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Abstract: Using conventional transition state theory, the secondary deuterium kinetic isotope effect (KIE)
in the inversion Sy2 reaction of CHsF and F~ is calculated to be small, 0.98 (T = 298 K). This is shown to
be the result of a balance among opposing entropy and enthalpy terms. By contrast, KIE in the retention
Sn2 mechanism is calculated to be large (1.5). Accordingly, KIE is a potential observable for discriminating
between the two mechanisms. Large KIE's are also found for the inversion and retention mechanisms of
the ion pair reactions between CHsF and LiF. All of the transition structures leading to large KIE's have a
bent FCF angle and an imaginary frequency that is sensitive to deuterium labeling.

Introduction such knowledge becomes important for reactions involving ion-

The nucleophilic substitution reaction of methyl halides by P&Irs, transition metal nucleophiles and enzymes, where changes

anionic nucleophiléshas been found to have generally a small N the mechanism might not be unlikely. Indeed, the only case
secondary kinetic isotope effect (KIE) that is comparable in the ©f Which we are aware in which alternativeSrelated TSs
gag3 and condensed phaskghis result has been the subject Were considered is a communication by Cook and Haynes of
of numerous theoretical studies, all of which satisfactorily the CHI/CD3l oxidative addition to square plana-@(CO).l;] -
reproduce the observed KF8,and provide different levels of (M = Rh and 1Ir) for which concerted (related to [and
analysis of its origin. Some of the more recent of these studies StePWise (inversion) mechanisms can be envisdged.

have addressed the possible correlation between calculated KIE We have long been interested in using experimental and
and transition state loosenésut the conclusions remain theoretical methods to address reactivity issues in ion-pair
controversiaP Although theory is most valuable for mechanistic  reactions in comparison with their ionic counterpafts? As
purposes when it identifies observables that can rule out certainPart of these efforts, we had calculated the unsolvated identity
reaction pathways, most isotope effect studiesy@ @actions ~ substitution reaction of MeX by MX (M= Li and Na, X=F
have considered only the transition state of the inversion and Cl, Scheme I} The results revealed two modifications
mechanism (TS,). This is justifiable on the grounds that the compared to anionic reactions. First, the geometry of the ion-
other conceivable substitution pathway for a retention transition Pair TSn-ip has bent XCX angles in contrast to the linear
state (TS, Scheme 1) should be high in energy for ionic arrangement characteristic of ifiSan The second modification
systems. Nonetheless, it is still fundamental to know ifeTS Pertained to the energy differences between,T8nd TSe
would or would not have the same KIE as;SIn addition, which are smaller in the i'onjpair reactions15 to+10 kcal/

T American Universits of Beirat mol) compared to the anionic ones (ca. 45 kcal/mdl).

* University of Califo¥nia’ Berkeley. The TSs in Scheme 1 form a simple model set to study the
(1) Shaik, S.'S.; Schlegel, H.; Wolfe, Eheoretical Aspects of Physical Organic  extent to which several structural variations influence the KIE
) ey, Theye Vectamsmiyiey, New Yo 1002, ) in 5,2 reaciions. To this end we have calculated (I

Chem. Soc1992 114, 10477. for the transformation from C#fF to each of these TSs. Except
@) (9 Gronr, s Deruy, € i i, v o, e, S0dssl i the case of the extensively studied 1S where KIE is

DePuy, C. H.; Bi_ergaum, & m /erg- gﬂgnrq gg%ggg Eg fggg. (©) essentially nil, all of the other TSs are calculated to have normal
@) Py G berg. B B S tvic dcarauben, w.. and substantial KIEs (1:51.9). One entity that stands out in

Dybala-Defratyka, A.; Madhavan, S.; Danielsson, R.; Paneth, P.; Matsson, discriminating between the two sets of KIEs is the reaction

O.; Westaway, K. CChem—Eur. J.2003 9, 2696 and references therein.
(5) (@) Tucker, S. C.; Truhlar, D. G.. Am. Chem. S0d.99Q 112, 3338. (b)

Viggiano, A. A.; Paschkewitz, J.; Morris, R. A.; Paulson, J. F.; Gonzalez-  (9) Griffin, T. R.; Cook, D. B.; Haynes, A.; Pearson, J. M.; Monti, D.; Morris,

Lafont, A.; Truhlar, D. GJ. Am. Chem. S0d.99], 113 9404. (c) Zhao, G. E.J. Am. Chem. S0d.996 118 3029.

