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Abstract: Dual-level generalized transition state theory and statistical calculations based on correlated electronic
structure calculations with augmented correlated basis sets are used to predict rate constants and deuterium kinetic
isotope effects for the competingSand E2 reactions of ClOwith C;HsCl. The E2 reaction is favored by zero

point effects despite its higher barrier. Furthermore, the entropic contribution of low-frequency transition state modes
promotes the E2 reaction by about an order of magnitude at 300 K, despite nearly equal combined electronic/zero
point propensities for the two reactions. The kinetic isotope effect for the E2 reaction is predicted to be 8.3 at 100

K and 3.1 at room temperature. The kinetic isotope effect of {{#er8action is predicted to be surprisingly low at

low temperatures (0.06 at 100 K) and 0.60 at room temperature. The activation energy for both reactions is predicted
to be negative below about 900 K and positive above 1000 K. Variational effects on the location of the central
dynamical bottleneck are small for both reactions.

Introduction and may compete with they8 pathway. Experimentally it is
) . . difficult to differentiate between these two pathways since they
The factors controlling the competition betwee@gbimo- involve not only the same reactants but also the same product
lecular nucleophilic substitution) and E2 (bimolecular elimina- jons. However, one important distinction between these two
tion) reaction pathways are important for structuaetivity types of reactions is that the E2 reactions are believed to show

relatic_)nships and for fundamental mechanistic physical _organic high deuterium kinetic isotope effects (KIEs) at room temper-
chemistry. The study of gas-phase temolecule reactions i re ku/ko ~ 2—6)1> while the S2 reactions usually show
provides a route to understanding the intrinsic factors indepen-gjightly inverse KIEs Kuy/ko ~ 0.7—1.0)1f

dent of solvent effects:® The prototype case for this competi- There has been little theoretical stdgn gas-phase E2
tion involves the attack of an alkyl halide by a nucleophilic | asctions and even less study of competitive E2 ap@ S
group. For methyl halides, only they® pathway is possible.  reactions. This may be attributed to the fact that E2 reactions
For more complicated halides, the E2 pathway is also possible yynically occur only in systems with quite a few atoms, making

reliableab initio calculations difficult or impractical. However
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constant calculations are based on the dual-level direct dynamicsalong a reaction path calculated at level Y. These dual-level dynamics

method&7 based on variational transition state theory (VT&ST19
and a new competitive canonical unified statistical (CCUS)

model presented below (the latter being an extension of an

earlief! unified model that did not involve competitive reac-
tions).
analyzed by factorization of various contributions to the CCUS
rate constants.

Theory and Computational Methods

We performed extended-basis-set calculations to obtain the critical
properties of the reactants, products, and transition states, in particulal
their optimized geometries, BorOppenheimer energies, and harmonic
vibrational frequencies. (The BottOppenheimer energy is sometimes

called the classical energy; it equals the sum of the electronic energy
and the nuclear repulsion.) Electron correlation effects have been

included at the MgllerPlesset second-ordeiMP2) level. The basis

set used for carbon and hydrogen atoms is the correlation-consisten

polarized valence doublgbasis set (cc-pVDZ)2 and the basis set for

oxygen and chlorine atoms is the augmented correlation-consistent

polarized valence doublgbasis set (aug-cc-pVDZyithout the diffuse

d functions. Thus the basis includes diffuse s and p functions on O
and on both Cl atoms. The basis set size for the whole system is 115
contracted Gaussian basis functions (355 primitive Gaussian functions).
In the rest of this paper we call the basis functions used for this system

the ADZP basis set. These MP2/ADZP data serve as the high-leve

data in our dual-level dynamics calculations. The electronic structure

calculations were performed using the GAUSSIAN‘®@rogram on
Cray X-MP-EA and Cray C90 supercomputers at the Minnesota
Supercomputer Institute.

In this study only theanti-stereochemical mechanism of the E2
reaction is considered.

The low-level surface for the dual-level VTST calculation was
obtained by neglect of diatomic differential overlap with specific
reaction parameter$!® (NDDO-SRP) based on modifications of the
general Austin Model % (AM1) parametrization. Interpolated cor-
rections to the energies and vibrational frequencies of the low-level

surface were calculated for reactants, products, and saddle point at the

MP2/ADZP level described above. Corrections for vibrational frequen-
cies were set to zero at the iedipole complexes. The correction for

The KIEs and their temperature dependences are

calculations were performed using canonical variational tHéa(gVT)
with the MORATE 6.5 prograd§ on the Cray C90.

The hindered-rotor approximatibhwas used for the lowest-
frequency modes of the transition states for both reactions, and all other
modes are treated harmonically.

A generalization of the canonical unified statistical (CUS) mbtlel
was used to calculate the final rate constants using the dual-level CVT
rate constants and the iedipole capture rate. The CUS model is the
simplest way to allow for a statistical branching probability for the
reaction complex to redissociate to reactants. The generalization is
| called the competitive canonical unified statistical (CCUS) model, and
it accounts for the two competitive ways for the iedipole complex
of the reactants to react.

The microcanonical and canonical unified statistical methods were
originally formulated for the case shown schematically in Figur&!1%,
and they were generalized to more complicated cases like Figure 1b in
later work22r11d |n these figures, the ordinate is the generalized
ttransition-state-theory free energy of activation, and the abscissa is the
distance along a reaction coordinate. The present situation corresponds
to a case like that shown in Figure 1c, where the competitive reaction
paths diverge after the initial complex. However, both reactions are
sufficiently exergonic that we can neglect the product side complexes
and the association bottlenecks for the reverse reactions. Thus there
is negligible loss in considering the simplified case of Figure 1d for
the present rate calculations. Uetdenote the flux coefficient for a
| dividing surface at locatiom, wherei = *1, C, *2A, or *2B, where
the asterisk signifies a local maximum along a free energy of activation

profile. In terms of these quantities the CUS rate consk&ht for
case (a) is given Byt

r
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The generalization to the competitive CUS rate const&fitSfor case

(d) is obtained by straightforward application of the well-known

procedures for combining fluxes in parallel and series, which yields
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Born—Oppenheimer energy was also set to zero at the reactant complex o
and was set to the difference between the experimental energies ofThis gives the overall rate; the individual E2 and2Sate constants

reaction and the NDDO-SRP value at the product complex. The dual-

level dynamics VTST calculatioh$ are designated as MP2/ADZP///
NDDO-SRP where X///Y denotésingle-point calculations at level X

(5) (@) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, AfAinitio
Molecular Orbital Theory Wiley: New York, 1986. (b) Adams, G. F;
Bent, G. D.; Bartlett, R. J.; Purvis, G. D. Potential Energy Surfaces and
Dynamics CalculationsTruhlar, D. G., Ed.; Plenum: New York, 1981; p
133.

