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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 'O, and ds-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 *O, with the tritiated derivative of tetramethylethylene.

Introduction 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
&he realm of transition-state theory.

Transition-state theory and, in particular, its generalization,
variational transition state theory (VTSThave proved to be
accurate practical methods for calculating thermal reaction rate
constantg. 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 generalize

activation free energy. Recently, several authdrsave claimed o, 72 ,

that transition-state theory is unable to interpret the experimental " ,?g i ?;

kinetic selectivity in product formation when the minimum- }," e /-’\ o VA

energy path (MEP) contains a valley-ridge inflection point “3>=<CL*_> ™ \c,—c{ PR VA Ve

(VRI)7-19 after the rate-limiting transition state of the global ' €3 %o T cDy mdd tD;
1 TS1 VRI TS2
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singlet ¢Ag) oxygen {O,) with tetramethylethylene affecting
the product ratios. In effect, a significant KIE was experimen-
tally?° observed on the product distributio? (ersus3) in the
addition of1O, to the stereoisomericallgls-labeled tetrameth-
ylethylenel. 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-CHs; or a —CDs; group,
respectively, attached to the other carbon atom of the double
bond, leading t@ or 3, with rate constantky or kp. ku/kp 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 & showing that the MEP for the  the quasiclassical simulation by Singleton efake have just
perprotio reaction involves two adjacent saddle points without used their own electronic level of calculation. The PES obtained
an intervening intermediate. The first one is a relatively early by Singleton et at.by means of CCSD(T)/ 6-31G* single-point
Cs-symmetric rate-limiting transition-state structui&s() for energy calculations on a grid of B3LYP/6-31G* is qualitatively
the attack of!O, to the ethylene. At this saddle point, the shown in Figure 1. In this figure, we have marked the relevant
hydrogen abstraction has not yet started. The secondl@®},( points mentioned in the Introduction. Anyway, the quasiclassical
alsoCs-symmetric, is a perepoxide-like structuié&s2is actually ~  direct dynamics calculations by Singleton et® dlave been

a transition-state structure that corresponds to the interconversiortarried out on a B3LYP/6-31G* PES. Then, the VTST calcula-
of the two product and3. The MEP connect§S1 andTS2 tions in this paper also correspond to that B3LYP/6-31G* PES.
but becomes unstable in-between, when Wl is reached.  This PES overestimates the energy'@k but closely models

At the VRI, the frequency corresponding to a generalized the CCSD(T)/6-31G* PES as tH®, draws close (@-C; or
normal mode orthogonal to the MEP goes to zero, marking the 0,—C, < 2.3 A) to the ethylené# Unfortunately,TS1 is an
place where a valley turns into a ridge, indicating possible early transition state structure in the CCSD(T)/6-31G*//B3LYP/

2
Figure 1. Qualitative potential energy surface.

branching of the PES. SinG&S1is previous to the branching,
andTS2 has no enthalpic or entropic barrier for its decomposi-
tion, Singleton et at.claim that selectivity in the area of the
VRI cannot be analyzed using transition-state theory. Instead,
in an accompanying paper, Singleton e &lave performed
quasiclassical direct dynamics calculations on the B3LYP/6-
31G* PES ofl. The trajectories were started in a region between
TS1 and theVRI, centered on the MEP with both -€C
distances of 1.95 A. The trajectories were initialized in two
ways: at 0 K, giving each mode in total only its zero-point

6-31G* PES (QC; = 0,C, = 2.38 A) but does not exist as an
actual saddle point in the B3LYP/6-31®ES because of the
bad description of the isolaté@®,. 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, tAiS1 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.

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 @esymmetric
approach of the @toward the olefinic carbons. Out of 183 runs
at 0 K, with 95% confidence, the simulation’s nomirkafkp