X. G.; Lu, D. H.; Liu, Y. P.; Lynch, G. C.; Truhlar, D. Gl. Chem. Phys. (10) (a) Abu-Hasanayn, F.; Streitwieser,JAAm. Chem. So4996 118 8136.

1992 97, 6369. (d) Hu, W.-P.; Truhlar, D. Gl. Am. Chem. Sod 994 (b) Abu-Hasanayn, F.; Streitwieser, A. Org. Chem1998 63, 2954.

116, 7797. (e) Hu, W. P.; Truhlar, D. Gl. Am. Chem. Sod 995 117, (11) (a) Pratt, L.; Streitwieser, Al. Org. Chem2003 68, 2830. (b) Pugh, J.

10726. K.; Streitwieser, A.J. Org. Chem.2001, 66, 1334. (c) Wang, D. Z.;
(6) Pairier, R. A.; Wang, Y.; Westaway, K. 3. Am. Chem. S0d.994 116, Streitwieser, ATheor. Chem. Accl999 102, 78.

2526. (12) (a) Harder, S.; Streitwieser, A.; Petty, J. T.; Schleyer, P. J. Rm. Chem.
(7) Glad, S. S.; Jensen, B. Am. Chem. S0d.997, 119, 227. Soc.1995 117, 3253. (b) Streitwieser, A.; Choy, G. S. C.; Abu-Hasanayn,
(8) Ruggiero, G. D.; Williams, I. HJ. Chem. Soc., Perkin Tran2002 2, F.J. Am. Chem. Sod.997 119 5013.

591. (13) See also Ren, Y.; Chu, S.-¥. Comput. Chenm2004 25, 461-467.

10.1021/ja0487978 CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 2249—2255 = 2249
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Scheme 1. Geometry of the Precomplex, Inversion, and Retention Transition Structures in the Anionic and lon-Pair Sy2 Reactions?
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aThe parameters shown are from the B3LYP/6-B#1G** minimizations used in the present study (units in degrees and A).

coordinate normal mode of vibration®. In TSpy—an, v* is the
pure asym FCF stretching moder¢r) and is insensitive to
deuterium labeling. In all of the other TSg' is a mixture of
the asym FCF stretch and an asymmetric;®dnd ¢cp,). In
the latter TSsy* is lowered upon glabeling. Such behavior is

similar in nature to a primary KIE. Analysis of the results

The geometry and vibrational frequencies of the species in
eq 4 can be computed by standard electronic structure mefthods.
Using statistical mechanics, the calculated masses, moments of
inertia, and vibrational frequencies of these species can then be
used to evaluate KIE at a given temperature as a partition
function ratio (eq 5) having translationay(, rotational ¢ro1),

suggests that tilting of the entering and leaving groups is the and vibrational #vi,) component3®>14 The latter is often

structural feature that renderSsensitive to deuterium labeling.

Background and Calculational Methods.Within the quasi-

separated into two terms, one accounting for the effects of
vibrational excitation (EXC) and one (EXP) accounting for the

thermodynamic formulation of conventional transition state effects of the zero-point energy changAa\ZPE) in eq 4. The
theory (TST), which assumes a unity transmission coefficient molecular partition functions making eq 5 can also be trans-

in the calculated rate constaidtsa KIE may be expressed as

formed to express KIE in terms of quasi-thermodynamic

the gquasi-equilibrium constant in eq 3, where R and TS are the quantities (&AHf andAAS’ro; eq 4) arising from translational,
proteo reactants and TSs of interest, and R* and TS* are therotational, and vibrational contributiof8.

deuterated analoguésin such formulationsAG], and AGH

in eq 1 and 2 are the transition state approximations to the

standard-state free energy of activation at a givefi Which

can in turn be used to associate the quasi-thermodynamic

quantities to KIE AAG, = AAHY — TAAS! in eq 4).
Normal and inverse KIE'’s at a givehwould refer to cases in
which Kq-eq is greater or smaller than unity, respectively.

N rsr_ KeT o+
R—TS Kk;°'= Texp—AGH /keT Q)

o T .
R*—TS* K= k%exp—AGD*/kBT @)

Ky eq KIST

R+ TS* REHTS  KIE=——=K, o (3)

kp

K

q-eq

R+ TS*=—R*+TS

AAG’; = AAH — TAAS’S
4)

(14) Laidler, K. JChemical Kinetics3rd ed.; Harper & Row: New York, 1987.

