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Abstract: Variational Transition state theory calculations with semiclassical transmission coefficients have been carried out
for a prototype case of a-deuterium secondary kinetic isotope effects (KIEs) in a reaction involving the transformation of an
sp® carbon to sp?, in particular for the reactions of CH, and CD;H with H and D. We also study the KIE for the reverse
direction and for the reactions of CH, and CD;H with D. We find that the variational transition states lead to significantly
different nontunneling KIEs than the conventional ones, e.g., 1.22 vs. 1.07, and the inclusion of multidimensional tunneling
effects increases the discrepancy even more. The origins of these variational and tunneling effects are examined in detail in
terms of structures, vibrational frequencies, and the curvature of the reaction path. The conclusions have wide implications
for the validity of conventional treatments of kinetic isotope effects. We predict some particularly large secondary KIEs at
low temperature, and these predictions can be tested by future experiments.

1. Introduction

The study of kinetic isotope effects (KIEs) on the rate constants
of chemical reactions is an important tool for the elucidation of
reaction mechanisms.'® The KIE is the ratio of the rate constants
for a pair of isotopically differentiated molecules; for deuterium
KIEs, the ratio is taken as ky/kp, where ky is the rate constant
for the normal molecule and kp is the rate constant for one in
which one or more protiums are substituted by deuterium. A
“normal” KIE is a ratio greater than unity, and an inverse isotope
effect is a ratio less than unity. Deuterium KIEs for elementary
steps can be classified as primary and secondary. Primary KIEs
are associated with isotopic substitution in a bond that is broken
or formed in the step. A secondary KIE is one due to isotopic
substitution at spectator bonds. Secondary KIEs, especially a-
deuterium isotope effects, have been widely studied for solvolysis
processes.>® The present study will investigate the effect on
calculated secondary deuterium KIEs of variational optimization
of the generalized transition state and of including tunneling by
multidimensional semiclassical transmission coefficients.

“Transition state theory forms the basis of almost all of our
discussions of isotope effects in chemical reactions.” In particular
most discussions of KIEs have been based on conventional tran-
sition state theory (TST).2® However, it is now well established
that conventional transition state theory sometimes leads to large
errors that can be considerably decreased by variational opti-
mization of the transition state structure and the inclusion of
multidimensional tunneling effects.'®1* Variational transition
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state theory (VTST) has been applied to primary KIEs previ-
ously, 15730 ysually!®=3® with multidimensional transmission coef-
ficients, but there has been only one previous application to
secondary KIEs, namely to the degenerate gas-phase Sy2 reaction
of CI" with CH,C1.*!

The secondary deuterium KIE for the abstraction reaction of
CH, with H; has previously been studied theoretically by Schatz
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et al.32  There are four key aspects of the present study that
differentiate it from the previous work. First, we use VTST to
locate the transition state dividing surface. Second, we include
multidimensional tunneling effects in the transmission coefficient.
Third, we base our results on a recent?’ semiglobal potential energy
surface, whereas the previous work only used information about
the surface in the quadratic regions around the reactant and the
saddle point. Fourth, we consider both directions of reaction since
they involve interesting differences.

The importance of variational effects on KIEs can be anticipated
from the fact that in VTST there can be significant differences
between the properties of the optimized transition states and the
saddle point, which is the transition state in the conventional
transition state theory calculations. Thus the energy, force con-
stants, and bond distances of the optimized variational transition
state for the isotopically substituted reaction may differ signifi-
cantly from those for the unsubstituted reaction, whereas in
conventional TST these quantities are independent of isotopic
substitution. In addition, the effective potential for multidi-
mensional tunneling calculations involves all of the vibrational
frequencies, even those for “spectator” modes,2030,33-36

Most of this article is concerned with the reactions

CH,+H—CH,+H, (reaction |H)

and
CD;H+ H —~CD,; + H,

In section 4 though we briefly consider the reverse reactions and
analogous reactions involving CD;H and HD.

Although these reactions are of fundamental interest in their
own right, our dynamical study of their secondary deuterium KIEs
is also motivated by our goal of understanding the effects that
may occur in more complicated processes, e.g., widely studied
organic solvolyses and reactions of nucleophiles with esters.3’ 40

The contributions to the secondary deuterium KIEs will be
carefully analyzed to determine the relative contributions of various
modes to both the KIEs and the variational effects. This should
improve our understanding of the quantitative reliability of in-
terpretations of secondary KIEs in terms of the extent of rehy-
bridization of the central carbon at the transition state. The central
carbon atom in reaction 1H changes from tetrahedral sp® to plane
trigonal sp?. This type of conversion is found in many organic
reactions and the interpretation of the extent of rehybridization
is often used to classify the reaction mechanism,'4*# although
cases are known*'"*7 where conclusions about transition state
structure based on KIEs do not correlate well with other indices
of transition state structure or with IR frequencies of reactants.

(reaction 1D)
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The basic assumption underlying the correlation of ky/kp with
transition state structure is that the out-of-plane bend mode of
the sp? structure dominates the KIE. This mode of the sp?
structure is expected to be looser than the mode it correlates with
at the sp’ structure, so ky/kp will be greater than | for an sp?
reactant and an sp? transition state or product. Although ex-
ceptions are known, the previous conventional TST studies® on
the deuterium KIE for the reactions studied here agree with the
expectation based on the above considerations that secondary
deuterium KIEs for the forward reactions are normal and the KIEs
for the reverse reactions are inverse. This is also consistent with
experiment. -0 We need, however, to understand the extent of
the systematic error that is involved when one tries to relate the
KIE to the structure of a transition state using conventional TST.
Interpreting secondary deuterium KIEs with VTST should give
more trustworthy pictures of the dynamical bottleneck for most
reactions and should be more reliable for interpreting the reaction
mechanisms.

For reaction |H the rate constants have been measured’' by
using the flash photolysis-shock tube (FP-ST) technique, and
reasonable agreement (~30%) with previous?’ VTST calculations
was obtained.

According to the Born-Oppenheimer separation, the potential
energy surface (PES) is independent of atomic masses. Thus for
all isotopic combinations we use the same PES, in particular we
use the semiglobal J1 analytic potential energy surface,?” which
is based in part on the ab initio calculations of Schatz, Wagner,
Dunning, and Walch3252 and Sana et al.* This surface?’ has
a classical endoergicity of 2.77 kcal/mol and classical barrier
heights of 13.00 and 10.23 kcal/mol for the forward and reverse
reactions, respectively. We will also present a few results for other
surfaces to demonstrate that our qualitative conclusions are not
overly dependent on unknown details.

In section 2 we present the method for computing the rate
constants. The resulting secondary KIEs and their factorization
into contributions from various degrees of freedom are presented
in section 3. The reverse reaction and the reactions in which H,
is substituted by HD are considered in section 4. Discussion and
concluding remarks are given in section 5.