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 jspinertial mass-scaled Cartesian coordinate system with a
gave a nominaky/kp of 1.38 with a standard deviation of 0.17.  scaling mass equal to 1 amu). As expected, the MEP preserves
From those results, the authors have concluded that thisthe Cgsymmetry. The step size has been reduceiste 0.0075
selectivity is a new form of KIE, dynamical in origin, unrelated gy from a structure with @-C; and Q—C, distances of 1.95
to the usual effect of zero-point energies on barriers. A. In this region of the MEP, the force constant matrix in mass-
The purpose of the present work is to show that, using scaled Cartesian coordinates has been evaluated at each step
variational transition state theory in a convenient way, distinct and a projector has been used to project the direction along the
dynamical bottlenecks leading to each particular product can reaction path as well as overall rotations and translations out
be located in a reaction including a VRI with no additional of the space associated with the nonzero eigenvafughe
dynamic calculations being required to predict successfully the diagonalization of the projected force constant matrix showed
experimental product distributions. To this aim, as a challenging that the lowest harmonic vibrational frequency corresponding
example, we have applied VTST to determine the intramolecular tg a normal mode perpendicular to the MEP goes to nearly zero
KIEs affecting product branching in the reaction of singlet (jts actual value is of 5i crmi) at a structure with the ©8-C;
oxygen withds-tetramethyethyleng and with the corresponding  and Q—C, distances equal to 1.902 A. This point can be
tritiated derivative. identified as th&/RI , where the valley relative to that orthogonal
Details of the Electronic Structure Calculations.For the mode becomes a ridge. TH&RI structure lies 2.81 kcal/mol
sake of comparison between the VTST results of this paper andpelowTS1 and only 1.0 kcal/mol above tHS2 structure (Q—
(20) (a) Grdina, B.; Orfanopoulos, M.; Stephenson, L. MAm. Chem. Soc.

1979 101, 3112. (b) Orfanopoulos, M.; Smonou, I.; Foote, CJSAm.
Chem. Soc199Q 112 3607.

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 Paddclver algorithn?t
has been used to compute the MEP fro8il and by stepping
down in the direction of the gradient with a step sizedef=
0.015 au (wheres denotes the distance along the MEP in an

(21) Page, M.; Mclver, J. W., Jd. Chem. Phys1988 88, 922.
(22) Miller, W. H.; Handy, N. C.; Adams, J. H. Chem. Phys198Q 72, 99.
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C; = 0,—C, = 1.67 A). Following the gradient, the MEP Accordingly to VTST, we define a sequence of generalized
remains on the ridge of the PES until the system reaches thetransition states corresponding to the reaction coordinate as
saddle point structur€S2 where the direction associated with  dividing surfaces which are orthogonal to the reaction path
the orthogonal imaginary frequency normal mode correspondsintersecting it at a particular value sfThe partition functions

to the conversion of the two final product® §nd3) into each at reactants and at the generalized transition states are evaluated
other. All these calculations of the PES for th®, + as products of the electronic, vibrational, and rotational partition
ds-tetramethylethylene reaction were carried out with GAUSS- functions and for bimolecular reactions, as in this case, a relative
RATE9.0 packagé?® which is an interface linking POLY- translational partition function per unit volume. For the elec-

RATE9.(** and GAUSSIAN9&S tronic and vibrational partition functions, we use quantum
_ _ expressions including only the ground-state electronic contribu-
Results and Discussion tion whereas the translational and rotational partition functions

In this section, we will present the main results of the paper &€ évaluated classically. The vibrational partition function is
along with a discussion of the dynamical methods we have used.obtained as a product of the contributions corresponding to each

From theVRI geometry on the MEP, the two reaction paths individual normal mode. In absence of tunneling, the generalized
leading to the isotope-labeled produc:l,sahdS) were initiated rate constant corresponding to the dividing surface intersecting
by stepping down in the direction of the normalized imaginary atsis defined as

frequency eigenvector which is associated with the breaking of T OCT
the Cssymmetry of the MEP. At this point, a small modification K(T,s) =0— -y - — Q)
of the GAUSSRATED9.0 code was necessary to force the system h Q(T keT

to follow the two bifurcating reaction paths. Concretely, to
define the initial step at th&RI on the direction of those two
bifurcating reaction paths, we only needed to substitute in the
code of normalized gradient vector at ti&l by the above-
mentioned normalized eigenvector associated with the breaking
of the Cs-symmetry.