(15) Carpenter, B. KDetermination of Organic Reaction Mechanisidgiley-
Interscience: New York, 1984.
(16) Truhlar, D. G.; Garrett, B. Cl. Am. Chem. Sod.989 111, 1232.
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kLST
KIE = 7577 Kg-ea ™
QF Q%[ QR Qi \[ Qo Qi exp_ | SAZPE
QF ¥ \Qhr @ \QFs Qi RT
KIE = () (17, EXC-EXP %)

where: Q; = (27MkgT)¥Zh3, Qror = 872(873I allc) VA ks )Y
oh?; Quip = ITi(1 — e (hwi/ksT))~! (index “i” scans only real
vibrations).AAZPE = AZPEjs — AZPEX; AZPElS = ZPErs
— ZPErss; andAZPEg'z ZPEr — ZPEr+. M is the molecular
mass,h is Planck’s constankg is Boltzmann’s constant is
the absolute temperaturkjs the moment of inertiag is the
symmetry number, ang is the vibrational frequency with the
indexi covering the modes with real frequencies.

In the present study we obtained the geometries of the species
in Scheme 1 at the B3LYP/6-33H-G** (5d) level of theory®

(17) (a) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Popl&bJnitio Molecular
Orbital Theory Wiley: New York, 1986. (b) Cramer, C. Essentials of
Computational ChemistryTheories and Model&Viley: New York, 2002.

(18) McQuarrie, D. A.; Simon, J. DMolecular ThermodynamicdJniversity
Science Books: California, 1999.
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using Gaussian 0%. Vibrational frequencies were computed Table 1. Calculated Energy and Entropy Parameters for thefl »
using the harmonic approximation and were used without '?ej‘:z?g’glgfg'f':l";’{tmh)': and LiF (in kcal mol™and cal mol™ K™%
scaling. KIEs were then calculated according to eq 9 at '

298 K, andP = 1 atm. The results are discussed using both the precomplexes AZPEly  AMas e
partition function ratios (eq 5) and the quasi-thermodynamic CHsF +F — complex. 0.08  -146 -200 8.7

. CHsF + LiF — complex, 14 —-148 270 —6.8
quantities (eq 4).

We note that the conventional TST adopted in our study ionic TSs AZPE! Az ASigs Ay
assumes that for a given mechanism the geometry of the proteo CHsF + F- — TSny_an —-0.33 —6.1 -27.1 2.0
and deutero TSs is the same and does not account for tunneling CHsF + F~ — TSet-an -1.02 384 244 45.7
and recrossing eﬁects. A more accurate '.[heor.etlcal treatment on-pair TSs AZPE" A AS, AGL,
of KIEs would require calculation of dynamic trajectofand -

CHgF + LiF — TSnv—ip —0.43 40.8  —34.3 51.0

is beyond the scope of the present study. Over the past two - _ _ _
decaélles, Truhlar zfnd co-wo?kers have Igd extensivepresearch CHF T HE ™ TSacy o e e
efforts to develop theories and computational protocols for
accurate calculation of rate constants in which TS geometriesthe precomplexes and TSs are given in Scheme 1, and the
are located variationally, and dynamic recrossing, tunneling, and reaction and quasi-thermodynamic activation parameters for their
nonequilibrium effects are accounted for in a generalized formation are collected in Table 1. The data show that in the
transmission coefficient ter#:2® The applications have ad- anionic identity reaction of MeF, T;%-an is much lower than
dressed primary and secondary KIEs in a range of chemical TS, while the reverse is true for the ion-pair reaction. This
reactions’* including the inversion & anionic mechanisr¥. result was discussed in detail in previous stud?és.
Some results from these investigations were compared with Reaction Coordinate Normal Mode of Vibration (v¥).
results from conventional TST KIEs. These available compari- Figure 1 compares* in TSyy—anand TSeanand includes also
sons will be used in a later section to evaluate how such effectsthe three CH bending modes pertaining tos@iramidalization
might impact the conclusions of the present more limited study. (voy). In TSpv—an v* is the pure asym FCF stretch and s
symmetry withinDap. The only other vibration in Tg—an With