2. Method

VTST calculations were carried out by canonical variational theory
(CVT).10365455  First the minimum-energy path (MEP) of reaction is
found by following the negative of the normalized gradient vector from
the saddle point into both reactant and product valleys. All the calcu-
lations are performed in a mass-scaled Cartesian coordinate system!%-3
in which all atomic Cartesian coordinates are scaled by (m,/u)"/? where
m, is the mass of the atom A and u is a single mass to which all coor-
dinates are scaled. In this study, the value of u is taken as 1 amu. All
distances, gradients, etc. are then computed and measured in this coor-
dinate system. The negative gradient was followed by using an Euler
single-step algorithm36.6-57 with a fixed step size, e.g., 1.33 X 10 a, for
reaction 1H. The signed distance from the saddle point along this path
is called s. The hessian matrix is computed at larger intervals along the
reaction path, e.g., 1.33 X 1072 g, for reaction 1H, to obtain the gener-
alized normal mode frequencies wy(s) and curvature coupling compo-
nents®**® B _c(s), which were stored along with the geometries and
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classical potential, Vygp(s), along the path.

In the CVT calculations, the generalized transition state is optimized
canonically by finding the maximum of the generalized free energy of
activation with respect to s using inter ‘R_olation and the stored quantities
just mentioned. Given the location, s$¥T(T), of the generalized transition
state, the canonical variational theory rate constants, k¥, which do not
include tunneling, are computed from the energies and partition functions
of the reactants and variational transition states.

Including a ground-state (G) transmission coefficient x“VT/6(T) to
account for quantum mechanical tunneling yields'%!617

kCVT/G = KCVT/G(T)kCVT(T) (l)

Two types of multidimensional semiclassical tunneling calculations were
performed, with each accounting for curvature coupling of the reaction
path to the generalized normal modes in a different way. In particular
we employed the small-curvature semiclassical adiabatic ground-state
(SCSAG) tunneling approximation®>* and the large-curvature semi-
classical ground -state tunnelmg approximation, version 3 (LCG3),30353¢
For all reactions included in this study (see sections 3 and 4), the angle*
between the reactant and product valleys in mass-scaled coordinates is
between 37.4 and 46.8°, which yields “intermediate” reaction-path cur-
vature. For such cases, as well as for large-curvature systems, the tun-
neling is usually underestimated by both SCSAG and LCG3 calcula-
tions.* For such intermediate-curvature cases, whichever of these
methods yields a larger transmission coefficient is therefore assumed to
be more reliable. Performing both an SCSAG and an LCG3 calculation
and accepting the larger answer may be thought of as a poor man’s
version of the least-action ground-state (LAG) model,* in which the
reaction-path-curvature effects on tunneling are treated with more fine
tuning. Thus we will set @ equal to whichever of these transmission
coefficients is larger.

All calculations were performed with a new version of the polyatomic
variational transition state theory program POLYRATE. (The original
version of POLYRATE is available in the Computer Physics Communica-
tions International Program Library.) Vibrations were treated as
quantum mechanical harmonic oscillators and rotations as classical rigid
rotators.

For comparison, we also evaluated conventional transition state theory
(TST) rate constants, k*, which result from locating the transition state
dividing surface at the saddle point of the potential energy surface. The
conventional TST rate constants were also corrected to second order in
h with the popular®®32 semiclassical Wigner correction «%, which yields

k¥ = (Wit (2a)
where
u*)?
=1+ % (2b)

where u* = hev* /KT, where h is Planck’s constant, ¢ is the speed of light,
v* is imaginary frequency in wavenumbers, k is Boltzmenn’s constant,
and T is temperature. Since <% depends only on the imaginary frequency
along the reaction coordinate at the saddle point, it is a one-dimensional
transmission coefficient. Another popular tunneling correction for con-
ventional TST is based on tunneling through a one-dimensional infinite
parabolic (IP) barrier with the same imaginary frequency as the saddle
point. This yields®

k3/IP = [P+ (2¢)
where
(u*)/2
«IP = ____/_.. (2d)
sin (¥*/2)

Both kSYT(T) and k*(T) contain a symmetry number ¢ whose effect
is dynamically trivial. It makes the interpretation more clear to factor
this out so we write®

kH OH
=— 3
% o 3
This defines the per-site secondary deuterium kinetic isotope effect 7. As
an example we note that 5 = (1/4)ky/kp for the CH,/CD;H + H —
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CH,/CD; + H, case. Values of ki obtalned by dlfferent versions of TST
will be labeled by superscripts, i.e., 7V, n€VT/C, %, 2*/¥, etc.

It will be informative to factor 5 mto contnbutlons from the two
factors of eqs 1 and 2, e.g.,

pCVT/G = yCVT,CVT (4
where
AT = VOGO )

By using the basic expression®® of a generalized transition state rate
constant as k7/h times a ratio of partition functions times a Boltzmann
factor, the per-site KI1Es calculated with unit transmission coefficients
(n°YT and »*) are further factored, e.g.,

ot QETITSSHT (D) BB(T) expl-VyeplsET(M]/ kn
O8TIT.SEET(T)]BR(T) expl-VumeplsE¥T(T] /K T}

where @OT[T.sS¥VI(T u_ is the partition function of the variational tran-
sition state, VygplsC¥ (T)] is the classical potential at the variational
transition state at s$VT(T), and ®R(T) is the reactant partition function
per unit volume. For 7%, the function QT in eq 6 is replaced by Q*,
which is the partition function at the saddle point (s = 0), and Vygp is
also evaluated at the saddle point.

By assuming negligible coupling between electronic, vibrational, and
rotational energies and also assuming that the electronic partition func-
tions cancel completely in the KIEs, the n¥T ratios can be factored as
follows:

n

1T = Mm@ TG ol ™M
where the four factors represent the contributions from the translational,
rotational, and vibrational partition functions and the Boltzmann factor
associated with the potential Vygp. The factor n,,,, differs from unity
because the reduced mass changes upon isotopic substitution. The factor
7S'T differs from umty because the moments of inertia change—both
because of the change in mass and also because the bond distances and
bond angles change when the variational transition state structure is
re-optimized for each isotopic reaction. The factor nGy " differs from
unity because the vibrational partition functions change—both directly
as a result of the change in mass and also because of the change in force
constants which results from re-optimization of the vanatlonal transition
state structure upon isotopic substitution. The factor n YT differs from
unit entirely because of the structure re-optimization.

The conventional transition state theory per-site KIE, n*, can also be
factored as in (6). There is no change in 7., but 7%, and 75, differ from
unity only because of the mass change (they are evaluated at the same
transition state structure, in particular the saddle point, for both isotopic
reactions in the ratio), and n;,, is unity.