(6) Hu, W.-P.; Liu, Y.-P.; Truhlar, D. GJ. Chem Soc, Faraday Trans
1994 90, 1715.
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Truhlar, D. G.J. Phys Chem 1995 99, 687.
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(9) Truhlar, D. G.; Isaacson, A. D.; Garrett, B. C.Theory of Chemical
Reaction dynami¢8Baer, M., Ed.; CRC Press: Boca Raton, 1985; Vol. 4,
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York, 1987.
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D. G.J. Chem Phys.1982 76, 1853. (d) Miller, W. H. InPotential Energy
Surfaces and Dynamics Calculationg&uhlar, D. G., Ed.; Plenum: New
York, 1981; p 265.

(12) Gaussian 92/DFT, Revision G.1: Frisch, M. J.; Trucks, G. W.;
Schlegel, H. B.; Gill, P. M. W.; Johnson, B. G.; Wong, M. W.; Foresman,
J. B.; Robb, M. A.; Head-Gordon, M.; Replogle, E. S.; Gomperts, R.;
Andres, J. L.; Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Martin, R.
L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Pople, J. A,
Gaussian, Inc.: Pittsburgh, PA, 1993.

(13) Gonzalez-Lafont, A.; Truong, T. N.; Truhlar, D. G.Phys Chem
1991, 95, 4618.

(14) (a) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
J. Am Chem Soc 1985 107, 3902. (b) Dewar, M. J. S.; Zoebisch, E. G.
J. Mol. Struct (THEOCHEM)1988 180, 1.

are given by
CCUS _ K2 ccus ©)
2 k*ZA + IQZB otal
and
k.
KSCUS — 2B ccus ()
S\2 k*2A + k*ZB otal

whereks; is the ion—molecule capture rate constakt, is the CVT

rate constant for the E2 reaction, dhgk is the CVT rate constant for
the Sy2 reaction. In the present case, the reactant complex is at least
5 kcal/mol lower in energy than both the reactants and the transition
states so the &¢ term in eqs 1 and 2 can be neglected. All calculations
are for the low-pressure limit of reaction where bimolecular collisions
are not interrupted by collisions with third bodies. Note that when
keoa < ke andkep < kg, N0 assumptions beyond the fundamental as-
sumption of transition state theory are required for the above formulas
to hold, but at low temperature, whekg << kioa andkq << keg, the
treatment implicitly assumes that the system is equilibrated in the ion
dipole complex and decays to products by competitive unimolecular
decay.

(15) (a) Garrett, B. C.; Truhlar, D. Q. Chem Phys 1979 70, 1593.
(b) Garrett, B. C.; Truhlar, D. GJ. Am Chem Soc 1979 101, 4534.

(16) Hu, W.-P.; Lynch, G. C.; Liu, Y.-P.; Rossi, I.; Stewart, J. J. P.;
Steckler, R.; Garrett, B. C.; Isaacson, A. D.; Lu, D.-h.; Melissas, V. S,;
Truhlar, D. G. MORATE-version 6.5QCPE Bull 1995 15, 26.
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Figure 1. Schematic diagrams showing generalized transition-state
(GT) standard-state’) free energy of activation profiles vs reaction

coordinates for cases discussed in the text. The dynamical bottleneck
are labeled *, the complexes are labeled C, and the products are labele

A and B.

We calculated the ionmolecule capture rates using both the
Chesnavich-Su—Bowers variational transition state theory mettfod
and Celliet al’s method"® For both methods we used the experimental
dipole momeri® of 2.05 D and experimental polarizabikfyof 6.4 x
1024 cm? for ethyl chloride. Results obtained by the two methods are

(18) Chesnavich, W. J.; Su, T.; Bowers, M.JTChem Phys 198Q 72,
2641.

(29) Celli, F.; Weddle, G.; Ridge, D. B. Chem Phys 198Q 73, 801.

(20) Lide, D. R., EdHandbook of Chemistry and Physi@4st ed.; CRC
Press; Boca Raton, FL, 1990.

Hu and Truhlar

compared in the Discussion section. In all CUS and CCUS calculations
we used Chesnavicht al’s method for the ior-molecule capture
ratesks.

The kinetic isotope effect (KIE) is defined as the ratio of the rate
constant of the perprotic reaction to that of the perdeuterated reaction,
and it can be factorétiP7132linto competitive, capture, variational,
translational, rotational, and vibrational contributions for either the E2
or the 2 reaction:

kﬁCUS/kgCUS: 77com|:ﬂca|:ﬂvar’7trans’ﬁot’ﬁib (5)
kﬁcus/kgcus
Meomp ™ ~, cUSyCUS ®)
ki 7kp
~ kﬁus/kgus
Neap™ kSVT/kgVT @)
kﬁVT/kgVT
Nvar = W (8)
Mtrans = (:”‘rel,D//"rel,l—l)?)/2 ©)
. |(deth)i(detn)F]"? 10
Mrot = + R (10)
(detl)p(detl)
and
+ R
qvi , qvi N
Moo = M (11)

R
vib,D%ib,H

whereue is the reduced mass of relative translational motion of the
reactants, det is the determinant of the moment of inertia tensor, a
superscript R means reactant, which is ethyl chloride in eqs 10 and 11
(the detl of CIO™ cancels out in the KIE), a subscript H refers to the
reaction with GHsCl, a subscript D refers to the reaction withDg-

Cl, quib is a vibrational partition function with the classical zero of
energy, and denotes a quantity evaluated at the saddle point, i.e., by
conventional transition state theory, which is abbreviated TST. The
vibrational contribution can be further factored into contributions from
low-, mid-, and high-frequency modes

ﬂ:ib = ﬂﬁ)wﬁfmd’?ﬁigh (12)

The expressions for these contributions are similar to eq 11 but only
include the frequencies in particular ranges. The KIEs and the various
contributions are calculated as functions of temperature for both the
E2 and K2 reactions, and the KIEs for the overall reaction are also
calculated. In the rest of this paper when we say E2\& i@action

we usually mean the perprotic reaction unless otherwise stated.

The boundary between the high and middle frequency modes was
taken as 1550 cm for the reactions of @HsCl and 1300 cm for the
reactions of GDsCl. This places the five €H or C-D stretches of
the reactants in the high-frequency group and for the E2 reaction also
retains the mode which becomes ar-@-C or O—-D—C stretch at

3“he transition state and an—® or O—D stretch at the product in the

igh-frequency group. The mid-low boundary was placed at 600 cm
for C;HsCl and at 515 cm* for C,DsCl.

