J. C.; Chuang, Y.-Y.; Coitin˜o, E. L.; Truhlar, D. G.Gaussrate
9.0; University of Minnesota: Minneapolis, MN, 2002 (http://comp.che-
m.umn.edu/polyrate).
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B. J.; Rossi, I.; Coitin˜o, E. L.; Fernandez Ramos, A.; Pu, J.; Albu, T. V.;
Steckler, R.; Garrett, B. C.; Isaacson, A. D.; Truhlar, D. G.POLYRATE
9.0; University of Minnesota: Minneapolis, MN, 2002.
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to the path ats can be considered to be parabolic (see Figure
2a), its classical potential energy minimum being located at the
reaction path (with a potential energy equal toV(s)) in such a
way that the harmonic treatment is applied (although some
anharmonicity corrections can be used in some cases). Indeed,
each vibrational energy level contributes with a positive energy
(recall that the origin of energies isV(s)) to the exponentsEi

which appear in the sum which defines the vibrational partition
function of the corresponding normal mode:

Then,q turns out to be smaller than 1, diminishing the value of
QGT(T, s) and giving a positive contribution to the generalized
activation free energy in eq 3.

The scenario is very different when the reaction path is in a
ridge.27 We will focus now on our two bifurcating reaction paths.
As mentioned above, they are built following the gradient. So,
along the directions orthogonal to the path, the first derivative
is zero. The projected force constant matrix provides the
generalized vibrational frequencies and the generalized normal
modes orthogonal to the reaction path. If one of those frequen-
cies is imaginary, the reaction path is in a ridge. Then, the one-
dimensional potential energy profile atsalong the corresponding
generalized normal mode is rather a double well (see Figure
2b), with its classical potential energy maximum being located
at the reaction path. Even in absence of symmetry, this is so
because along this direction the first and second derivatives are,
respectively, zero and negative. In this case, the corresponding
vibrational energy levels, if needed, could be found by solving
in some way the nuclear Schro¨dinger equation associated with
that one-dimensional potential energy profile.27a Indeed, those
vibrational levels contribute with a negative energy to the
exponentsEi in eq 4, so leading to a big value (.1) of the
vibrational partition functionq of the normal mode and, as a
consequence, giving an important negative contribution to the
generalized activation free energy in eq 3. The effect grows
with the depth of the two lateral wells. This is what occurs along
an arc length of about 1.9 au from theVRI for the two
bifurcating paths. This region will include a generalized
activation free-energy minimum. The dynamical bottleneck
associated with a generalized activation free-energy maximum
appears beyond that region, when each bifurcating reaction path
has reached its corresponding valley.

At this point, the picture of the overall reaction can be
described as follows in terms of the generalized free energy of
activation as a function ofs (see the schematic diagram shown
in Figure 3). A first dynamical bottleneck exists (a maximum
of ∆GGT,o) near the rate-limiting transition-state structureTS1
on the MEP. Once on each bifurcating reaction path, after the
VRI , a quite deep minimum of∆GGT,o (M2 or M3, respectively)
appears, followed by the corresponding second dynamical
bottleneck (a second maximum of∆GGT,o, TSB2 or TSB3,
respectively). At last, the final product (2 or 3, respectively) is
formed.

Since there are several bottlenecks and two competitive
bifurcating reaction paths, we have used a generalization of the
competitive canonical unified statistical (CCUS) model. LetkTS1,
kTSB2, andkTSB3be the rate constants corresponding to theTS1,
TSB2, andTSB3 bottlenecks, respectively. LetkM2 andkM3 be
the one-way flux rate constants evaluated at the dividing surfaces
M2 andM3, respectively. Then, the expression of the overall
CCUS28 rate constantkCCUS is obtained by straightforward
application of the well-known procedures for combining fluxes
in parallel and series, which yields

with

The individual rate constants leading to products2 and 3,
respectively, are given by

According to the CUS theory,29-31 all the rate constants are
calculated with respect to the same reactants. Therefore,QR(T)
is the same in all cases. As stated in the Introduction, the aim
of this paper is to show that VTST is able to determine the
branching ratio (in the present case, the KIE) of the products
even taking into account the existence of a VRI. On the other

(27) (a) Garrett, B. C.; Truhlar, D. G.; Wagner, A. F.; Dunning, T. H., Jr.J.
Chem. Phys.1983, 78, 4400. (b) Miller, W. H.J. Phys. Chem.1983, 87,
3811.

(28) Hu, W.-P.; Truhlar, D. G.J. Am. Chem. Soc.1996, 118, 860.
(29) Miller, W. H. J. Chem. Phys.1976, 65, 2216.
(30) Garrett, B. C.; Truhlar, D. G.J. Chem. Phys.1982, 76, 1853.
(31) Hu, W.-P.; Truhlar, D. G.J. Am. Chem. Soc.1995, 117, 10726.