After the initial step, the PageMclver algorithm was used
again with a gradient step size & = 0.05 au to describe the

bifurcating reaction paths all the way down to the final products. . removed, as they are includeddn The location of the

At every gradient step size, the prOJEC'Fed fQVCE constant .matrlx canonical variational transition state (CVT) is then determined
was also computed. The generalized vibrational frequencies anq)

the generalized normal modes orthogonal to the reaction path

were obtained by diagonalization of those projected force KEVYT(T) = min K°T(T, s) = K°T(T, sVT (1)) 2)
constant matrixes using again mass-scaled Cartesian coordinates s

within the harmonic approximation. From those frequencies, | hichis equivalent to maximize with respectstthe generalized
the harmonic zero-point energy correction at each step anngfree energy of activation defined as

the path can be calculated. The interpolated variational transition

state theory by mapping (IVTST-NH was then used to or V(s) QGT(T, 5)
interpolate the information along the bifurcating reaction paths AG” (T, 9) =R ot In ———
to obtain the adiabatic ground-state potential energy curve at QMK
each side of th&/RI as a function ofs (the adiabatic energy  whereK® is the reaction quotient evaluated at the standard state,
includes classical potential energy and zero-point energy the free energy is calculated in kcal/mol, and the standard state,

whereT is the temperaturey is the symmetry factorks is
Boltzmann'’s constanh is Planck’s constant/(s) is the classical
potential energy a with zero of energy at the overall classical
energy of reactantQR(T) is the reactant partition function per
unit volume again with zero of energy at reactants, and
QCT(T,s) is the generalized transition-state partition function with
zero of energy a¥(s) and excluding the reaction coordinate.
For all the partition functions, the rotational symmetry numbers

®3)

contributions). Neither the H-abstraction path leadin@ twor as usual in VTST, is 1 molecule cth
the D-abstraction path leading 3present an adiabatic potential  The first step from th&/RI along the eigenvector associated
energy barrier. with the imaginary frequency (orthogonal to the MEP) leads to

a point very close to theVRI. At that point, once the
(23) Corchado, J. C.; Chuang, Y.-Y.; C6BInE. L.; Truhlar, D. G.Gaussrate _ ; ;
9.0; University of Minnesota: Minneapolis, MN, 2002 (http://comp.che- Cs-symmetry has been already broken, the gradlent is almost

2 rg.umhn.gdu{]po(l:yr%%). VY- Fast P Ls Vil Hu, WP Lit, Y parallel to the gradient at théRI (the angle between them is

orchado, J. C.; uang, Y.-Y.; Fast, P. L.; Villa; Hu, W.-P.; Liu, Y.- . .

P.; Lynch, G. C.: Nguyen, K. A: Jackels, C. F.. Melissas, V. S.. Lynch, just 0.55). In_ other_ words, gfter the first qrt_h_ogonal step to the
B. J.; Rossi, |.; Coifio, E. L.; Fernandez Ramos, A.; Pu, J.; Albu, T. V., MEP, both bifurcating reaction paths are initially almost parallel

Steckler, R.; Garrett, B. C.; Isaacson, A. D.; Truhlar, D.ROLYRATE . .
9.0, University of Minnesota: Minneapolis, MN, 2002. to the TS1to TS2 MEP, although they progressively diverge

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. from it as the reaction progresses toward the respective final
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, .
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, products 2 or 3). Then, during a range of values sf(about

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, 1 9 au) from theVRI geometry, one of the frequencies is
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; . . . . . . .
Petersson, G. A.; Ayala, P. Y.; Cui, Q.. Morokuma, K.: Malick, D. K.  imaginary (its associated eigenvector still has an important

Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, ai i i -
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; component OnhOQOnal to the orlglnal rldge) along each bifurcat

Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,  ing path. In this region of the bifurcating path, the harmonic

M. A,; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; H ; ;
Gill. B. M. W.: Johnson. B, G.. Chen W.. Wong. M. W+ Andres, J. L: oscillator treatment cannot be used to calculate the vibrational

Head-Gordon, M.; Replogle, E. S.; Pople, J. Baussian 98 Revision partition function of the corresponding normal mode.
A.6 and A.7; Gaussian, Inc.: Pittsburgh, PA, 1998. ; ;

(26) Corchado, J. C.; Coitin E. L.; Chuang, Y.-Y.; Fast, P.; Truhlar, D. G. Normally, when_the re_actlon path_ lies along the_ bottom of a
Phys. Chem. A998 102, 2424. valley, each one-dimensional potential energy profile orthogonal

J. AM. CHEM. SOC. = VOL. 126, NO. 40, 2004 13091



ARTICLES Lafont et al.