More specifically,

Means = PRep/ PRim (8)

where @R, x is the relative translational partition function per unit volume
for the reactants in reaction 1X;

Orinlrup

= ©)

Mrot
Q?O'{.DQP%!.H

where QST is the generalized transition state rotational partition func-

tion, and Qr, x is the reactant rotational partition function;
sy = Zonhuo (10)
0T oo
where Q97 and QX x are vibrational partition functions; and
nsorT = expi-[Vuer(s%h) - Vuer(s¥B)1 /kT) (1

where 5. x is the generalized transition state location. In conventional
transition state theory calculations, all the properties of generalized
transition states are evaluated at the saddle point (s = 0). Notice that
the reactant contributions to (9) and (10) are entirely due to CH, or
CD;H; all atomic properties cancel in the secondary deuterium KIEs.

In order to analyze the relative importance of different normal mode
motions, the vibrational contribution of eq 10 is further factored ac-
cording to the correlations of vibrational degrees of freedom between the
generalized transition states and the corresponding reactants. These
correlations are given in Table 1. (The columns headed CH; + H, and
CD; + H; are not involved in this correlation, but they are needed for
the reverse reaction discussed in section 4.) In the subscripts (i.e., »y, v3,
..), the vibrational frequencies of CH,, H;C-H-H, CD;H, and
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Table I. Correlations of Calculated Harmonic Frequencies for CH,, H,C-H-H, and CH; + H,; and for CD;H, D;C-H-H, and CD; + H*

m &m CH, H,C-H-H CH, + H, CD,H D,C-H-H CD, + H,
1 1 v(ay) = 2876 v (ay) = 3103 n(ay) = 2986 vo(ay) = 2085 n(a)) = 2228 () = 2111
2 ! n(ty) = 3027 v(a,) = 1720 vy, = 4405 v (a)) = 3005 v(a) = 1713 vy, = 4405

3 1 vi(ty) = 1337 v(a)) = 1131 va(a,”) = 580 vy(ay) = 1022 vy(a,) = 864 vy(a)”) = 449
4 2 yy(ty) = 3027 vi(e) = 3123 vy(e) = 3173 vy(e) = 2268 vi(e) = 2329 vy(e) = 2373
5 2 vp(e) = 1505 vy(e) = 1379 vy(e) = 1383 vs(e) = 1281 vs(e) = 1156 ve(e) = 1013
6 2 vi(ty) = 1337 ve(e) = 1212 vg(e) = 1033 ve(e) = 997

7 2 vy(e) = 592 v(e) = 496

2 Frequencies are in units of cm™; the symmetry labels are in parentheses.

D;C-H-H are each numbered independently in the conventional way.
In addition, a global mode numbering scheme (m =1, 2, ..., 7) is indi-
cated in the first column of the table. The correlation of the normal
modes of CH, to those of H;C-H-H will be discussed to illustrate the
correlations. At the saddle point or a generalized transition state, the
eleven bound generalized normal modes consist of three nondegenerate
modes and four doubly degenerate modes. Mode », of H;C-H-H with
a, symmetry correlates to the nondegenerate CH stretch »; in CH, so no
renumbering is required for these modes. However, mode », of H;C-H-
H, again with a, symmetry, is correlated to one component of the triply
degenerate CH stretch, »,, of CH, so the latter’s partition function is
labeled QR , rather than O, ;. The umbrella mode v; of HyC-H-H
with a, symmetry is correlated to one component of the triply degenerate
mode »,(t,) in CH, so this component’s vibrational partition function is
labeled Q&b_g. Mode v, of H;C-H-H with e symmetry is correlated to
two components of the triply degenerate CH stretch, »4(t,), in CHy; the
partition functions of these modes are indexed m = 4 all along the re-
action path and at reactants. Mode vs(e) of the transition state correlates
to the doubly degenerate bend, v,(e), in CH,; the partition function for
a component of this reactant mode is therefore called QR ;. Mode vs(e)
of H;C-H-H is correlated to two components of the triply degenerate
H-C-H bending motion, »,(t,), in CH, s0 that the vibrational partition
functions of these components are referred to as Q% ;. Mode v;(€) of
H3C-H-H does not correlate to a bound motion of CHj,.

The overall vibrational contribution to the secondary KIEs can then
be factored as

W= T (5T, = T1 oG4 (12
where g, is the global degeneracy (1 or 2) of the mode m,
1, = S (13)
T Qo
and
ORomp
Mhom = O (14)

and n},, = 1. Similar factorizations are performed in the analysis of the
results from the conventional TST calculations except that 047 ., nﬂ{m,
and nGY%, are replaced by Qi me 705 m and 13, respectively, which can
be evaluated from the properties of the saddle points for the corre-
sponding reactions.

In order to illustrate the importance of including the tunneling effect,
the Arrhenius parameters Ay py and E, y(p) are obtained by fitting the
rate constants at pairs of temperatures. In studies of primary KIEs, the
ratios of pre-exponential factors (4y/Ap) and the differences of activa-
tion energies (E,  — E,p) have been used® as indications of the im-
portance of tunneling for “normal” deuterium KIEs. The difference
between 75VT/G and nCYT and the differences between the values of E,
- E,p or Ay/Ap obtained from nVT/C and 2V may also be used to
provide a measure of the importance of including tunneling in secondary
KIEs.

3. Results: Forward Reaction

1. Net KIE. The transmission coefficients for reactions |H
and 1D are given in Table II for the two semiclassical methods
employed as well as for the Wigner and infinite parabolic methods.
We see that both multidimensional semiclassical tunneling methods
predict much larger tunneling contributions than the Wigner
method as well as a much greater isotopic sensitivity. The
treatment based on an infinite parabola yields more tunneling,

(61) See, e.g.: Kaldor, S. B.; Saunders, W. H., Jr. J. Chem. Phys. 1978,
68, 2509.

Table 1I. Transmission Coefficients for Reactions 1H and 1D as
Functions of T

reactant X 200K 250K 300K 400K 500K 600K
CH, w 31 235 194 1.53 134  1.23
IP a 9.74 340 1.82 1.44 1.28

SCSAG 69.2 123 527 244 1.75 1.47
LCG3 59.0 9.95 4.1 1.96  1.48 1.30
CD;H W 3.07 233 192 1.52 1.33 1.23
1P a 9.01 3.31 1.80 143 1.27
SCSAG 454 9.60 452 227 1.67 1.43
LCG3 244 590 3.00 1.71 1.38 1.24

2The infinite parabolic formula is not applicable at 200 K since «*
exceeds 2m; in particular it equals 7.11 for CH, + H and 7.06 for
CD;H + H.