Figure 2. One-dimensional potential energy profile orthogonal to the path,
when the reaction path (thick line) lies along the bottom of a valley (a) or
along a ridge (b).

q ) ∑
i

e-(Ei/kBT) (4)

Figure 3. Schematic diagram showing the generalized activation free energy
as a function ofs.
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hand, theVRI structure lies 35.68 kcal/mol above the final
products2 and 3 in terms of classical potential energy. This
indicates that the fall in energy from the ridge is huge, leading
to a very deep minima of∆GGT,o and to very high fluxes at
M2 andM3. Then, as usual in CUS calculations,28-31 the terms
(1/kM2) and (1/kM3) in eqs 6 and 7 can be neglected, in such a
way that, finally, the branching ratio (i.e., the KIE in this case)
is given by

In other words, here the KIE can be calculated from the ratio
between the two rate constants corresponding to the dynamical
bottlenecks that appear in each bifurcating reaction path. This
fact avoids in this case the explicit calculation of the double-
well vibrational levels corresponding to the zone of the ridge.

In Table 1, the canonical variational transition state free-
energy barriers (∆GCVT,o(T) ) ∆GGT,o(T, sCVT(T)) with respect
to the separated reactants are given as a function of temperature
for the H-abstraction and the D-abstraction bifurcating reaction
paths.

From the figures in Table 1, it can be observed that by using
VTST, two distinct dynamical bottlenecks leading to each
particular product (2 or 3) can be located at any temperature.
Let us analyze, for instance, the bottleneks at 150 K. At this
temperature,TSB2 and TSB3 appear ats values of 2.826 au
and 2.674 au, respectively, measured from theVRI along each
bifurcating reaction path. In terms of classical potential energy,
TSB2 andTSB3 at 150 K are 3.871 and 3.884 kcal/mol below
TS1. The geometries of the corresponding points of the
bifurcating paths are shown in Figure 4. Both structures are
clearly away from theCs-symmetry preserved along theTS1
to TS2MEP. In the structure associated withTSB2, which will
lead to the final product2, the O1 atom is clearly closer to the
C2 atom than to the C1 atom, while the O2 atom is already
approaching a hydrogen atom of a-CH3 group. Conversely,
in the structure associated withTSB3, which will lead to the
final product3, the O1 atom is clearly closer to the C1 atom
than to the C2 atom, while the O2 atom is already initiating the
abstraction of a deuterium atom of a-CD3 group.

A normal (bigger than 1) KIE is obtained at all the studied
temperatures. The free-energy differences at each temperature
between the H-abstraction and the D-abstraction bottlenecks
(shown in the fourth column of Table 1) are mainly due to the
zero-point energy differences of the two canonical variational
transition states. For instance, the free-energy difference between
the two free-energy maxima at 150 K is 0.056 kcal/mol and
the corresponding adiabatic potential energy difference is 0.065

kcal/mol. The main reasons for this difference are the C-H
generalized normal mode of lowest frequency and the C-D
generalized normal mode of lowest frequency (see the evolution
of frequencies along the bifurcating reaction paths in Table S1).
As expected, they correspond to the hydrogen and the deuterium
atoms, respectively, closest to the O2 atom (see Figure 4). It
can also be observed that the free-energy difference between
the H-abstraction and D-abstraction free-energy barriers slightly
increases as temperature goes up because the canonical varia-
tional transition states slightly move toward products where the
adiabatic potential energy difference takes a value of 0.15 kcal/
mol. In contrast, the KIE decreases as temperature increases
because the change in the free-energy differences between H-
and D-bottlenecks is rather small compared to the change of
temperature. The most important fact here is that these normal
KIEs, calculated by using VTST, show the practical capability
of this theory for discerning between the two branching reaction
paths of the1O2 + d6-tetramethylethylene chemical process. The
difference with the experimental value of 1.4 at 263 K can be
attributed to the fact that the B3LYP/6-31G* PES (used in this
paper to compare with the quasiclassical direct dynamics
calculations by Singleton at al.3) is not accurate enough (in terms
of potential energies and frequencies) to provide quantitative
results.

In addition, even though to our knowledge there are no
experimental results for the reaction of1O2 with the tritiated
derivative of tetramethylethylene (i.e., the six deuterium atoms
in reactant1 having been substituted by 6 tritium atoms), we
have analogously repeated all the calculations for the heavier
isotope. The results are presented in Table 2. As expected, the
normal KIES (kH/kT ) are bigger than the correspondingkH/kD

values. However, the trends with temperature of the different
magnitudes presented in Table 2 are similar to the ones observed
for the deuterated reaction.