TSI

b

Figure 3. Schematic diagram showing the generalized activation free energy

Figure 2. One-dimensional potential energy profile orthogonal to the path, as a function of.

when the reaction path (thick line) lies along the bottom of a valley (a) or
along a ridge (b). 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 of (see the schematic diagram shown
in Figure 3). A first dynamical bottleneck exists (a maximum
of AGET.9) near the rate-limiting transition-state structdi®1

on the MEP. Once on each bifurcating reaction path, after the
VRI, a quite deep minimum akGCT-° (M2 or M3, respectively)

each vibrational energy level C(_)ntributes with a positive energy appears, followed by the corresponding second dynamical
(recall that the origin of energies \(s)) to the exponents; bottleneck (a second maximum &fGET-, TSB2 or TSB3

which appear in the sum w_hich defines the vibrational partition respectively). At last, the final produc2 br 3, respectively) is
function of the corresponding normal mode: formed

B _(E/keT) Since there are several bottlenecks and two competitive
q= Ze (4) bifurcating reaction paths, we have used a generalization of the
! competitive canonical unified statistical (CCUS) model. ks,

krsea andkrsgsbe the rate constants corresponding to T4,
TSB2, andTSB3 bottlenecks, respectively. L&, andkys be

the one-way flux rate constants evaluated at the dividing surfaces
M2 and M3, respectively. Then, the expression of the overall
CCUS8 rate constankCCUs is obtained by straightforward
application of the well-known procedures for combining fluxes
in parallel and series, which yields

to the path as can be considered to be parabolic (see Figure
2a), its classical potential energy minimum being located at the
reaction path (with a potential energy equaM()) in such a
way that the harmonic treatment is applied (although some
anharmonicity corrections can be used in some cases). Indeed

Then,q turns out to be smaller than 1, diminishing the value of
QCT(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
ridge2” 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 1 1 1
generalized vibrational frequencies and the generalized normal KCCUS  krg | K, + K ®)
modes orthogonal to the reaction path. If one of those frequen-
cies is imaginary, the reaction path is in a ridge. Then, the one- With

dimensional potential energy profiles&long the corresponding 1 1 1

generalized normal mode is rather a double well (see Figure K.~ m + Koerr (6)
2Db), with its classical potential energy maximum being located 2 2 Tse

at the reaction path. Even in absence of symmetry, this is so 1 1 1

because along this direction the first and second derivatives are, k'_3 == ms + @ ()

respectively, zero and negative. In this case, the corresponding

vibrational energy levels, if needed, could be found by solving The individual rate constants leading to produ2tsnd 3,
in some way the nuclear Schiimger equation associated with — respectively, are given by

that one-dimensional potential energy profileIndeed, those K

vibrational levels contribute with a negative energy to the k,= KOUS 2 (8)

exponentsE; in eq 4, so leading to a big value>(l) of the Kz +Ks

vibrational partition functiorg of the normal mode and, as a K

consequence, giving an important negative contribution to the ks = Keeus__ "3 9)
generalized activation free energy in eq 3. The effect grows Kyt K

with the depth of the two lateral wells. This is what occurs along
an arc length of about 1.9 au from théRI for the two

bifurcating paths. This region will include a generalized g yhe same in all cases. As stated in the Introduction, the aim
activation free-energy minimum. The dynamical bottleneck ¢ s paper is to show that VTST is able to determine the

associated with a generglized activation free-er_1ergy ma_lximum branching ratio (in the present case, the KIE) of the products
appears beyond that region, when each bifurcating reaction pathg, e, taking into account the existence of a VRI. On the other
has reached its corresponding valley.

According to the CUS theors?31 all the rate constants are
calculated with respect to the same reactants. There@Xd)

28) Hu, W.-P.; Truhlar, D. GJ. Am. Chem. Sod.996 118 860.
(27) (a) Garrett, B. C.; Truhlar, D. G.; Wagner, A. F.; Dunning, T. H.,JJr. (29) Miller, W. H. J. Chem. Physl1976 65, 2216.
Chem. Phys1983 78, 4400. (b) Miller, W. H.J. Phys. Chem1983 87, (30) Garrett, B. C.; Truhlar, D. Gl. Chem. Phys1982 76, 1853.
3811. (31) Hu, W.-P.; Truhlar, D. GJ. Am. Chem. S0d.995 117, 10726.
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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)2