Table III. Per-Site Secondary Deuterium KIEs for CH,/CD;H + H
— CH;/CD; + H,

T. K o, 2t W 7*/P 7T 2CV1/G
200 1.07 1.08 a 1.30 2.04
250 1.08 1.09 1.16 1.27 1.63
300 1.07 1.08 1.10 1.22 1.42
372 1.06 1.06 1.07 1.12 1.27
400 1.05 1.05 1.06 1.13 1.23
500 1.03 1.03 1.04 1.08 1.14
600 1.02 1.02 1.02 1.05 1.10
1000 1.00 1.00 1.00 1.00 1.04
1500 1.00 1.00 1.00 1.00 1.03

4See footnote a in Table 11,

Table IV. Kinetic Isotope Effects on Per-Site Arrhenius Parameters
for Reactions 1H and 1D at 300-372 K

AH/AD E._D - E._H, kcal/mol
% 0.99 0.046
£/ W 0.99 0.052
+/1P 0.95 0.087
CVvT 0.92 0.17
CVT/G 0.79 0.35

but again there is very little isotopic sensitivity. As discussed in
section 2 we accept the larger of the SCSAG and LCG3 trans-
mission coefficients as most reliable, and hence in the remainder
of the discussion we shall employ the SCSAG transmission
coefficients for both reactions |H and 1D.

The per-site secondary deuterium KIEs calculated by CVT and
conventional TST with the SCSAG transmission coefficient are
listed in Table III for the CH4 + H reaction. As anticipated in
the Introduction, all these KIEs are greater than unity. The KIEs
calculated by conventional TST, by CVT, and by CVT with the
SCSAG transmission coefficient are illustrated in Fi%ure 1. The
tunneling correction raises the KIE by a factor [n$)T, see eq 5]
equal to 1.52, 1.28, 1.17, and 1.08 at 200, 250, 300, and 400 K,
respectively. These factors are much larger than typical exper-
imental uncertainties and indicate that tunneling must be con-
sidered for quantitative interpretations of the KIE, even though
the Wigner approximation would indicate only a % effect. The
Wigner method predicts a small effect (small difference between
n* and n*/¥) because there is hardly any change in the imaginary
frequency at the saddle point upon substituting CD; for CH;. In
particular the imaginary frequency changes from 989i cm™! for
H;C-H-H to 981i cm™' for D;C-H-H. The use of «¥ in refs 8
and 32 would thus appear to be a serious possible source of error
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Table V. The Geometries and Properties of Transition States, H;C--H,- -Hy, or D;C--H,--Hj, for Reactions 1H and 1D°

angle angle
Rcu H-C-H H-C--H,
seay Vuep V& Ry, or Rep® Ry, or D-C-D or D-C--H, generalized-transition-state frequencies,’ cm™

H;C--H,--H,

conv. TS? 0 13.00 39.54 2.544 2072 1.701 11224 106.57 3102, 1719, 1130, 3123 (2), 1378 (2), 1211 (2), 591 (2)

CVT,300 K O0.11 1291 39.64 2.650 2071 1.619 11272 105.98 3082, 2195, 1074, 3135 (2), 1353 (2), 1117 (2), 571 (2)
D;C--H,--H,

Jconv. Ts¢ 0 13.00 34.10 2.544 2072 1.701 112.24 106.57 2227, 1713, 863, 2328 (2), 1155 (2), 997 (2), 495 (2)

CVT,300K 0.13 12.86 34.31 2677 2070 1.603 11281 10592 2347, 2184, 816, 2339 (2), 1044 (2), 978 (2), 465 (2)

2 The classical potential Vpgp and the vibrationally adiabatic ground-state potential < are in units of kcal/mol; the bond distances Ryy are in units
of a, and the bond angles are in deg. ®Spectator bond lengths.  The number in parentheses is the degeneracy of the mode. 4Conventional transition

state.

0.35 T T T T T v

0.30
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Figure 1. Logarithm of the per-site secondary deuterium KIE for reac-
tions 1H and 1D vs 1000/ T: (—) results from the CVT calculation with
tunneling; (—--) results from the CVT calculation without tunneling; and
(—-) results from the conventional TST calculation without tunneling.

in that work. The infinite parabolic formula suffers from similar
deficiencies. Tunneling formulas based only on the imaginary
frequency at the barrier are qualitatively incorrect.

Table IV shows the effect of deuterium substitution on the
Arrhenius parameters. The effect on the pre-exponential factor
A is striking in that VTST predicts a significantly larger effect
than does conventional TST, and the effect is amplified by tun-
neling. VTST also shows a much bigger effect on the activation
energy, again amplified by tunneling.

The variational effect on the secondary deuterium KIEs, i.e.,
the effect of where the dividing surface is located, can be as-
certained by comparison of the ratios of the rate constants cal-
culated by variational and conventional TST in the absence of
tunneling. Table III and Figure | show that the effect is large,
about 15% at 300 K. The geometries and properties of transition
states calculated by conventional TST and CVT for reactions 1H
and 1D are listed in Table V. We see that the variational
transition states are slightly more than 0.1 g, closer to products
than the saddle point is. This places them where the potential
energy is about 0.1 kcal/mol lower, the bond angles differ by about
0.6°, and vibrational frequencies differ by 11-476 cm™ from their
values at the saddle point. The direction of the change in transition
state location is the same as predicted earlier by a 3-body
RMBEBO model.

2. Factor Analysis. According to eqs 7-11 the secondary
deuterium KIEs calculated without tunneling corrections can be
factored in terms of the contributions of the translational, rota-
tional, and vibrational motions and the potential along the MEP.
The factored contributions are given in Table VI. For the con-
ventional TST calculations, the classical potential differences
between the transition state and the reactions do not contribute

Table VI. The Contributions of Various Types of Motion to n* and
7VT for the Reactions CH,/CD;H + H — CH;/CD; + H,

T.K s T Tn Tt 8T aSat
200 101 127 083 127 117 086
250 1.01 1.27 0.84 1.27 1.1 0.90
300 1.01 1.27 0.83 1.27 1.03 0.92
372 1.01 1.27 0.82 1.27 093 0.94
400 1.01 1.27 0.81 1.27 0.92 0.95
500 1.01 1.27 0.80 1.27 0.87 0.97
600 1.01 1.27 0.79 1.27 0.83 0.98

1000 1.01 1.27 0.78 1.27 0.78 1.00

1500 1.01 1.27 0.78 1.27 0.78 1.00

to the KIEs because of the invariance of the potential energy
surface and transition state location for isotopic molecules, i.e.,
Mg = 1. In CVT calculations, the potential contribution to the
secondary deuterium KIE, 15", results from the different classical
potentials of the generalized transition states of the deuterated
and undeuterated reactions. For reactions |H and 1D, this makes
an inverse contribution of about 10% at and below room tem-
perature. Table VI shows that this contribution becomes less
important as the temperature increases.

The contribution of translational motion of the reactants is the
same in both conventional TST and CVT calculations and is given

by
3/2
tepusen |/
Mirans =

(15)

HCH, +H

It clearly gives a small normal contribution to the second deu-
terium KIEs.