At this point, the reason of why the bifurcating reaction paths
start at theVRI has to be discussed. VTST requires to build up

Table 1. Canonical Variational Transition State Free-Energy
Barriers (in kcal/mol) for the H- and D-Abstraction Bifurcating
Reaction Paths, Difference between Them, and Intramolecular
Kinetic Isotope Effects as a Function of Temperature (in K)a

T ∆GH
CVT,o ∆GD

CVT,o ∆∆GCVT,o
D-H kH/kD

150 4.777 4.833 0.056 1.207
200 11.372 11.431 0.059 1.160
263 19.698 19.760 0.062 1.126
300 24.586 24.649 0.063 1.111
400 37.765 37.831 0.066 1.087
500 50.888 50.955 0.067 1.070

a The standard state is 1 molecule cm-3.

Figure 4. Geometries of the structures corresponding to the dynamical
bottlenecksTSB2 andTSB3. Distances are given in Å.
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k3
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a continuous set of trial nonintersecting dividing surfaces
separating reactants and products along the reaction path. In
practice, just a discrete subset of them, built up as hyperplanes
orthogonal to the reaction path (unless the RODS method32,33

is applied), is used for the calculations. According to that, it is
not possible to construct a set of suitable dividing surfaces from
TS1 to TS2 along the MEP and then fromTS2 to 2 and3 for
several reasons. The dividing surfaces along the MEP would
be orthogonal to it, whereas the dividing surface atTS2 would
be orthogonal to the transition vector at this saddle point. As a
consequence, the dividing surface atTS2 would be orthogonal
to the precedent dividing surfaces along theTS1 to TS2 MEP.
This would produce un unrealistic sudden discontinuity in the
results of the calculations, and indeed the hyperplane dividing
surface atTS2 would intersect the precedent ones. In addition,
the dividing surfaces atTS2and along theTS2 to 2 (or 3) MEP
do not separate the reactants from products, but2 from 3 (that
is, as stated above,TS2 is a transition-state structure corre-
sponding just to the interconversion of the final products2 and
3). Then, we agree with Singleton at al.3,4 if what they are stating
is that VTST cannot be applied in this reaction using a reaction
path passing throughTS2. The novelty of the present paper is
that we show that VTST can be applied along a suitable reaction
path which bifurcates beforeTS2, leading to reasonable KIEs
in comparison with the quasiclassical direct dynamics simula-
tions by Singleton et al.3 and with the experimental results
(although we have used the B3LYP/6-31G* for a better
comparison with the dynamics simulation).

The problems concerningTS2 diminish as the starting point
of the bifurcating reaction path approaches theVRI . In addition,
VTST assumes that not only the electronic degrees of freedom
adjust adiabatically to motion along the reaction path (this is
the Born-Oppenheimer approximation) but also all other

nuclear degrees of freedom adjust adiabatically, that is, preserve
their quantum numbers. However, sharp changes in the direction
of the reaction path cause large curvature couplings between
the various degrees of freedom, inducing a nonadiabatic
behavior.1a,27bIt is better to choose a smooth reaction path to
minimize the coupling. In this sense, the reaction path is
disturbed when the bifurcating paths start from the MEP, but
the change is smoother near theVRI (recall the small angle
mentioned above). Thus, it seems that the best choice is to start
the bifurcating reaction path at theVRI or just after it.

Concluding Remarks

From the results obtained in this paper, we can conclude that,
provided that a suitable reaction path is chosen, variational
transition state theory is a realistic tool to calculate the branching
ratio of products (i.e., the intramolecular KIE) in the reaction
of singlet oxygen withd6-tetramethyethylene1 and with the
corresponding tritiated derivative, despite the existence of a
valley-ridge inflection point in the minimum-energy path after
the rate-limiting transition state of the global reaction. Although
additional theoretical work is needed to extend the present
conclusion to other analogous reacting systems, we think that
the strategy proposed here can be very useful to study other
reactions with bifurcating reaction paths. So, it seems that the
existence of a valley-ridge inflection point does not involve a
nonstatistical dynamics behavior which would imply that
statistical theories for reaction rates are inadequate. This fact
would make it possible that effects of experimental interest
(temperature, substituents, isotopic mass, etc.) could be easily
understood and predicted in terms of kinetic magnitudes (free-
energy barriers and their components), so avoiding the expensive
generation of the huge number of dynamical trajectories required
to obtain statistically significant results. In this sense, for the
particular case treated here, the experimental isotopic selectivity
turns out to be mainly due to the slight (but significant enough)
difference of zero-point energy between both bifurcating reaction
paths.
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Table 2. Canonical Variational Transition State Free-Energy
Barriers (in kcal/mol) for the H- and T-Abstraction Bifurcating
Reaction Paths, Difference between Them, and Intramolecular
Kinetic Isotope Effects as a Function of Temperature (in K)a

T ∆GH
CVT,o ∆GT

CVT,o ∆∆GCVT,o
T-H kH/kT

150 4.844 4.915 0.071 1.269
200 11.444 11.520 0.076 1.211
263 19.772 19.854 0.082 1.170
300 24.660 24.745 0.085 1.153
400 37.839 37.931 0.092 1.123
500 50.960 51.058 0.098 1.104

a The standard state is 1 molecule cm-3.
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