Results

The optimized geometries of reactants, products, and transi-
tion states are depicted in Figures@ Partial charges on
individual atoms calculated with the ChelpGnethod using

(21) (a) Garrett, B. C.; Truhlar, D. G.; Magnuson, A. WChem Phys
1982 76, 2321. (b) Tucker, S. C.; Truhlar, D. G.; Garrett, B. C.; Isaacson,
A. D. J. Chem Phys 1985 82, 4102. (c) Lu, D.-h.; Maurice, D.; Truhlar,
D. G.J. Am Chem Soc 1990 112, 6206. (d) Zhao, X. G.; Lu, D.-h.; Liu,
Y.-P.; Lynch, G. C.; Truhlar, D. GJ. Chem Phys 1992 97, 6369.

(22) Breneman, C. M.; Wiberg, K. Bl. Comput Chem 199Q 11, 361.
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Cl1 023
HS5 ©.04)
. 1.800
(0.04)
H4 1.101
1.101 1.520 (0.09)
(-0.06) Cl
1.100
1.104 1.100
H3 ©.03) H?2 ©0.05 H1 ©.05)
1.718
070 Q Cl2 029

Figure 2. Geometry and partial charges (in parentheses) of the
reactants. The bond lengths in the figure are in angstroms. Repre-
sentative bond angles: CIC1-C2 111.2; H1-C1-H2 108.7, C1—
C2—H3 109.4, H4—C2—H5 108.5.

H ©1» H
1.346 A"-‘
C ————=C

/ (-0.23) \

H H
H (0.39)
\0.975
OLC1 (0.03)

(-0.42)

Figure 3. Geometry and partial charges (in parentheses) of the E2

products. The bond lengths in the figure are in angstroms. Representa-

tive bond angles: HC—H 117.2, CI-O—H 101.3.

(-0.03)

H5 003 H2 H1 co0.03)

l,lox /1,105
(-0.14)

1.520
C2—Cl 03y
1.1(/ \1.101

H4 H3

5
009 0.05)

1.102

1.439

0 0
\(0.02»
1.735 Cl

Figure 4. Geometry and partial charges (in parentheses) of ffie S

products. The bond lengths in the figure are in angstroms. Representa-

tive bond angles: GtO—C1 109.9, O—C1-C2 105.0, C1-C2—
H5 109.2, H3—C2—-H4 108.9, H1-C1—-H2 108.9.

the MP2 density are also shown in Figures&® Table 1

presents the calculated reaction energetics compared to availablePM3

experimental data. The experimental Bef@ppenheimer exo-
ergicity is obtained by

AE = AHj — AE,; (13)
whereEzp is the zero point energy. We obtainA¢Hg from ref
23 andAEzp from the MP2/ADZP calculations in the harmonic
approximation. The calculated exoergicity for the E2 reaction

is in good agreement (deviation ofl kcal/mol) with experi-
ment. The AM14 and PM34 values are also included in the

J. Am. Chem. Soc., Vol. 118, No. 4, 1888

Cl1 0.60)

2.086
(-0.01)

H5
\101
00n) H4 1.439
~ g,
1.101 (0.20) 0.32) s HI
1.098 "H?2
| 444 0.01)
H3 029
1.190
1.718 O
(-0.58)
CI2 013

Figure 5. Geometry and partial charges (in parentheses) of the E2
transition state. The bond lengths in the figure are in Angstroms.
Representative bond angles in degrees:—@1-C2 117.2, C+C2—

H3 102.1, C2-H3-0 178.8, H3-O—-CI2 106.2, H+-C1-H2 112.0,
H4—C2—H5 112.1.

"1 -0.68)

(0.00)
H5 2.186
(0.00)
H4 1.101
1.086 (0.06)
‘kcz 1.508 cl HI
(0.01) (0.36)
%HZ (0.06)
1.103
H3 2.075
(-0.02)
0 05

\,o.m
1.710 o)

Figure 6. Geometry and partial charges (in parentheses) of tf&e S
transition state. The bond lengths in the figure are in angstroms.
Representative bond angles: €IC1-0 172.5, CI2-0O—C1 110.7,
0O—-C1-C288.7, C1-C2—H3 108.9, Cl1-C1-C2 98.8, H1-C1—

H2 117.6, H4—C2—H5 108.7.

Table 1. Reaction Energetics (kcal/mol)

E2 S2
AE®  barrier height ~ AE barrier height
MP2/ADZP —5.3 -1.3 —28.8 —4.5
AM1 -15 —2.6 —20.2 2.2
—13.8 —-5.9 —34.0 2.1
NDDO-SRP  —4.8 —-3.4 —25.5 —22
expt —6.5

a Defined as the difference in BotrfOppenheimer energy between
the products and the reactants, where a negative value means an
electronically exoergic reactiof Defined as the difference in Botn
Oppenheimer energy between the transition state and the reactants.
¢ Obtained withAHg from ref 23 and zero point energies from MP2/
ADZP calculations.

results. The AM1 method was chosen as a starting point
because it predicts the imaginary frequency of the transition

in Figure 7. The new parameters of the NDDO-SRP surface ADZP calculation than the PM3 method does. The parameters

the agreement of the NDDO calculations with the MP2/ADzP The calculated imaginary frequencies of the transition states at
different levels are summarized in Table 3. The imaginary

frequencies of the & transition state from these calculations
are all within 60 cml. The calculated MP2/ADZP vibrational
frequencies for stationary points are listed in Tables 4 and 5.

(23) Chase, M. W., Jr.; Davies, C. A.; Downey, J. R., Jr.; Frurip, D. J.;
McDonald, R. A.; Syverud, A. NJ. Phys Chem Ref Data 1985 14, Suppl.
1.