a, symmetry is the symmetric out-of-plane gHend (/out,

Reactions EnergiesGas-phase anioniq reactions proceed F|gure 1). However, there is no indication of any¢m|xmg in the
via an initial encounter complex followed by a SBecause  coordinates of these two modes, and the value;gf ., does
the main objective of the present study is to compare how a ot change upon deuterium labeling. Even with tritium labeling,
change in the TS structure influences KIE, it should not matter which bringsv%, down to 734 cm, v}, remains the same
whether the discussion is based on transformation starting fromas in the protio TS.
separate reactants or from the precomplex. For convenience, In the retention anionic TS, the entering and leaving groups
and to allow comparison with other theoretical studies, we base are related by a plane of symmetry and bl pyramidal. In
the discussion on the direct transformation from separate the resultingCs geometry, the bending GHnodes related to
reactants to TS. For completeness we include the equilibrium the € mode in TSy-an are split into aand & modes. Figure
IE for precomplex formation in the tables. The geometries of 1 shows that, in addition to the asym FCF motion expected for
the &2 mechanism, the coordinates Q}et_ also include
(19) Becke, A. D.J. Chem. Phys1993 98, 5648. Lee, C.; Yang, W.; Parr, R.  components from the"aCHs; bending mode. Consequently,

G. Phys. Re. B 1988 37, 785. a L

(20) Frisch, M. J; Trucks, G. W.: Schlegel, H. B.; Scuseria, G. E.; Robb, M. WN€Nvo, is decreased bysesubstitution vy, ., also decreases

A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.;  from 631 to 570 cmL. Tritium substitution lowersy’
Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

Mennucci, B.; Cossi, M.; Scaimani, G.; Rega, N.; Petersson, G. A; further to 536.

Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, The switch from T&y—an 10 TSet-an iNVolves simultaneous
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; . . X

Li. X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.: Adamo, C.; Jaramillo, Change in the methyl moiety as well as in the FCF angle. In

J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; TS . onth her hand. the methvl moi is planar FCF
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;; . Siv ipy O the othe a d’ the met ylmo et.y S p anar but FC
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, 1S bent (SCheme 1). Figure 2 shows that in this case too the
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D,

Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; G. Baboul, A. G; Coordmatef Oi/lnv ip include components from the asym- -©H
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, bend andv* is isotope sensitive. This suggests that tilting of
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; _
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, Fhe .ent?rmg and Ieavmg groups rather than methyl Pyramldal
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. ®aussian 03 ization is the structural parameter that makéssensitive to

revision B.05; Gaussian, Inc.: Pittsburgh, PA, 2003. : f : :
(21) (a) Wang, Y. Hase, W. L. Wang, H. Chem. Phy2003 118, 2688. (b) deutenum labeling. For Tig-ip, perdeuterio labeling lowers
from 629 to 524 cm*. Finally, and not surprisingly,

Sun, L.; Hase, W. L.; Son&. J. Am. Chem. So001, 123 5753.(c)

Results and Discussion

ret-an

; : > Mo h inv—i

Igggl;(.awa' H. lgarashi, M.; Ishibashi, 3. Phys. Chem. £2002 106 FlguPe 2 shows thatret_- has CH components and is isotope
(22) (a) Truhlar, D. G.; Garrett, B. @cc. Chem. Re498Q 13, 440. (b) Truhlar, sensitive. In summary, it appears that tbey geometry of

D. G.; Gao, J.; Alhambra, C.; Garcia-Viloca M.; Corchado J.; Sanchez M. R . . . . . ..

L. Villa J. Acc. Chem. Re002 35, 341. TSnv—an iS Unique in having an isotope insensitivé. As
(23) Gsfgc'a -Viloca M.; Gao, J.; Karplus, M.; Truhlar, D. Science2004 303 discussed below, whethef changes upon isotope labeling or
(24) Truhlar, D. G.; Lu, D. H.; Tucker, S. C.; Zhao, X. G.; Gonzalez-Lafont, NOt appears to play an important role in determining the KIE.