In conventional TST, the rotational contribution to the sec-
ondary deuterium KIEs results from the balance of two ratios of
square roots of products of principal moments of inertia. One
ratio refers to CD;H and CH, and gives a normal contribution.
The second ratio refers to the products of the moments of inertia
for the H;C-H-H and D;C-H-H saddle points and gives an
inverse effect. The first ratio, which is about 2.27, gives the
dominant contribution so that the total rotational effect is normal,
as seen in Table VI. Since, as we saw in Table V, the geometrical
shift of the variational transition state from the saddle points is
small and similar for the two isotopic reactions, nS)'T is similar
to n,; in fact, it is the same to three significant figures. This factor
would of course be smaller for higher molecular weight reactants.

There is a large variational effect on the vibrational contribution
to the KIEs for the isotopic pair of reactions 1H and 1D at low
temperatures, which can be observed from the differences between
7y and 7GY7 listed in Table VI. At room temperature and below
the two theories even predict different directions for the effect.
In this temperature range, the vibrations provide an inverse
contribution to the secondary deuterium KIE in conventional TST
(i.e.. 73 < 1). Since, for temperatures above room temperature,
both conventional and variational TST give an inverse vibrational
contribution to the KIE, it would be wrong to interpret this normal
KIE as resulting primarily from vibrations, which is the “textbook”
approach.

Further factorization of %, and %" was performed by using
the correlations of Table I and eqs 12-14. For reactions |H and
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Table VII. The Contributions of Various Modes or Degenerate Pairs of Modes to 7%, and 1&T for CH,/CD,H + H — CH,/CD; + H,

vib.1 Tvib.2 Tvib.3 Tvib.4 Tvib.5 Thvib6 Tvib.7
T.K % CVT ¥ CVvVT ¥ CVT ¥ CVT ¥ CVT ¥ CVT ¥ CVT
200 0.74 1.46 1.11 0.96 1.22 1.26 0.85 0.84 1.01 0.50 2.00 3.60 0.49 0.44
250 0.79 1.27 1.08 1.01 1.17 1.20 0.88 0.88 1.00 0.59 1.74 2.75 0.55 0.50
300 0.82 1.14 1.07 1.06 1.14 1.15 0.90 0.89 1.00 0.66 1.59 2.29 0.59 0.55
372 0.85 1.02 1.06 1.11 1.10 1.12 0.92 0.91 1.00 0.73 1.46 1.90 0.62 0.58
400 0.86 0.99 1.0 1.14 1.09 1.10 0.92 0.92 1.00 0.75 1.42 1.81 0.63 0.60
500 0.89 093 1.04 1.16 1.07 1.07 0.94 0.94 0.99 0.82 1.33 1.57 0.66 0.63
600 0.91 0.92 1.03 1.14 1.05 1.05 0.95 0.95 0.99 0.86 1.28 1.43 0.67 0.65
1000 0.95 0.95 1.02 1.06 1.02 1.02 0.97 0.97 0.98 0.94 1.20 1.22 0.69 0.68
1500 0.97 0.97 1.02 1.04 1.01 1.01 0.99 0.98 0.98 0.96 1.17 1.17 0.70 0.70
1D, the seven contributions from the different vibrational motions a 3500 T
to the secondary deuterium KIEs for reactions |H and 1D are
listed in Table VI1I, and the generalized normal mode frequencies
along the reaction paths over the range from s = -0.10 gy to s 3000
= 0.20 a, for reactions 1H and 1D are plotted in Figure 2, a and
b. 2500
There are three major inverse contributions to the KIE, and
these come from vibrations 4, S, and 7, each of which is doubly ~— .
degenerate. Taken together these three v1brat10ns are responsible £ 2000
for the net inverse vibrational contribution, 77 < 1. The lowest 35
frequency mode v, of the transition states, Wthh does not correlate 8 - 2085
to a bound vibrational motion of CH, or CD;H and hence may 1500 / -
be called a transition mode, gives the most important inverse —1337
contribution. The m = 5 vibration, which correlates to an H-C-H —
bending motion in CH,, also gives a substantial inverse contri- 1000} .-1022 T
bution at low temprature, and the m = 4 vibration, whichevolves |7 7T T e e
asymptotically into an asymmetric C-H stretch, gives the third 500
most significant inverse contribution at low temperature, as seen 3 ]
in Table VII.
From the results presented in Table VII, it is clear that the 0 .
overall vibrational contribution to the secondary deuterium KIE 0.1 0.0 0.1 0.2
is the result of a complicated balance from several competing s(a )
effects, some normal and some inverse, with the net result much °
smaller than the components. We may compare the situation to
that assumed in the classic paper of Streitwieser et al.>” on re- b 3500 -
actions of sp? substrates proceeding through sp? transition states —3027
(this paper is still generally accepted® as providing the correct
qualitative explanation of a-deuterium KIEs in such reactions). 30001 ]
Streitwieser et al.?” assumed that the out-of-plane (umbrella) mode
(here m = 3) dominates the a-deuterium secondary KIE because 2500 1
other frequencies were not expected to change as much in passing 2268 __________________ |
from the reactants to the transition state. Table VII shows,
however, that the present more detailed calculations provide a 2000} H D
much more complicated picture. é \ /
Another important aspect of Table VII is that it shows the ;E
extent to which variational effects change the contributions from 1500  —1505 1
the various vnbratlonal motions. This can be observed by com- =1337
parison of nGYT, to nepm Since s$YT(300 K) = 0.11 a, for reac- 112””31%%:
tion 1H, the major variational effect on the generalized normal 1000 [T 033 T T SIS
mode frequencies would ordinarily be expected to arise principally |
from the mode or modes that vary most rapidly in the range 0 =0 |
<5 <0.11 a5 Partsa and b of Figure 2 show that mode 2 has 500 s T RS e kit
the most rapid variation in this range for both reactions 1H and
1D. For reaction | H this mode is correlated to one component 0 \
of the triply degenerate C-H stretch of CH,. However, the -0.1 0.0 0.1 0.2
variational effect on the secondary KIE is determined by ratios s(a )

involving the generalized normal modes for both the unsubstituted
and substituted reaction, and it must be understood in terms of
the net balance of the effects. As Figure 2a so clearly shows, the
frequency changes are almost identical for reactions |H and 1D
for mode 2 so the variational effect on the KIE is not very large
because of cancellation. Instead other modes involving less
cancellation contribute more to the difference between n* and V7.
These modes are considered next.

