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studied in this work with respect to covalent addition and
electrochemical reduction reactions. In some further cases this
different behavior may arise because of profound differences
in the kinetics of the reactions as compared to those of the
heterocyclic molecules that have been studied, but in other
cases marked differences may exist between the structures of
the most stable radicals and adducts, respectively. Studies are
continuing in our laboratories to determine how widely ap-
plicable the correlation that has been discussed is to the pre-
diction of covalent additions to heteroaromatic molecules.

Experimental Section

Quinazoline, acridine, purine, and pyrimidine were purchased from
Aldrich Chemical Co. The other heterocyclic compounds were pur-
chased from K & K Laboratories, Inc, These chemicals were used
without further purification. All other chemicals were reagent or
analytical grade.

Polarographic data were obtained with a-Model 174 polarographic
analyzer (Princeton Applied Research Corp., Princeton, N.J.)
equipped with a model 174/70 drop timer. Polarographs were re-
corded on an Omnigraphic Model 2000 X-Y recorder (Houston In-
strument Co., Austin, Texas). The dropping mercury electrode used
had a flow rate m = 3.2 mg s~!in deionized water at an uncorrected
height of the mercury reservoir 2 = 60 cm and a natural drop time ¢,
= 2.1sin 0.1 M hydrogen chloride solution at —0.60 V vs. SCE. The
cell was equipped with a saturated calomel reference electrode and
graphite rod counter electrode. A purified nitrogen stream was used
to deoxygenate the solutions. All measurements were carried out at
room temperature. Measurements of pH were made with a Corning
Model 112 expanded scale/digital pH meter. Buffer solutions in the
range from pH 1.0 to 2.2 were prepared from 0.2 M HCland 0.2 M
KCl solutions. The compounds were dissolved in the desired buffer
to give 5 X 1073-1073 M solutions; the pH of each solution was
measured. About 8 ml of test solution was transferred to the cell,
purged with nitrogen for 10 min, and then polarographed. Gelatin
(concentration 0.01%) was used in purine and adenine solutions to

suppress maxima. A portion of the buffer solution was treated in
identical fashion to obtain the background curve.

Equilibrium constants for bisulfite addition to purine and acridine
were calculated from the results of similar experiments to those which
have been described previously.!? Ionic strength was maintained at
1.0 M with sodium chloride and the temperature was 25.0 £ 0.1 °C.,
Results are in Tables I and II.
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Abstract: A series of possible transition-state models for the reaction of #-butyl chloride with thiophenoxide anion in methanol
is evaluated using chlorine kinetic isotope effects (KIE). Vibrational analysis of a skeletal ground-state model, assuming a
point propyl group, reproduces the experimentally measured normal modes of both isotopically substituted molecules to an av-
erage error of £0.030%. The central transition-state model results in KIE values of 1.00898 and 1.00791 at 20 and 60 °C, re-
spectively, compared to observed values of 1.00895 and 1.0079. The correlation of KIE values with transition-state geometry
shows that the C-Cl and C-H bond lengths correlate well with the difference in KIE values at 20 and 60°. The C-C bond
length correlates to the temperature-dependent factor and the approach to planarity of the groups attached to the central car-
bon correlates with the temperature-independent factor. The most consistent model results in C-CI = 1.186, C-C = 1.533,
C-H =1.110 4, £CI-C-C = 93.1, £CI-C-H = 92.9, /C-C-H = 119.5,and zZH-C-H = 116.2°. Calculated a-deuterium iso-
tope effects for this model are in good agreement with those observed for a similar reaction.

Introduction

Experimental measurements of kinetic isotope effects (KIE)
have shown great utility as a probe for reaction mechanisms.?-
The leaving group heavy-atom values have also been found to

be very sensitive to the transition state structure®- and are also
useful in evaluating conflicting mechanistic explanations.”
However, because theoretical KIE calculations require
knowledge of all ground-state and transition-state frequencies
as well as their isotopic shifts,'? few rigorous model calculations
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have been made on physical systems which are observed ex-
perimentally and most transition-state information has been
made by inference.!'~13 In addition to the measured values,
the temperature dependence of KIE also holds some promise
of providing additional information. Wolfsberg and Stern'4
have studied the KIE temperature dependence of methyl ha-
lide-type systems and Stern et al.! %16 have studied variations
in temperature dependences of equilibrium isotope effects of
almost 700 systems. These equilibrium calculations, however,
do not directly account for reaction transition states and,
consequently, provide somewhat less information about them.
Complete model studies of the KIE temperature dependence
and conclusions about the transition state of intramolecular
decarboxylation reactions have been made by Yankwich and
co-workers.!’!8 Recently, in this laboratory we have used
calculated leaving group KIE in a rigorous model study of the
transition state of the methanol solvolysis of tert-butyl chlo-
ride.!? In this study of a classic SN1 reaction, dependences of
various geometric parameters of the transition state on the
calculated KIE were evaluated. Large imaginary decomposi-
tion frequencies were not required to match experimental data
and various predictions with regard to systems of lower sym-
metry were made.