éeriTe:r;cl)ggéTsol\lz 1"gau“ce D.; Lit, Yi P.; Lynch, G. G\CS Symposium Calculated KIEs. The KIE for the four TSs considered in
(25) (a) Zhao, X. G.: Tucker, S. C.; Truhlar, D. G. Am. Chem. Sod.991 this study are given in Table 2. As in previous studies, our

o3 828, §o) Gonzalez-Lafonta, A.; Truong, T. N.; Truhlar, D.GPhys.— cajculations using harmonic frequencies at 298 K yield a small
(26) DePuy, C. HJ. Org. Chem2002 67, 2393. KIE for the direct transformation from Fand MeF and to

J. AM. CHEM. SOC. = VOL. 127, NO. 7, 2005 2251
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Figure 2. Coordinates of* and the bending modes related to pyramidalization of @HT Sny—ip and TSetip and their harmonic frequencies (in ch

TSiv-an (0.98), which is close to the experimental resuldn predicted to yield normal KIE’s with substantial but comparable
the other hand, the KIE in the mechanism leading ted s is magnitudes: 1.86 (Kl —ip) and 1.46 (KlEewip). Thus, TSw-an
large at 1.68. This indicates that KIE is an observable that can appears to be unique in yielding a small KIE. In the remaining
discriminate between the two given mechanisms in the anionic part of the study, we attempt to understand the nature of the
reactions. For the reactions of LiF, both mechanisms are factors that lead to this result. To this end we utilize the partition

2252 J. AM. CHEM. SOC. = VOL. 127, NO. 7, 2005
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Table 2. Kinetic and Equilibrium Isotope Effects Calculated at 298 K Using the Partition Functions?

Nir Mot EXC EXP isotope effect
anionic TSs (F)

CHgF + TS .= CDsF + TSGr2,, 1.05 1.23 0.91 0.84 KI—an= 0.98
CHaF + TSS2, = CDsF + TS, 1.05 1.47 0.80 1.25 Kli-an= 1.68
ion pair TSs (LiF)

CHaF + TSy?,, = CDsF + TS 0 1.06 1.55 0.82 1.21 Klig—ip = 1.86
68CHF + TS, = CDsF + TS, 1.06 1.53 0.73 1.20 Kl ip= 1.49
precomplex formation
CHaF + pIxS> = CDsF + pIxSHe 1.05 1.24 0.81 1.02 ElR= 1.06
CHF + pIxS> = CDsF + pIxG'™ 1.06 1.52 0.72 0.79 Elg=0.91

aResults calculated at = 298 K andP = 1 atm using unscaled harmonic frequencleghe (71)(77rot) is often referred to as the mass moment of inertia
(MMI) term to KIE.

Table 3. Calculated Energy and Entropy Components of the Isotope Effects?

individual components (T = 298 K) sum effect of v*
AAZPE? AAEES AASY AAS, AAS, AAHgg AASh AAGg AZPE' Vv,

anionic TSs

KIEinv—an 0.11 —0.089 0.089 0.41 —0.49 0.017 0.014 0.013 0.00 1.00

KIEret-an —0.13 —0.096 0.089 0.77 —0.76 —0.23 0.097 —0.26 —0.09 111
ion pair TSs

KIEinv-ip —-0.11 —0.16 0.11 0.87 —0.95 —0.28 0.030 —0.28 —0.15 1.19

KIEret-ip —-0.11 -0.11 0.11 0.84 —0.99 —-0.22 —0.038 -0.21 —0.08 1.11

complexes AAZPE AAEES AAS < uE > AASS, AASS, AAH, AASS AAGSy

ElEan —0.011 —0.049 0.089 0.42 —0.59 —0.060 —0.081 —0.036

EIEp 0.14 —0.072 0.11 0.83 —0.88 0.069 0.053 0.054

aResults calculated = 298 K andP = 1 atm using unscaled harmonic frequencies. Entropy units in cal'fol!, and energy units in kcal/mohA
ESCrelates to the energy difference due to vibrational excitation at 298 K. The translational and rotational motions do not coniifldfg o an IE, and

thus AAHS, = AAZPE + AAEES BV = ZPESP: — ZPES™, and each ZPE is Ya(h|v¥)).