(24) Stewart, J. J. R.. Comput Chem 1989 10, 221.
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40 39.1 - 40 Table 4. Calculated Harmonic Vibrational Frequencies of
I 18.9 Reactantsand Products(cm™)
- CHsCl CDsCl CHs C)Ds CHsOCI C,DsOCI
g = ZPE = V1 3215 2385 3311 2466 3212 2381
E Vv 3194 2372 3285 2449 3197 2369
Z 0 :”“L‘S V3 3190 2363 3206 2374 3141 2336
> V4 3132 2279 3187 2301 3097 2241
Vs 3090 2222 1688 1568 3078 2224
Ve 1499 1207 1467 1087 1524 1237
7 1492 1095 1376 1007 1500 1149
Vg 1484 1072 1236 1000 1478 1079
0L Vg 1410 1067 1066 773 1418 1072
V10 1328 1047 973 754 1384 1062
Z 1282 992 936 736 1284 1014
V12 1108 919 826 593 1184 992
V13 1089 821 1147 916
Via 1007 801 1075 908
20k V1s 792 648 905 781
V16 709 581 833 673
V17 338 300 726 605
V1ig 279 279 393 362
V19 257 234
V20 249 183
30| V21 116 108
aClO™ frequencies (cmb): 726.° CIOH frequencies (cmi): 726,
1226, 3774. CIOD frequencies (ci): 722, 895, 2749.
-4.0 -2.0 00 20 4.0 Table 5. Calculated Harmonic Vibrational Frequencies of
Reaction Coordinate (bohr) Transition States (cn)
ClO++*HzCCH,CI CIO++:DzCCD,Cl ClO+++C,HsCl ClO~+++C,DsCl
Figure 7. Reaction energetics calculated at the MP2/ADZP level. Note (E32) (E%) (SN2§ ° (SN22 )
that reactants and products are actually-at and +, respectively, " 3250 2419 3398 2541
so the connections between the +atipole complexes and these 3200 2378 3265 2371
asymptotes are purely schematic, whereas the region between thes, 3159 2303 3196 2369
complexes is taken from our dual-level calculations with the reaction v 3122 2266 3183 2358
coordinate scaled to a mass of 1 amu. Vs 1583 1333 3084 2216
ve 1515 1124 1481 1226
Table 2. AM1 Parameters (eV) Changed for the NDDO-SRP v 1‘3‘22 1818 ﬂg; igg?
Vg
Surface ) 1267 957 1384 1049
parameter default value new value % changed 20 1234 941 1201 968
Un(C) 396142 -39.20 L0 W oes 704 1008 637
Up(O) —178.2624 —77.80 0.6 V13 940 764 1042 785
Via 769 721 1016 760
Table 3. Calculated Imaginary Frequencies (cinof the 515 ;gg ggg géé ;gé
i+ 16
Transition States V17 571 220 337 325
E2 S22 Vig 464 417 319 287
Vig 297 282 271 241
'\AAI\FA’E/ADZP gs?g gég V20 117 115 251 241
PM3 1853 526 Vo 60 57 86 85
NDDO-SRP 865 542 Vo3 11 10 67 61

. . Table 6. Calculated Rate Constants (¢Emolecule® s?) of the
The rate constants calculated by conventional transition stateg Reaction and the Reaction Efficiencies

theony?1025(TST) at f[he high level and by CVT by the dual- T st Ko Kcus KECUS efficiency
level procedure are listed for selected temperatures in Tables 6
and 7. (Rate constants at additional temperatures are given in igg éigg% 2%451(:713 gﬁggg gg%ggg 8'32
the supporting information.) These levels of dynamical theory 500 2.48¢8) 2.07¢-8) 2.46(9) 2.32(-9) 0.83
depend only on the dynamical bottleneck region near the central 250 3.39¢9) 2.95¢9) 1.37¢9) 1.32(9) 0.52
barrier. The CUS and CCUS rate coefficients, which depend 300 9.72(-10) 8.69¢10) 6.38¢-10) 6.26¢10)  0.26
both on this region and on the association bottlenecks, are 400 2.38¢10) 2.18¢-10) 1.98¢10) 1.97(-10) 0.09

. . ) > 00 8.09¢11) 7.53¢11) 7.25¢11) 7.22¢11)  0.04
also shown in these tables along with the reaction efficien- 1999 583¢11) 5.40¢11) 5.23¢11) 522¢11) 0.03
cies. The latter are defined as the ratios of the calculated 1500 7.46¢11) 6.84¢-11) 6.56(11) 6.53(11) 0.04
CCUS rate constants to the calculated-iglipole capture rate 2000 1.04¢10) 9.50¢11) 8.94¢-11) 8.89¢11)  0.06
constants. Table 8 gives Arrhenius activation energies calcu-
lated by 2-point fits over several temperature intervals. Table
9 shows the calculated KIEs for the E2 ang2Seactions as
functions of temperature. The calculated CCUS rate constants

and KIEs as functions of temperature are also plotted in Figures
8 and 9, and the overall rates and KIEs are plotted in Figure
10. Table 10 lists the competitive, capture, and variational
contributions to the KIEs, and Table 11 shows the vibra-
i i i ,p,7,13,21 i -
(25) (a) Johnston, H. SGas-Phase Reaction Rate TheoRonald tional contribution& to the KIEs as functions of tem

Press: New York, 1966. (b) Moore, J. W.; Pearson, RKiBetics and perature. . o
Mechanism 3rd ed.; Wiley: New York, 1981. The potential energy profiles of the minimum energy path
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Table 7. Calculated Rate Constants (&molecule? s™1) of the 1E-8 0.8
Sv2 Reaction and the Reaction Efficiencies
T (K) kst kevT kevs keeus  efficiency

100 4.95¢5) 4.72(5) 3.71(9) 2.03¢10) 0.05 19| 106

150 4.02¢-8) 3.85(-8) 2.89(-9) 1.78(-10) 0.06
200 1.39¢9) 1.33(9) 9.0010) 1.49¢10) 0.05
250 2.09¢10) 2.01¢-10) 1.86(-10) 9.00-11)  0.04

300 6.50¢11) 6.24¢(11) 6.08¢11) 4.50-11) 0.02 /::/ 1E-10 ¢ 0-45
400 1.78¢11) 1.71¢11) 1.70¢11) 1.54¢11) 0.01
600 6.83(12) 6.56(12) 6.54(-12) 6.29¢12) 0.003
1000 5.31¢12) 5.10¢12) 5.08¢12) 4.93¢12) 0.003
1500 6.93C12) 6.66(-12) 6.63C12) 6.36(12) 0.004 1By 702
2000 9.81¢12) 9.43¢12) 9.37¢12) 8.82¢(12) 0.006
Table 8. Calculated Arrhenius Activation Energies (kcal/mol) 1E-12 ; ; ‘ ; ; Lo
- 100 300 500 700 900
temp interval (K) Tmid® E2 S22 totaP T(K)
ggg:ggg g% _%g _%8(7) _%%i Figure 9. Calculated rate constants (in €molecule! s™%) and KIEs
e e e functi f for th ion.
300-400 343 576 556 574 as a function of temperature for th@ZSreaction
400-600 480 —2.39 —2.14 -2.37 1E-8 26
600—-800 686 -1.37 -1.11 —1.35 ky
800—-1000 889 —0.30 —0.08 —0.28 : 124
1000-1500 1200 1.33 1.52 1.35 + K; ky
3 Tmig IS the midpoint of the interval on an Arrhenius plot for the ; kp 722
[T1, T2] temperature interval. Itis defined byTl(™* + T,71)/2]~%, where 1E-9 + I
T, and T, are specified in the first columf ke = kez + kg2
& L1s 8
Table 9. KIEs Calculated by the CCUS Method 1 g,
T(K) E2 S2 T (K) E2 SN2 _— . f’ 116
100 8.30 0.06 500 1.86 0.74 D 14
150 2.60 0.10 600 1.57 0.76
200 2.43 0.20 800 1.25 0.77 112
250 3.12 0.43 1000 1.10 0.78
300 3.10 0.60 1200 1.01 0.78 E-11 , ‘, ,‘ ; 1
350 2.71 0.68 1500 0.94 0.79 100 300 500 900
400 2.35 0.71 2000 0.88 0.81 T(K)
Figure 10. Calculated rate constants (in €molecule™ s™%) and KIEs
1E-8 9 as a function of temperature for the overall reaction.