T AGOTo AGOTo AAGTS, kelko
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 1111
400 37.765 37.831 0.066 1.087
500 50.888 50.955 0.067 1.070

aThe standard state is 1 molecule Tn

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 oAGC™° and to very high fluxes at
M2 andM3. Then, as usual in CUS calculatiofis?! the terms
(1/kwv2) and (1kus) 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

ko _ Krse (10)
Ky Krsm

Figure 4. Geometries of the structures corresponding to the dynamical

In other words, here the KIE can be calculated from the ratio bottlenecksTSB2 and TSB3. Distances are given in A.
between the two rate constants corresponding to the dynamicalkcal/mol. The main reasons for this difference are theHC
bottlenecks that appear in each bifurcating reaction path. Thisgeneralized normal mode of lowest frequency and theDC
fact avoids in this case the explicit calculation of the double- generalized normal mode of lowest frequency (see the evolution
well vibrational levels corresponding to the zone of the ridge. of frequencies along the bifurcating reaction paths in Table S1).

In Table 1, the canonical variational transition state free- As expected, they correspond to the hydrogen and the deuterium
energy barriersAGCVT:o(T) = AGCTAT, s*VT(T)) with respect atoms, respectively, closest to the &om (see Figure 4). It
to the separated reactants are given as a function of temperaturean also be observed that the free-energy difference between
for the H-abstraction and the D-abstraction bifurcating reaction the H-abstraction and D-abstraction free-energy barriers slightly
paths. increases as temperature goes up because the canonical varia-

From the figures in Table 1, it can be observed that by using tional transition states slightly move toward products where the
VTST, two distinct dynamical bottlenecks leading to each adiabatic potential energy difference takes a value of 0.15 kcal/
particular productZ or 3) can be located at any temperature. mol. In contrast, the KIE decreases as temperature increases
Let us analyze, for instance, the bottleneks at 150 K. At this because the change in the free-energy differences between H-
temperatureTSB2 and TSB3 appear at values of 2.826 au  and D-bottlenecks is rather small compared to the change of
and 2.674 au, respectively, measured from\Re along each temperature. The most important fact here is that these normal
bifurcating reaction path. In terms of classical potential energy, KIEs, calculated by using VTST, show the practical capability
TSB2andTSB3at 150 K are 3.871 and 3.884 kcal/mol below of this theory for discerning between the two branching reaction
TS1 The geometries of the corresponding points of the paths of théO, + ds-tetramethylethylene chemical process. The
bifurcating paths are shown in Figure 4. Both structures are difference with the experimental value of 1.4 at 263 K can be
clearly away from theCs-symmetry preserved along tHeS1 attributed to the fact that the B3LYP/6-31G* PES (used in this
to TS2 MEP. In the structure associated wikBB2, which will paper to compare with the quasiclassical direct dynamics
lead to the final produc2, the Q atom is clearly closer to the  calculations by Singleton at glis not accurate enough (in terms
C, atom than to the Catom, while the @ atom is already of potential energies and frequencies) to provide quantitative
approaching a hydrogen atom of-e&CHs group. Conversely, results.

in the structure associated witfSB3, which will lead to the In addition, even though to our knowledge there are no
final product3, the Q atom is clearly closer to the Gatom experimental results for the reaction ¥, with the tritiated
than to the G atom, while the @atom is already initiating the  derivative of tetramethylethylene (i.e., the six deuterium atoms
abstraction of a deuterium atom of-e&CD3 group. in reactantl having been substituted by 6 tritium atoms), we