At 300 K, there is a significant difference between n,,,bs and
7GeT; in particular mode S grovndes an inverse contribution in the
variational calculation (75YF < 1) but a negligible one in the
conventional TST calculation (53,5 = 1). Similarly the CVT
calculation yields a normal contribution of 1.14 from the v, vi-

Figure 2. (a) Frequencies of the generalized normal modes with a sym-
metry (modes 1, 2, and 3) vs reaction coordinate for reactions 1 H (solid
curves) and 1D (dashed curves). The thin vertical lines denote the
locations of the conventional and room temperature variational transition
states. Notice that the optimized transition state for reaction 1 H at 300
K is at s€}T = 0.110 a4 and the one for reaction 1D is at sC§T = 0.131
ay. (b) Frequencies of the generalized normal modes with ¢ symmetry
(modes 4, S, 6, and 7) vs reaction coordinate for reactions 1H (solid
curves) and 1D (dashed curves). The thin vertical lines are the same as
in part a.

bration at 300 K, whereas conventional TST yields an inverse
contribution of 0.82. These significant differences show that there
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Table VIII. CVT/SCSAG Per-Site Secondary Deuterium KIEs for
CH,/CD;H + H — CH,/CD; + H, As Calculated for Three
Potential Energy Surfaces?

T,K n J2 13
200 2.04 2.34 1.97
250 1.63 1.86 1.68
300 1.42 1.60 1.50
372 1.27 1.40 1.34
400 1.23 1.35 1.30
500 1.14 1.23 1.20
600 1.10 1.17 1.15

1000 1.04 1.08 1.07

1500 1.03 1.05 1.04

¢ All vibrations harmonic.

are substantial variational effects on individual vibrational con-
tributions which are much larger than the overall variational effect
resulting from all the vibrational contributions taken together,
which show only a relatively small difference between the con-
ventional TST and CVT calculations.

We hope it will be possible to include the effects discussed here
to improve detailed transition state modeling efforts 52 which have
previously been based on conventional transition state theory
without tunneling,

As pointed out by Melander and Saunders,® “experimentally
a-deuterium isotope effects are almost always substantially less
than 1.4”. Of course the present case is somewhat atypical of the
kind of large-molecule solution-phase reaction upon which that
generalization is based. Nevertheless it places our predicted KIEs
for T < 300 K (see the last column of Table III) in a dramatic
light, especially since conventional TST falls well within the 1.4
limit. This then provides an exciting challenge to experimentalists
to measure the secondary deuterium KIE for the “simplest™
sp’-to-sp? transformation at temperatures below room temperature.

Although the major goal of this paper has been to compare
conventional and improved dynamical theories to each other for
the same potential energy surface, this question of eventual
comparison to experiment raises the question of sensitivity of the
results to the potential energy surface. To provide some infor-
mation on this we also computed the secondary deuterium KIE
for two other potential energy surfaces that have been proposed,?’
namely surfaces J2 and J3. The resulting KIEs, in all cases based
on harmonic vibrations, are compared in Table VIII. There is
some sensitivity, but the KIEs are qualitatively similar, and they
rise above 1.4 for all three potential functions.

3. Multidimensional Effects in Tunneling. In order to explore
the nature of the multidimensional tunneling effects, we also
compare the SCSAG treatment of tunneling to a simpler one,17363
called the minimum-energy path or zero-curvature approximations
in which the transmission coefficient is calculated in the same way
as SCSAG but neglecting reaction-path curvature. The MEPSAG
calculation still includes multidimensional zero-point effects as
reflected in the vibrationally adiabatic ground-state potential
curve,'76? but it does not include corner cutting.'333%4 The two
kinds of transmission coefficient are compared in Table IX, which
also shows their contributions 7$YT to the final kinetic isotope effect
7. There are significant differences between #SYT based on the
MEPSAG method and n,, which equals 1.01 over the whole
temperature range. There are even larger differences of 7$YT
based on the SCSAG method from either of these. It is especially
interesting to compare the MEPSAG results for 200 K to the
SCSAG ones for 300 K. This shows that nSYT for the two methods
is similar if they are compared at respective temperatures where
they predict similar tunneling enhancements. But when they are
compared at the same temperature, the SCSAG method yields
larger transmission coefficients and hence larger values for 75T,

(62) See, e.8.. Hogg, J. L.; Rodgers, J.; Kovach, L.; Schowen, R. L. J. Am.
Chem. Soc. 1980, 102, 79. McKenna, J.; Sims, L. B.; Williams, 1. H. J. Am.
Chem. Soc. 1981, 103, 268.

(63) Truhlar, D. G.; Kuppermann, A. J. Am. Chem. Soc. 1971, 93, 1840.

(64) Marcus, R. A. J. Chem. Phys. 1966, 45, 4493, 1969, 49, 2617.
Marcus, R. A.; Coltrin, M. E. J. Chem. Phys. 1977, 67, 2609.
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We conclude that the contribution of tunneling cannot be as-
sumed to cancel in the KIE even when the imaginary frequency
characterizing the barrier top is essentially unchanged by isotopic
substitution. The isotopic dependence of our more accurate
calculations of tunneling arises first because of the zero-point
energy contributions of transverse modes to the effective barrier
for tunneling, and this is greatly amplified by reaction-path-
curvature-promoted corner-cutting effects. A large tunneling effect
on the a-deuterium secondary KIE does not require coupling
secondary C-D motions into the imaginary-frequency normal
mode of the transition state.

Although most previous work on a-deuterium secondary kinetic
isotope effects has attributed negligible effects to tunneling, the
papers of Ostovi¢ et al.,* Huskey and Schowen,** and Saunders
and Klinman and their co-workers*+#7 provide important excep-
tions. Ostovid et al.* proposed a significant tunneling contribution
to secondary kinetic isotope effects in reactions involving hydride
transfer between NAD* analogues; more specifically they in-
terpreted their observed KIEs as due to participation of the
nontransferred hydrogen in the reaction coordinate for tunneling.
Huskey and Schowen* noted that tunneling effects provide a
consistent explanation for “anomalous” a-D KIEs which, although
smaller than calculated here, exceed the corresponding equilibrium
isotope effects. Saunders* reported model studies of 3-hydrogen
secondary kinetic isotope effects in E2 reactions that indicate an
important effect of tunneling due to coupling of the stretching
mode of a transferred H with a bending mode involving non-
transferred H, and in a followup experimental paper Amin et al.%
tested the predictions of his model. Saunders’ work suffers,
however, from the deficiencies of the infinite parabolic one-di-
mensional treatment of tunneling as discussed above. Finally we
mention the recent work of Klinman and co-workers. They studied
primary and secondary KIEs for both deuterium and tritium for
enzyme-catalyzed oxidation reactions. For the oxidation of benzyl
alcohol to benzaldehyde, a high tritium secondary KIE was in-
terpreted as evidence for tunneling.