Table 10. Competitive, Capture, and Variational Contributions to
the KIEs Calculated by the CCUS Method

M comp HNcap Mvar
T (K) E2 S2 E2 2 E2 2

1E-9 4

e 100 8.17 0.06 0.01 1.93 0.75 1.00
= 150 2.37 0.10 0.06 1.56 0.84 1.00
200 1.30 0.25 0.23 1.15 0.89 1.01

1B-10 L 250 1.05 0.58 0.58 1.03 0.92 1.02
300 1.01 0.81 0.81 1.01 0.93 1.03

1 400 1.00 0.95 0.95 1.00 0.95 1.05

600 1.00 0.99 0.99 1.00 0.97 1.06

1000 1.00 1.00 1.00 1.00 0.97 1.08

1E-11 . ; ; ‘ 1 1500 1.00 1.00 1.00 1.00 0.96 1.09
100 300 500T(K) 700 900 2000 1.00 1.01 1.01 1.00 0.96 1.09

Figure 8. Calculated rate constants (in €molecule s™%) and KIEs

as a function of temperature for the E2 reaction. for “normal” equilibrium structures, calculations on transition

(Vwer)®2 and the vibrationally adiabatic ground-state potential states have less certain validity. We believe, thpugh, that the
curvé (\,8) of the E2 and §2 reactions calculated with the methods used here for structural and energetic aspects are
dual-level direct dynamics method are plotted in Figures 11 @ccurate enough that the qualitative conclusions of the present

and 12. The zero of energy is the same as in Figure 7. paper would not change if we used even larger basis sets and
more complete treatments of electron correlation. The reliability
Discussion of the dynamics assumptions is even less certain. The accuracy

Ideally one would use pre-validated methods and would lead Of statistical rate theories for simple barrier reactions with a
off the discussion with an estimate of the accuracy of the single dynamical bottleneck is well documented, but is very
theoretical approaches. Unfortunately, although the reliability controversial for reactions proceeding through complexes.
of ab initio electronic structure methods and normal mode Statistical theories have not been applied to enough reactions
treatments of vibrations an be gauged well from past experiencewith competitive reaction pathways for generalizations to be

(26) Garrett, B. C.; Truhlar, D. G.; Grev, R. S.; Magnuson, A. 3. gnunciated. The present predictions may even be.qualitatively
Phys Chem 198Q 84, 1730,1983 87, 4554(E). incorrect; that is one reason that they are interesting.
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Table 11. Calculated Vibrational Contributions to the KFEs

T (K) 7% 7¥high 7 mid 7¥iow
E2 Reaction
100 68.91 67.12 4.68 0.22
150 15.17 16.52 2.79 0.32
200 6.93 8.19 2.14 0.39
250 4.25 5.38 1.82 0.44
300 3.03 4.06 1.62 0.46
400 1.95 2.85 1.40 0.49
600 1.23 1.99 1.22 0.51
1000 0.85 1.49 1.11 0.52
1500 0.73 1.31 1.07 0.52
2000 0.68 1.24 1.05 0.52
Sy2 Reaction
100 0.39 0.60 1.54 0.42
150 0.46 0.71 1.33 0.48
200 0.49 0.77 1.24 0.51
250 0.51 0.81 1.18 0.53
300 0.52 0.84 1.14 0.54
400 0.52 0.88 1.09 0.54
600 0.52 0.92 1.03 0.55
1000 0.52 0.96 0.99 0.55
1500 0.53 0.98 0.98 0.55
2000 0.53 0.99 0.97 0.55

a High-frequency modes include modes3 of the transition state
(Table 5) and modes-15 of ethyl chloride (Table 4). Low-frequency
modes include modes with frequencies below 600%cfor the GHsCl
reactions and below 515 crhfor the GDsCl reactions. The rest are
the middle-frequency modes.

o Effect. Although hypochlorite ion is a prototypicat
nucleophile?’ that aspect of its reactive behavior is not of
concern here. We simply point out that it would be interesting
to focus on thex effect in future work.

Transition State Structures. In the E2 reaction the nucleo-
phile attacks at one of th@ hydrogens of ethyl chloride. In
the reaction, the €CI bond and one €H bond are broken,
one O-H bond is formed, and the-©C bond changes from a
single bond to a double bond. From Figures 2 and 5 we see
that the C-Cl and C-H bond lengths increase 0.29 and 0.34
A, respectively, from reactant to the transition state, and the
C—C bond length decreases 0.08 A. The latter value is about
half of the total decrease of 0.17 A in passing from reactants to
products. In Figure 5 we notice that the carbon (C2), hydrogen
(H3), and oxygen atoms lie almost in a straight line, as found
in many hydrogen transfer reactions. In particular, the-C2
H3—0 angle is 178.8

In the S2 reaction the nucleophile attacks at thecarbon
on the opposite side of the chlorine atom. In the reaction, the
C—ClI bond is broken and a-€0 bond is formed. The €CI

bond increases 0.39 A from reactant to the transition state, and

the C-0 bond length decreases by 0.64 A from the transition
state to the product. In Figure 6 we see that the two carbon
and the twoa hydrogen (H1 and H2) atoms lie almost in a
plane, and the leaving CI (Cl1y carbon, and oxygen atoms
lie almost in a straight line. Similar transition-state geometries
have been found in most previously studiagSeactions.