A normal (bigger than 1) KIE is obtained at all the studied have analogously repeated all the calculations for the heavier
temperatures. The free-energy differences at each temperaturésotope. The results are presented in Table 2. As expected, the
between the H-abstraction and the D-abstraction bottlenecksnormal KIES kq/kr ) are bigger than the correspondikgkp
(shown in the fourth column of Table 1) are mainly due to the values. However, the trends with temperature of the different
zero-point energy differences of the two canonical variational magnitudes presented in Table 2 are similar to the ones observed
transition states. For instance, the free-energy difference betweerfor the deuterated reaction.
the two free-energy maxima at 150 K is 0.056 kcal/mol and At this point, the reason of why the bifurcating reaction paths
the corresponding adiabatic potential energy difference is 0.065start at the/RI has to be discussed. VTST requires to build up
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BTable 2. (_C?(nosicall)\/fariartlionsl Tr%niiti;‘)gl State Frge}-Ener_gy nuclear degrees of freedom adjust adiabatically, that is, preserve
arriers (in kcal/mol) for the H- an -Abstraction Bifurcating H : : .
Reaction Paths, Difference between Them, and Intramolecular their quantum numbers. However, sharp changes "_1 the direction
Kinetic Isotope Effects as a Function of Temperature (in K)2 of the reaction path cause large curvature couplings between
T AGETo AGETo AAGTo Kk Lheh v§r|c1);1257bﬂggrge;st 01; friedom, mducThg a r':.onadlatlﬁa':tlc
150 4844 4915 0071 1269 ehavior: Yh is E|3' er to chqose a smor? reaction pa " 0
200 11.444 11.520 0.076 1211 minimize the coupling. In _t is sense, the reaction path is
263 19.772 19.854 0.082 1.170 disturbed when the bifurcating paths start from the MEP, but
Zgg g‘;-ggg 5‘7"33? g-ggg ﬁgg the change is smoother near tW®&l (recall the small angle
500 50980 51058 0.098 1104 mentioned above). Thus, it seems that the best choice is to start

the bifurcating reaction path at théRI or just after it.

aThe standard state is 1 molecule Tn Concluding R K
oncluding Remarks

a continuous set of trial nonintersecting dividing surfaces  From the results obtained in this paper, we can conclude that,
separating reactants and products along the reaction path. Inyrovided that a suitable reaction path is chosen, variational
practice, just a discrete subset of them, built up as hyperplanesyansition state theory is a realistic tool to calculate the branching
orthogonal to the reaction path (unless the RODS mé#8d  ratio of products (i.e., the intramolecular KIE) in the reaction
is applied), is used for the calculations. According to that, itis of singlet oxygen withde-tetramethyethylend and with the

not possible to construct a set of suitable dividing surfaces from corresponding tritiated derivative, despite the existence of a
TS1to TS2along the MEP and then froS2to 2 and3 for valley-ridge inflection point in the minimum-energy path after
several reasons. The dividing surfaces along the MEP would the rate-limiting transition state of the global reaction. Although
be orthogonal to it, whereas the dividing surfacd &2 would additional theoretical work is needed to extend the present
be orthogonal to the transition vector at this saddle point. As a ¢gnclusion to other analogous reacting systems, we think that
consequence, the dividing surfaceT@2 would be orthogonal  the strategy proposed here can be very useful to study other
to the precedent dividing surfaces along &l to TS2 MEP. reactions with bifurcating reaction paths. So, it seems that the
This would produce un unrealistic sudden discontinuity in the existence of a valley-ridge inflection point does not involve a
results of the calculations, and indeed the hyperplane dividing nonstatistical dynamics behavior which would imply that
surface affS2 would intersect the precedent ones. In addition, statistical theories for reaction rates are inadequate. This fact
the dividing surfaces atS2 and along th&S2to 2 (or 3) MEP would make it possible that effects of experimental interest
do not separate the reactants from products 2tfutm 3 (that (temperature, substituents, isotopic mass, etc.) could be easily
is, as stated abové,S2 is a transition-state structure corre- ynderstood and predicted in terms of kinetic magnitudes (free-
sponding just to the interconversion of the final prod&#d  energy barriers and their components), so avoiding the expensive
3). Then, we agree with Singleton at’dlif what they are stating  generation of the huge number of dynamical trajectories required
is that VTST cannot be applied in this reaction using a reaction tg optain statistically significant results. In this sense, for the
path passing throughS2. The novelty of the present paper is  particular case treated here, the experimental isotopic selectivity
that we show that VTST can be applied along a suitable reactiony,rns out to be mainly due to the slight (but significant enough)

path which bifurcates befor€S2, leading to reasonable KIEs gifference of zero-point energy between both bifurcating reaction
in comparison with the quasiclassical direct dynamics simula- paths,

tions by Singleton et a.and with the experimental results
(although we have used the B3LYP/6-31G* for a better  Acknowledgment. We are grateful for financial support from
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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
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