function ratios (Table 2) as well as the thermodynamic energy mode in CkF and CQF is calculated at 1030 and 981
parameters (Table 3). cm™1, respectively. Thus the contribution of the reactant
In all the TSs considered;; and#.; each makes a normal  molecules in eq 4 to EXC is minor (when all the vibrations are
contribution to KIE. Variations iny, depend on the variations  included,Q%,/Q%, in eq 5 is 1.05). The addition of For LiF
in the mass of the TS and are thus mingg € 1.05 and 1.06 to CHsF or CDsF to form a TS introduces additional low energy
in the ionic and ion-pair TSs, respectively)e depends onthe  |SVs. TSy-_an for example has an’enode for FCF bending
moment of inertia of the TSs, which is in turn determined by that has values of 314 and 292 chior the proteo and deutero
the mass as well as the geometry of the TSs. IRag 7rot iS TSs, respectively. Such modes will have significant excited
significantly greater than that in T$-an (1.47 and 1.23,  populations at room temperature, and more so iggkBecause
respectively), and is therefore a discriminating factor between the latter is on the left-hand side of eq 4, it would yield a
the two anionic mechanisms. In the ion pair reactiops. is negativ\AS,, and a negativeAAEEXC (Table 3). For the

larger th_an that in the ionic TSs and is comparable in the_ WO given TSs, the entropy effect dominates at room temperature
mechanisms 1ot ~ 1.54, Table 2). In a comprehensive 5nq EXC is thus inverse.

experimental and theoretical study of KIE in gas-phase anion
and radical-anion & reactions, Bierbaum presented a thorough
discussion of howy; and . are determineé? We add here

that the translational and rotational motions do not contribute

to the enthalpy of KIE §AH}es Of €q 4), andyy and 7

correspond therefore to entropy terms having valueAzbﬁf Zt?wrg;a;]a(s:(s)-(lclarli)c?grﬂggl /21906:'?;b?ensigiﬂ?sfﬁigggg
~ 0.1 andAAS;,, ~ 0.4-0.9 cal KX mol? (at 298 K, Table - : '

3) and AAES:C is equal toAAHﬁ;8 of eq 4%7 Since these two
. terms have different signs in 1,3-an, the finaIAAHZ,Sfor this
" mechanism is negligible (0.018 kcal/mol). For;%San AAS;S

and 0.80 in TScan This term sums the entropy and energy 'S posmve and small (0.015 cal ® mol™Y), and the final
effects resulting from variation in the degree of vibrational AAG, 208 COMES close to zero. In the other mechanisms, both
excitations in the species in eq 4 at a given temperature AAEZ" and AAZPE are negative, and\AHpg (—0.22 to
(AAS,, andAAESXC, Table 3). In the reactant GA and CQF
molecules, all the vibrations are of too high energy to have any (27) Because the classical translational and rotational energies for each species

o . . in eq 3 is%,RT, they cancel out and do not contribute to the enthalpy of
significant excited populations at 298 K. For example, the lowest aKIE.

Unlike the above parameters that contribute in the same
direction in all of the TSs, at 298 K the EXP term is inverse in
TShv-an (0.84) but normal and comparable in all the other cases
(>1.2; Table 2). This follows from a positivAAZPE" in

Table 2 shows that EXC is inverse in all the TSs considered
In the anion reactions, for example, EXC is 0.91 ininJSn
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—0.27 kcal/mol) dominateAAGjgg (—0.21 to—0.28) which different bond distances and force constants for the proteo and
yield normal and substantial KIEs. deutero TSs, KIEs calculated by VTST can become different
Clearly, AAZPE* is the principal parameter that separates from those obtained by conventional TST. Truhlar and co-
the calculated KIE in T§,—an from the other TSs. Since the ~Workers have used VTST to study a large number of KIEs
given variations inAAZPE are rather small# 0.1 kcal/mol), and have also accounted for multidimensional tunneling cor-
and in the absence of a one-to-one correspondence among th&ections in the calculated KIEs. Several comparisons between
isotope sensitive vibrations in the reactants and the TSs, we doVTST and conventional TST KIEs included in these studies
not attempt to evaluate the weights of the individual normal of the Truhlar group can provide a basis to estimate the potential
modes in yielding the variations BAZPE". Such attempts have  impact of VTST and tunneling on the conclusions of our
been made in previous studies ofiSan by grouping them study.
into low, medium and high energy rang#s:” We instead Few examples are known in which VTST and tunneling
discuss qualitatively the potential role of the isotope sensitivity effects were found to decrease the KIEs calculated by conven-
of v* in determining AAZPE". v* may be thought of as a  tional TST2% 32 Moreover, these examples are cases of primary
vibration that has been removed from the TS. The energy KIEs and appear to be most pronounced in systems in which
associated with this mode (ZREwould have the effect of  the proteo and deutero TSs exhibit substantially different
lowering the ZPE of the TS, and consequently the activation geometries at the site involving the H/D bond making and
enthalpy. If ZPE is simplistically quantified a&(h|v¥]), where breaking®! For secondary KIEs it is more common to find only
the imaginary component of has been dropped out, the effect minor differences between TST and VTST results, with the latter
of the isotope sensitivity of* on KIE (eq 5) can be estimated  usually largef33-35 |n the anionic inversion & reaction in
using AZPE% defined as ZPE™ — ZPES™ . In TSpy—an v¥ is particular, VTST and tunneling effects on KIE have been shown
the same in the protio and deuterio TsS,A;z)PEﬁ is zero. to be essentially absefftThus, for the new TSs considered in