It is also interesting to examine whether the Hammond
postulaté® holds. Applying this postulate to the present
competitive E2 and & reactions would predict that the more

(27) (a) Grekov, A. P.; Veselov, V. YRuss Chem Rev. 1978 47, 631.
(b) Hudson, R. FChemical Reactity and Reaction PathsViley: New
York, 1974. (c) Wolfe, S.; Mitchell, D. J.; Schlegel, H. B.; Minot, C.;
Eisenstein, OTetrahedron Lett1982 23, 615. (d) DePuy, C. H.; Della,
E. W.; Filley, J.; Grabowski, J. J.; Bierbaum, V. M. Am Chem Soc
1983 105 2481. (e) Hudson, R. F.; Hansell, D. P.; Wolfe, S.; Mitchell,
D. J. Chem Commun1985 1406. (f) Fountain, K. R.; Hutchinson, L. K;;
Mulhearn, D. C.; Xu, Y. BJ. Org. Chem 1993 58, 7883. (g) March, J.
Advanced Organic Chemistryth ed.; Wiley: New York, 1992; pp 351
352. (h) Tarkka, R. M.; Buncel, El. Am Chem Soc 1995 117, 1503.

(28) Hammond, G. SJ. Am Chem Soc 1955 77, 345.
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Figure 11. Calculated BorrOppenheimer energiesVier) and
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path of the E2 reaction. The reaction coordinate for Figures 11-13
was scaled to a reduced mass of 1 amu.
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Figure 12. Calculated Borar-Oppenheimer energiesVier) and
vibrationally adiabatic ground-state energi®s®f along the reaction
path of the |2 reaction.

exoergic {2 reaction AE ~ —29 kcal/mol) should have an
earlier transition state than the E2 reactisE(~ —7 kcal/
mol). To see if this holds we examine the bond length of the
C—Cl bond, which changes from 1.80 A ¢oin both reactions.

At the saddle points this bond distance is 2.09 A for the E2
and 2.19 A for the §2 reaction. Thus the E2 saddle point is
earlier, and the Hammond conjecture does apply from the
point of view of CG-CI bond distance. It also fails from the
point of view of charge evolution at the Cl atom of ethyl
chloride. In both reactions the charge at this Cl changes from
—0.23 at reactants te'1.00 at products. The partial charge at
this Cl is—0.60 at the E2 transition state ard.68 at the §2
transition state, so again the more exoergic transition state is
later. Clearly this is a very “non-Hammond” competition.
Finally we consider the charge on the attacking CiGn. In
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the E2 reaction this changes frori.00 at reactants te0.39 Table 12. Contributions to Zero Point Corrected Barrier Height
at products, and 48% of this change is accomplished by the for Competitive E2 and & Reactions

transition state, which is interestingly less than 50% even though energy contribution

the reaction is exoergic. For thgSreaction the overall change (kcal/mol) E2 Q2 diff

in charge on CIO is from —1.00 to—0.32, and 31% of this Born—Oppenheimer barrier -1.3 -4.5 -3.2

change is accomplished by the transition state, so for this zero point energy

reaction attribute the more exoergic channel is indeed “earlier” if(;[;'e?trr:g::rt]grﬁt odes 22-952 23i§17 I(Z)-g

as predlcteq by'the Hamrlnor'lc.i postulat'e. 4 transitional modes 0.4 0.8 +0.4
As seen in Figure 5, significant partial charges have been sum 38.8 39.1 +0.3

developed on the two carbon atoms of the E2 transition state
as ClI1 and H3 leave the ethylene unit. Much of the negative ;
charge of the reactant has been distributed over the whole

transition state with the leaving chlorine atom carrying.60 3000
unit of charge compared to-0.23 unit in the reactant.
Significant charge transfer has to occur from the Cigpoup

to C1 from the transition state to the product to change the partial
charge of C1 from 0.32 te-0.23. Although part of the E2
reaction can be viewed as a proton transfer reaction, we see
from Figures 2, 3, and 5 that the partial charge of H3 changes
from 0.03 at the reactant to 0.24 at the transition state, and to
0.39 at the product, and thus that the hydrogen atom never
carries a very high positive partial charge.

In Figure 6 we notice that only one carbon (C1) carries
singificant partial charge at the 3 transition state. While the
Cl1—C1 distance of the & transition state is 0.1 A longer than
that of the E2 transition state, the partial charge on CI1 is 0.08
more negative. Again, some charge transfer is needed from
the CIO™ group to C2 from the transition state to the product,
but this charge transfer occurs to a much smaller extent than in 1500
the E2 case.

Capture Rate Constants. The capture rate Con_sta}ntso Figure 13. Calculated vibrational frequencies wfof the generalized
calculated by the methods of refs 19 and 20 agreed within 5% yansition state of the E2 reaction along the reaction path. This mode

on the average. Thus we only report the results obtained by transforms from a €H stretch in reactants to a ClH stretch in
the Chesnaviclet all® method. products.

Reaction Rate Constants. Since these reactions have
negative barriers, an important question is whether the reactionother. The generalized transition-state free energy of activation
rates are controlled by the central barrier or by the bimolecular profile reducest0 K to the sum oBorn—Oppenheimer energy
collision rates. We notice in Tables 6 and 7 that, according to along the reaction path and local zero point energy of the
our calculation, the overall (the sum of E2 ang2preaction transverse modésPthis sum is called the vibrationally adiabatic
efficiencies are high at very low temperatures, and the overall ground-state potential cur?éS The barrier height of this curve
reaction rates are controlled solely by the-atipole capture calculated from the dual-level dynamics calculations-#.5
rates at such temperatures. At approximately 300 K and higher, kcal/mol for the E2 reaction ané4.3 kcal/mol for the §2
the central barriers begin to have significant effects on the reaction. The contributions to this so-called zero point corrected
overall reaction rates, and at high temperatures the reactionsbarrier height (at the saddle point) are dissected in more detail
are almost totally controlled by the central barriers. The in Table 12. The biggest contribution for the difference in zero
Arrhenius activation energies for the E2y25 and overall point energies is mode 5 of the reactant. The zero point energy
reactions were computed over successive temperature interval®f this mode drops by 2.2 kcal/mol in proceeding from reactants
and are shown in Table 8. At lower temperatures, the rate to the E2 transition state because the frequency drops from 3090
constants show negative temperature dependences and thu® 1583 cnt! where a C-H bond is attacked by ClQ This
negative activation energies because the-idipole collision accounts for 63% of the difference in zero point contributions.
rate decreases as the temperature increases and also becau$be behavior of the frequency of this mode as a function of
both reactions have negative barrier heights. At very high reaction coordinate is illustrated in Figure 13. Although the
temperatures where the reactions are controlled by the centraleffective barrier heights for the competing reactions are very
barriers the calculated rate constants show positive temperaturesimilar at 0 K, Tables 6 and 7 show that the E2 reaction rate
dependences because of the vibrational partition functions andconstants are predicted to be about an order of magnitude higher
theksT/h term as found in previous wofR. Another important than the {2 rate constants at higher temperature where the rates
factor controlling the reaction rates is the competition between are controlled by the central barriers. This occurs mainly
the E2 and §2 reactions, and this factor, which will be because the E2 transition state has lower vibrational frequencies
discussed later in this section, has a dramatic effect on the KIEs.in the transitional modes (the modes whose frequencies become