4. Other Reactions
We also considered the reverse reactions of the ones we have
been discussing, namely

CH; +H,—~CH,+ H
CD;+H, —-CD;H+H
and we considered
CH, + D — CH; + HD
CD;H + D — CD; + HD

1. Reverse Reactions. Now we consider reactions =1 H and
-1D. For the reverse reactions all diatomic properties cancel in
the KIEs, which depend therefore on the properties of H;C-H-H,
D;C-H-H, CHj;, and CD;. For the reverse reactions symmetry
effects cancel, and ky/kp and the per-site KIE are the same.
Table X gives the secondary deuterium KIEs. All the KIEs for
these reactions are inverse (n < 1). In particular, the calculated
inverse KIEs in the absence of tunneling are strong enough to
overcome the normal contribution from tunneling; thus the net
KIE is inverse, as expected (see Introduction). In fact the cal-
culated inverse effects are more dramatic than for typical organic
reactions. For example the room temperature value n°VT/C = 0,7
deviates from unity by 50% more than the value of ~0.8 which
has been estimated®®40 to be the limiting value for complete sp?
— sp’ conversion at the transition state.

Table XI shows the factorization of the KIEs into contributions
from different kinds of motion. Clearly the inverse KIE and its
temperature dependence are both dominated by the vibrational
motions in this case. Thus it is necessary to understand the
vibrational contributions in detail.

For the reverse reaction the modes of H;C-H-H correlate to
those of CH; + H, as follows (see Table I): Mode v, of H;C-H-H
with a, symmetry is correlated to the », symmetric stretch in CH,
so that the vibrational partition functions for these motions are
labeled Q:ib.l' QVG“T_], or Q;Rib.l' Mode 12} of HJC_H_H with a)

(reaction —=1H)

(reaction -1D)

(reaction 2H)
(reaction 2D)
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Table IX. Effect of Neglecting Reaction-Path Curvature on the Multidimensional Semiclassical Transmission Coefficients and Final Calculated

KIEs for Reactions 1H and 1D

CVT/MEPSAG CVT/SCSAG
T. K KH D Toun' Ky Xp T n
200 5.4 4.6 1.17 69.2 454 1.52 2.04
250 2.7 2.5 1.08 12.3 9.6 1.28 1.63
300 1.91 1.83 1.05 5.3 4.5 1.17 1.42
400 1.42 1.39 1.02 2.4 2.3 1.08 1.23

Table X. Secondary Deuterium KIEs for CH;/CD; + H; —
CH,/CD;H+ H

T, K 7]' n'/w Tla/lP nCVT "CVT/G
200 0.31 0.32 a 0.39 0.59
250 0.43 0.43 0.46 0.51 0.65
300 0.53 0.53 0.54 0.60 0.70
372 0.64 0.64 0.65 0.69 0.77
400 0.68 0.68 0.68 0.73 0.79
500 0.77 0.77 0.77 0.80 0.85
600 0.83 0.83 0.83 0.85 0.89

1000 0.94 0.93 0.93 094 0.98

1500 0.97 0.97 0.97 0.97 1.00

2See footnote a in Table I1.

Table XI. The Contributions of Various Types of Motion to n* and
7°¥T for the Reactions CH,/CD; + H, — CH,/CD;H + H

T.K M T Ton T’ 7 e
200 1.03 1.58 0.19 1.58 0.27 0.86
250 1.03 1.58 0.26 1.58 0.35 0.90
300 1.03 1.58 0.32 1.58 0.40 0.92
372 1.03 1.58 0.39 1.58 0.45 0.94
400 1.03 1.58 0.41 1.58 0.47 0.95
500 1.03 1.58 0.47 1.58 0.51 0.97
600 1.03 1.58 0.51 1.58 0.53 0.98

1000 103 158 057 158 058 100

1500 1.03 1.58 0.60 1.58 0.60 1.00

symmetry is correlated to the H; stretch sy, so that the vibrational
partition function of this mode of reactants is called QX , instead
of QM. The transition state umbrella mode v with a, symmetry
is correlated to the out-of-plane bending mode v, is CHj; so the
vibrational partition function of this mode of the reactant is
referred to as Q% ;. The vibrational mode v, of H;C-H-H with
e symmetry is correlated to the doubly degenerate C-H asym-
metric stretch, »;, in CH;. Thus the corresponding partition
function of this reactant mode is denoted as Q4. The »5 mode
of e symmetry is correlated to the in-plane bend, v,, in CH;. The
remaining two doubly degenerate frequency motions, v¢(e) and
v4(e), of H;C-H-H do not correlate to bound vibrational motions
in the reactant CH; + H,.

For the reverse reactions, the three lowest frequency vibrations,
m = 3, 6, and 7, of the transition state are responsible for the
inverse contribution to the secondary deuterium KIE, as seen in
Table X1I. The m = 4 motion makes almost no contribution to
the secondary KIEs, and the m = 2 mode also makes minor
contributions; however, the m = 1 and 5 vibrations both make
substantial normal contributions at 300 K. The normal contri-
butions from these modes, however, are outweighed by the inverse
contributions from the m = 3, 6, and 7 modes.

As expected several of the modes show opposite-type contri-
butions for the forward and reverse reactions (compare Tables
VII and XII). This includes the m = 3 umbrella motion, which
is normal for the forward reactions and inverse for the reverse
reaction. The same situation occurs for m = 6; and the m = 4
and S modes lead to inverse contributions for the forward reaction
and normal contributions for the reverse reaction. The v, vibration,
which does not correlate to any bound motion of reactants for
either the forward or the reverse reactions, has a significant inverse
contribution to the secondary deuterium KIEs in both cases since
it is more constrained in the perprotio transition state than in the
deuterated one. The m = | mode gives a normal contribution
for the forward reaction at low temperature and becomes slightly
inverse as the temperature increases. However, this C-H stretch
motion gives a normal contribution for the reverse reaction.. A
normal contribution from the m = 2 mode is predicted at high
temperature for both forward and reverse reactions.

For the reverse reaction at 300 K, there is a 40% difference
between ny;,, and nSy 1, about 17% difference between 5y, s and
%1, and about 31% difference between nj ¢ and 75y,

2. CH,/CD;H + D — CH;/CD; + HD. Finally we consider
the reaction of methane with a deuterium atom. This has a larger
reaction-path curvature than the reactions examined above. As
discussed in the Introduction, for reactions with intermediate or
large reaction-path curvature, the larger of the SCSAG and LCG3
transmission coefficients is accepted as more reasonable.?* The
transmission coefficients calculated for CH, + D and CD;H +
D are given in Table XIII. From these results we conclude that
the tunneling contributions to the secondary deuterium KIEs for
reactions 2H and 2D should be computed with the LCG3 method,
and we will do so.

Again the multidimensional tunneling calculations indicate that
the tunneling effect, in particular its isotopic dependence, is poorly
described by the Wigner or infinite parabolic one-dimensional
treatments. Furthermore tunneling is so important that the
secondary KIE may not be understood even qualitatively correctly
without consideration of the proper tunneling contributions.

The kinetic isotope effects and Arrhenius parameters for re-
actions 2H and 2D are listed in Tables XIV and XV, respectively.
Again we see large effects of using variational rather than con-
ventional transition states and of including multidimensional
tunneling contributions.