In the other TSs,AZPEtf, is negative because in these the present study, variational and tunneling effects are unlikely
cases ZPE would be lowered more in the proteo species witht0 decrease the large secondary KIEs predicted for their reactions
the largerv*. The magnitude OfAZpEﬁ; obtained this way by TST. Any possible increase in the KIEs due to VTST or
(—0.08 to—0.15 kcal/mol) is comparable to the totahZPE* tunneling on the other hand should enforce the major finding
(—0.10 to—0.13 kcal/mol, Table 3). We stress the point that Of our study, namely that changing the geometry of the S
eq 5 does not cover* in the calculation oAAZPE*, and we reaction from one in which the entering and leaving groups are
attempt only to infer the effect of this absent vibration. An collinear to one in which they are bent should lead to a
alternative expression of KIE that demonstrates explicitly Substantial increase in KIE.
the importance of the isotope sensitivity of in determin-
ing KIE is the Biegeleisen equatiéfegq 6, which includes*
in a ratio term (values included in Table 3). Evidently, the Kinetic isotope effects are among the few experimental
isotope sensitivity of* is an important contributor to the normal  parameters that can be used to infer transition state structures.
KIE. The secondary KIE of @& reactions of methyl halides and
anionic groups has been studied extensively by experimental
VE fg* and theoretical means in the past and is established to be small.
KIE=|5]7s (6) The present study adds a new contribution to understanding the
vo/\frs origin of the observed small KIE, namely that it is the product
of a delicate balance among several small entropy and enthalpy
where terms. The present study also explores how changing the
_ geometry of the & TS from one in which the entering and
b uiD 1 — exp—uy i i leaving groups are collinear to one in which they are bent
fa = |_| EmeXp(‘JH —up)2, U= (lkgT) influences the KIE. Such modification in the TS structure is
I P~tp conceivable in reactions involving ion pairs, transition metals,
o i . o and enzymes. The results strongly suggest that such changes
with index “i" covering the real vibrations. would yield large KIEs in a normal range (+%.9). Analysis
Possible Impact of Variational and Tunneling Effects.In of the new TSs reveals an interesting condition in which the
conventional TST, a TS is located at the saddle point on a jmaginary frequency appears to play a role in determining the
hypersurface orthogonal to the reaction coordinate. The force secondary KIE. Although some of the TSs we consider are of
constants Ca|CU|ated at thlS pOint are then Used to Obtain theh|gh energy and m|ght not be Chemica”y relevant in the Simple
harmonic frequencieS in the calculation of the reaction rate models Computed’ the Systematic Comparison among different

constants of both the proteo and deutero spe&f§s gndki,>" TSs and the determination of their entropy and enthalpy
egs 1 and 2). In variational transition state theory without

tunneling (VTST), different dividing surfaces at different (29) Thanh, N.; McCammon Al. Am. Chem. S0d.991, 113 7504.

i : ; : (30) Storer, J. W.; Houk, K. NJ. Am. Chem. Sod.993 115 10426.
positions along the reaction path are considéfed.canonical (31) Alhambra, C.; Gao, J.; Corchado, J. C.; Villa, J.; Truhlar, D.JGAm.

Concluding Remarks

VTST the TS is located at a point on the dividing surface Chem. Soc1999 121, 2253.
; D : B e ; (32) Hu, W.-P.; Rossi, I.; Corchado, J. C.; Truhlar, D. 35.Phys. Chem. A.
following free energy optimization and is sensitive to isotope 1997 101, 6911,

labeling. Because such optimization can in principle give (33) Lu, D.-H.; Maurice, D.; Truhlar, D. Gl. Am. Chem. S0499Q 112, 7504.
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