As illustrated in Figure 7, the calculated classical barrier Zero in the reactants and products), and these frequencies
height for the E2 reaction is 3.2 kcal/mol higher than that for correspond to larger partition functions. This is sometimes
the 2 reaction. However, the calculated vibrational zero point called an entropic effect. In more old-fashioned language, it
energy for the E2 transition state (40.1 kcal/mol) is 3.5 kcal/ corresponds to a steric factor in simple collision theory.
mol lower than that for the & reaction. As a result, these Adding the CCUS rates in Tables 6 and 7 yields the overall
two reactions have approximately the same zero point correctedrates of reaction. Comparing to the two traditional, non-
barrier heights, and they are thus expected to compete with eactcompetitive methods at 300 K, conventional TST yields 1.04

[ 3]
W
(=3
(=]

Frequency (cm’")

2000

-3.0 2.0 -1.0 0.0 1.0 20 3.0 4.0
s (bohr)
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x 1079 cm® molecule’! s71, CVT yields 0.93x 10°°, and AGST(T.5) (a)
CCUS yields 0.67% 107°. These rate constants correspond to
reaction efficiencies of 0.43, 0.39, and 0.28 respectively.
Kinetic Isotope Effects. The kinetic isotope effect for the
overall reaction at 300 K decreases from 3.14 at the TST level
to 2.96 at the CVT level and 2.42 at the CCUS level. The *2B(S,2)
translational contributions to KIEs are independent of temper-
ature and are 1.05 for both reactions. The rotational contribu-
tions are also independent of temperature and are 1.27 and 1.31
for the E2 and {2 reactions, respectively. The temperature
dependences of the KIEs thus arise entirely from the competi-
tive, capture, variational, and vibrational contributions. As
shown in Tables 9 and 10, the KIEs are determined mostly by
the competitive contribution at very low temperatures (see eq

*1

6) because the CUS rate constants are almost identical to the s
collision rate constants (see eq 1) which are very similar for

both the perprotic and perdeuterated reactions. At high tem- AGS™"(7,s) (b)
peratures, the competitive contributions are close to unity

because both the CCUS and CUS rate constants converge to %]

CVT rate constants. Also in Table 10, the capture rate
contributions are very different from unity at low temperatures
because of the large differences in CVT rate constants of the
perprotic and perdeuterated reactions, and they are very close
to unity at high temperatures because the rates are controlled
by the central barriers. Table 10 also shows that most of the
variational contributions are close to unity and have positive

*)A(E2)
77N\

temperature dependences in most of the temperature range under oo B
study except at the highest temperatures for the E2 reaction. S:2
Tables 11 and 12 show that the vibrational contributions are C

normal (i.e., greater than unity) for the E2 reaction below 600

K and are inverse for they@ reaction in the whole temperature §

range under study; this causes the differences in KIEs for the Figure 14. (a) Schematic diagram showing generalized free energy

two reactions. It is noted in Table 9 that the KIEs of both ©f activation profiles vs reaction coordinates for the perprotic reaction

reactions show strong temperature dependences at low tempelét very low temperatures. (b) Schematic diagram showing generalized

atures. This is mainly because of the temperature dependencegee energy of activation profiles vs reaction coordinates for the
) - o . erdeuterated reaction at very low temperatures.

of the competitive contributions. At higher temperatures, the y P

negative temperature dependence of the KIEs for the E2 re"j"c'['onreactant to the transition state, and these isotopically sensitive

'ft? m;; aKIIrEosthentlrer from Itlhte V|brat|tonal dcontn(k;uﬂon, \{[vmle modes contribute inversely to the KIEs. The transitional modes
€ S Show very small temperatureé dependence at tNese, o o nyripyte strongly to the inverse KIEs. A factor analysis

temperatures because the vibrational and other contributions toOf the vibrational contributions to the KIEs as a function of
the KIEs are almost constant.

_ _ o _ temperature is included in Table 11.
Us_lng the hindered-rotor approximation lowered the partition  gome very interesting phenomena are observed in Figures 8
function of the lowest-frequency vibrational mode of the E2

and 9. First of all, the calculation predicts a large KIE of 8.3

transition state from 19.9 to 14.4 at 300 K and from 66.3 10 4y the E2 reaction and an extremely small KIE of 0.06 for the
30.6 at 1000 K. This decreased the vibrational contributions, S\2 reaction at 100 K. It is very intriguing to realize that if

but this also increased the capture rate contributions to the KIE ihere were only one reaction, either E2 @2Sthe KIE would
because the rates are smaller with the hindered rotor treatmenye yery close to unity at this temperature because the rate is
which made the reaction more controlled by the central barrier 4taly ‘controlled by the collision rate. However, since there

and less controlled by the capture rate and thus made the capyre two channels open after the reacting system passes the (effec-
ture rate contributions closer to unity (as shown in Tables 6, 7, tjye) collision barrier, the competitive process makes the situa-
and 10 that the lower the rates, the higher the capture ratetjon more complex. Figure 14 illustrates this situation schemati-
contribution). The competitive contributions did not change cally. As shown in Figure 14a for the perprotic reactions, the
significantly because both the perprotic anql perdeutera_ted rateg2 channel is much more favorable (by about a factor of 17) at
constants decreased. As a result, changing to the hinderedthjs temperature so that it draws 94% of the total flux. However,

rotor treatment from the harmonic treatment had a relatively i, the perdeuterated reactions, as shown in Figure 14b\Re S

K and decreased the KIE by 7% at 1000 K for the E2 reaction. temperature so that it draws 88% of the total flux. The total

The hindered-rotor treatment for theZSreaction had negligible  fluxes are about the same for both perprotic and perdeuterated
effects on both the partition functions and the KIEs. reactions at this temperature. As a result the predicted tem-