From Table XIV, it is clear that the variational effect on the
secondary deuterium KIEs, i.e., the difference between VT and
n*, is significant. At room temperature or lower, the variational
effect is greater than 10%. As for the other reactions studied,
the Wigner correction for the tunneling, which was used in the
previous theoretical study,3? gives almost no contribution to the
secondary deuterium KIEs, i.e., we obtain almost the same values

Table XII. The Contributions of Various Modes or Degenerate Pairs of Modes to n3; and nSYT for CH,/CD, + H; — CH,/CD;H + H

Tvib,1 Tvib.2 Tvib,3 Tvib.4 Tvib.$ Tvib,s Mvib.7
T,K ¥ CVT $ CVT $ CVT $ CVT $ CVT $ CVT $ CVT
200 1.00 1.98 0.98 0.85 0.63 0.64 1.0 1.03 2.86 1.45 0.23 0.38 0.49 0.44
250 0.99 1.63 0.98 091 0.70 0.71 1.05 1.03 2.33 1.38 0.29 0.46 0.55 0.50
300 1.00 1.40 0.99 0.97 0.77 0.77 1.03 1.02 2.05 1.35 0.35 0.51 0.59 0.55
372 1.00 1.21 0.99 1.05 0.82 0.83 1.03 1.03 1.80 1.32 0.43 0.56 0.63 0.58
400 1.00 1.15 0.99 1.07 0.85 0.86 1.01 1.01 1.73 1.31 0.45 0.57 0.63 0.60
500 1.00 1.04 0.99 1.11 0.87 0.88 1.02 1.01 1.58 1.31 0.51 0.60 0.65 0.63
600 1.00 1.02 0.99 1.10 0.91 0.90 1.02 1.01 1.51 1.30 0.55 0.62 0.67 0.65
1000 1.00 1.01 0.99 1.04 0.96 0.96 1.01 1.01 1.38 1.32 0.62 0.64 0.69 0.68
1500 1.01 1.01 1.00 1.02 0.97 0.98 1.00 1.00 1.34 1.33 0.65 0.65 0.70 0.70
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Table XIII. Transmission Coefficients for Reactions 2H and 2D as
Functions of T

reactant X 200K 250K 300K 400K 500K 600K
CH, w KRR 2.35 1.94 1.53 1.34 1.23
1P a 9.74 340 1.82 1.44 1.28

SCSAG 28.0 822 429 227 1.69  1.44
LCG3 937 215 9.09 360 2.28 1.77
CD;H W 3.08 233 192 1.52 133 1.23
P a 9.01 331 1.80 1.43 1.27
SCSAG 17.2 587 3.36 1.96 1.54  1.35
LCG3 360 105 514 248 1.77 1.48

¢The infinite parabolic formula is again not applicable at 200 K.

Table XIV. Secondary Deuterium KIEs for CH,/CD;H + D —
CH,/CD, + HD

T K n v '/ 7T CVI/LCG3
200 1.07 1.08 a 1.31 3.09
250 1.08 1.08 1.16 1.25 2.51
300 1.07 1,08 1.10 1.19 2.07
400 1.05 1.05 1.06 1.09 1.60
500 1.03 1,03 1.04 1.04 1.38
600 1.02 1.02 1.02 1.01 1.28
1000 1.00 1.00 1.00 0.99 1.12

¢The infinite parabolic formula is again not applicable at 200 K.

Table XV. Kinetic Isotope Effects on Arrhenius Parameters for
Reactions 2H and 2D at 300-372 K

AH/AD E._D - EI.H' kcal/mol
¥ 0.99 0.04
/W 0.99 0.05
£/1P 0.95 0.09
CVT 0.86 0.19
CVT/G 0.73 0.62

for #* and #*/%. Similarly »*/'" agrees with »* within 7%.
However, the multidimensional LCG3 tunneling calculations in-
dicate that the tunneling contribution is very important in this
case, with a difference between YT and #CYT/LCG3 of more than
80%.

§. Conclusion

The secondary deuterium KIEs for hydrogen-transfer reactions
are almost always interpreted in terms of conventional transition
state theory. The present article shows that variational transition
state theory calculations with multidimensional semiclassical
ground-state transmission coefficients lead to significantly different
secondary deuterium KIEs as compared to conventional TST.
Small structural differences between conventional and variational
transition states have significant effects on the nontunneling KIEs,
and the final KIEs are affected significantly by multidimensional
tunneling contributions that are much more sensitive to a-deu-
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terium substitution than previous theoretical treatments would
suggest. Experimental tests of these predictions would be most
welcome. In their absence, however, since the present model has
proved more reliable than conventional TST when tests are
possible,'%!4 we urge great caution in interpreting secondary
deuterium KIEs by conventional transition state theory.

Detailed analysis of the factors entering the calculated KIEs
provides insight into the physical origins of the effects, The
secondary deuterium KIEs for reactions such as those studied here,
for which the central carbon atom of the system changes from
tetrahedral sp? hybridization to planar sp? hybridization, favor
the undeuterated species in the forward reaction and the deuterated
species for the reverse conversion. These tendencies are found
to be more pronounced for the forward reactions and less pro-
nounced for the reverse reaction than predicted by conventional
transition state, both because of variational effects on the location
of the best dynamical bottleneck and also because of important
tunneling effects found in this study, which always increase ky/kp
for these reactions. Previous interpretations of experimental work
have ignored variational effects and significantly underestimated
the tunneling effect, which will lead to incorrect interpretations
of vibrational contributions. In particular when secondary KIEs
are studied in the usual inverse mode, i.e., the potential surface
or structure of the activated complex is inferred from the KIE
(whereas here we calculate the KIE from the structure and po-
tential surface), the use of conventional transition state theory
for either the forward or reverse reaction would lead to inferred
saddle point structures that are too far toward the sp? limit in order
to compensate for the neglect of these effects. Therefore, the
previous interpretations must be re-evaluated carefully.

We have made a detailed analysis of the contributions of the
individual vibrational degrees of freedom to the secondary deu-
terium KIE. The major inverse contributions for the CH, + H
reaction come from three transition state vibrations: vibrational
mode »,, which evolves from an asymmetric CH stretch, »5, which
correlates to the H-C-H bend, and v, which does not correlate
to any bound motion in reactants. For the reverse reaction CH,
+ H,, the major inverse contributions result from the three motions
with lowest vibrational frequencies at the transition state: »,, the
umbrella motion corresponding asymptotically to the out-of-plane
bend of the methyl group, v, the doubly degenerate H-C-H
bending mode, and v,, which correlates with a free motion of the
two reactants. Significant variational effects on the contributions
from several vibrational degrees of freedom are very important
for quantitative understanding of the secondary deuterium KIEs.
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