The most important reason why the E2 reactions show large perature dependences of the KIEs are very dramatic because of
normal KIEs at room temperature is because-aHCbond is the competition even though the total flux is controlled by the
broken during the reaction, and the frequency of thisHC collision rate. For comparison, the KIEs calculated using the
stretching mode decreases significantly from the reactant to theCVT rate constants at 100 K are 70 and 0.5 for the E2 ayd S
transition state, as illustrated in Figure 13. On the other hand, reactions, respectively. At higher temperatures the reactions
in the S2 reaction, the frequencies of the-8 stretching modes  are controlled by the central barriers, and the KIEs are mostly
at the reacting center of the ethyl chloride increase from the determined by the calculated CVT rate constants.
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It is also very interesting to note in Figure 8 that the Table 13. Comparison of Theory to Experiméfit

perdeuterated E2 reaction rate constants have a positive tem- AHP efficiency’
perature dependence below 160 K where both the collision rates reaction (kcal/mol) (300 K) kn/ko
and CVT rates have negative temperature dependences. ThiS g, g5

is because as the temperature goes up, the CVT rate of the CcRCH,0 +i-PrCl —-15 0.3 23
perdeuteratedp® reaction goes down much faster than that of + EtCl -11 0.2

the perdeuterated E2 reaction does, so the perdeuterated E2 CstCHzO’jé-th —12 8-82 4.7
reaction gains significantly in the competition while the overall Clo- + EtCl _s 0.28 24

rate goes down only slightly. At higher temperatures, the [, only
temperature dependence of this rate constant also becomes c|o~ + EtCl -8 0.26 31
negz.itlve since thg ovgrall rate goes down significantly. “Et = ethyl i-PrCl = isopropyl.? All efficiency and kky data
Itis also shown in Figure 8 that the calculated KIE of the E2  gxcept those in the CIO+ EtCl reaction are from experimental results
reaction decreases from 8.3 at 100 K to a minimum of 2.3 at of refs 1e and 1f. Thé\H° values are for the E2 reactions, and they
about 175 K, it increases to a maximum of 3.2 at about 275 K, are from refs 1e and 23.For the perprotic reactions.
and then it decreases monotonically at higher temperatures.
Figure 9 shows that the calculated KIE of thg2Sreaction isotope effect is not out of line with qualitative expectations
increases monotonically as the temperature goes up. As seefor similar reactions of similar exoergicity. Experimentally, one
in Figure 10, the KIE of the overall reaction is, as expected, usually can only study the sum of the E2 ang2Seactions
very close to unity at low temperatures, and it increases to a (with presently available techniques). We predict that even
maximum of 2.4 at about 290 K and then decreases monotoni-when the §2 reaction is present to only the extent of 7% at
cally at higher temperatures. 300 K, it decreases the observed KIE by 22%. Thus KIEs
Further Issues Relevant to Possible Future Experimental  inferred from experiment for E2 reactions may be artifically
Work. It should be pointed out that the temperature (or even low, and this will affect comparisons with electronic structure
the existence) of the KIE maximum (or minimum) in the E2 theory unless theN2 competitive path is also taken into account.
and the overall reaction depends heavily on the absolute and
relative heights of the central barriers of the E2 ang S

reactions. Since the barrier height is very difficult to calculate, A reacting system that can go through both E2 an@ S
the present estimate of the position where the maximum (or channels has been studied with correlated electronic structure
minimum) occurs may have considerable uncertainty. However, ca|culations and by the competitive canonical unified statistical
this study does demonstrate the general trends of the temperaturg,odel with the dual-level dynamics method. The KIEs at room
dependences of the rate constants and the KIEs for twotemperature are “normal” for the E2 reaction and are “inverse”
competitive reactions that both have negative barriers and arefor the §,2 reaction, and they are caused mainly by thetC
COntrO”ed by the CO||ISIOI’] rates at IOW tempel’atures and by the Vibration frequency that Changes along the reaction path and
central barriers at higher temperatures. It would be very py the transitional modes. The calculated KIEs and their
interesting to search experimentally for the non-monotdhic  temperature dependences show very interesting behavior with
dependence of the rate constants and KIEs. very small KIE values at low temperatures for the¢2$eaction,
Bickelhauptet al.3" studied the F + CH3;CH,F system using large KIE values at low temperatures for the E2 reaction, and
a density-functional method for electronic structure calculations a local minimum and a local maximum of the KIEs for the E2
and concluded that the E2 reaction should dominate in that casereaction. This study also confirms the inference that the two
because of a much lower classical barrier height-6f5 kcal/ different reaction mechanisms can be distinguished experimen-
mol compared to the competing,& reaction with a classical  tally by the KIEs when the reaction is controlled by the central
barrier height of-0.5 kcal/mol. At low temperatures the overall  barrier; but when the reaction efficiency is high and the reaction
reaction apparently is controlled by the collision rate instead of is controlled by the collision rates, the overall KIEs are close
the central barrier, and the,&reaction can almost be neglected. to unity and they cannot be used to tell which mechanism is
Even though the reaction proceeds primarily via the E2 pathway, the dominant one. Experimental measurement of the temper-
without competition from the & reaction, the overall reaction  ature dependence of the KIEs for this system would help to
would not show significant KIEs. Gladt al¥ calculated the assess the accuracy of the electronic structure calculations and
KIEs of the E2 reactions of ethyl chloride with 11 different dynamical assumptions. Experimental studies of other reactions
nucleophiles at the MP2/6-31G* level and with conventional  with similar energetics would also be useful for testing the
transition state theory. However, many of those reactions havequalitative predictions about the factors controlling this kind
very low barrier heights and are totally controlled by the of competition.
collision rates except at extremely high temperatures. Thus the
KIEs calculated with conventional transition state theory for  Acknowledgment. Helpful discussions with V. M. Bierbaum
those reactions without considering the capture rate contributionand C. H. DePuy are gratefully acknowledged. This work was
and the competition from then@ reaction do not reflect the  supported in part by the U.S. Department of Energy, Office of
experimentally measurable KIEs. The system in the current Basic Energy Sciences.
study was carefully chosen so that the reactions are strongly
controlled by the central barriers at and above room temperature, Supporting Information Available: Tables of absolute
and the two possible channels are treated competitively. energies, rate constants fopHECl at additional temperatures,
Although the CIO 4 C,HsCl reaction has not been studied and rate constants for,DsCl (5 pages). This material is
experimentally, it has a reaction rate in the range that is access-tontained in many libraries on microfiche, immediately follows

ible to experimental study with current techniques, and indeed this article in the microfilm version of the journal, can be ordered
that is the principal reason we picked it for theoretical study. from the ACS, and can be downloaded from the Internet; see

any current masthead page for ordering information and Internet
access instructions.

Summary

Table 13 compares some features of the CTHD C,HsCl
reaction to four similar reactions that have been studied
experimentally. The predicted reaction efficiency and kinetic JA952464G