It is the purpose of this paper to extend these model calcu-
lations in order to evaluate the transition state for a SN2 re-
action using the reaction of n-butyl chloride with thiophenol
anion in methanol and to compare the theoretical KIE calcu-
lations of various transition-state models with experimental
data. This system was chosen as a representative of a class of
SN2 reactions. It is uncomplicated by elimination reactions;
it appears not to be complicated by ion-pair formation; and the
C, symmetry of n-butyl chloride is also much lower than the
Csy symmetry of tert-butyl chloride. These features also allow
testing of some of our previous predictions.!?® The temperature
dependence of this reaction has been experimentally investi-
gated in an earlier study,!! and the data permit an evaluation
of the transition-state structure in terms of various geometric
parameters as well as the calculated KIE temperature de-
pendence.

Experimental Section

Infrared Spectroscopy. Chemicals, Normal abundance n-butyl
chloride was purchased as a liquid from Aldrich Chemical Co. The
sample was degassed on the vacuum line by several freeze-thaw cycles
using liquid nitrogen.

Apparatus, All spectra were taken on a DIGILAB FTS-20 Fourier
transform infrared spectrophotometer. This instrument was deter-
mined to be accurate to within £0.03 cm~! by comparison with lines
of polystyrene (1181.39, 1154.34, and 906.71 cm~!) and water
(456.87, 397.34, and 369.36 cm™!). The highest resolution mode was
checked by comparing measured lines of nitrous oxide with those given
by Rao?0 and peaks with a separation of 0.15 ecm™! could be distin-
guished. All spectra were taken at this resolution with the entire optical
system under constant nitrogen purge. Spectra were signal averaged,
on the order of 2500 scans, and averaged background scans were
subtracted to yield the final spectra. At this high resolution, many
bands were resolved into their rotational fine structure. Peaks were
measured at their observed Q branch maxima (or lack thereof). The
reproducibility of the FTS-20 was found to be exceptional and within
the earlier quoted £0.03 cm™! limit. The isotopic shifts could be de-
termined directly from spectra of the normal abundance compound
with an estimated uncertainty of £0.1 cm™! for most bands. In the
measurement of the C-C-Cl bending vibration, however, a signifi-
cantly larger uncertainty resulted due to water interference. Therefore,
this mode was also measured with a SPEX RAMALOG laser Raman
spectrophotometer using the 6471 A line of a krypton laser as the
source of excitation. The resulting uncertainty of this measurement
was £0.2 cm™L.

Calculations, All computational work was done on a Univac 1110
digital computer with 32K of fast memory and 262K of low speed
unitized memory.
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The program used for vibrational analysis and kinetic isotope effect
calculations is divided into three major subroutines. The first of these
(vIBI) accepts basic geometric input data and internal coordinate data
and generates the moments of inertia, Wilson’s G matrix and its as-
sociated eigenvalues, and the Q matrix. The second subroutine (viB2)
accepts observed frequencies and a set of trial force constants and,
using this data along with output data of V1B1, calculates frequencies,
iterates the force constants if necessary, and calls the subroutine for
calculation of kinetic isotope effects.

Subroutine KIE, the third major subroutine, which is called by v1B2,
performs all kinetic isotope effect and associated calculations. This
routine has been described previously?! as have the algorithms used
in computerized normal coordinate analysis. All the calculations as-
sume simple harmonic oscillators and no correction for anharmonicity
is made.

Results

Vibrational Assignments for the Ground State, A complete
vibrational analysis of n-butyl chloride would involve 36 nor-
mal modes. A technique similar to the cut-off procedure of
Wolfsberg and Stern!4 may be employed, where all vibrations
associated with modes more than two bond lengths away from
chlorine are built into the model by considering that portion
of the molecule (an #-propyl group in the n-butyl chloride case)
as a single atom. This results in a skeletal five-atom model
requiring only nine normal modes for consideration.

Assigning a single internal coordinate description to a
measured band is, at best, approximate, as shown by similar
theoretical calculations.!®® For solid-phase n-butyl chloride,
Snyder and Schachtschneider?? have calculated the distribu-
tion of potential energy amongst the various modes for each
band. For bands in the 1440-850-cm™! region, reasonable
contributions by three or four modes per band are seen. The
problem of choosing the nine appropriate measured bands for
iterative calculations then, is one of choosing those bands in
which the desired modes of interest are the predominant con-
tributors. Using the potential energy distributions of Snyder
and Schachtschneider, along with assignments in similar
molecules?? and trends in characteristic frequencies,? the nine
ground-state normal modes required for KIE calculations were
determined. These frequencies, approximate descriptions, and
isotopic shifts are listed in Table I. The splittings are listed as
positive when the heavier isotope peak appears at lower fre-
quency. The use of the FTS-20 at 0.15-cm™! resolution per-
mitted most isotopic shifts to be determined from the normal
abundance spectra. A brief discussion of each mode, along with
other possible contributions, follows,

C-H Stretch (v, and v7). Bands involving C-H stretching are
expected not to mix with other modes as predicted by the
high-frequency separation approximation.?’ For the entire
molecule, six bands are expected in the 3000-cm™! region due
to methyl and methylene symmetric and asymmetric C-H
stretches (four bands) plus two other bands due to symmetric
and asymmetric stretch of the methylene associated with the
chlorine. At appropriate pressures all six bands were observed
and these latter two bands were extracted. No isotopic shift
was expected or observed at the instrument resolution.

CH; Wag (v,). This bending mode usually contributes to
bands in the 1400-1100-cm~! region according to Snyder and
Schachtschneider,?? but the major contribution from meth-
ylene associated with Cl is at ca. 1458 ¢cm™!. The observed
band at 1453.5 cm~! was chosen for calculations because a
definite isotopic shift was observed. There may be significant
mixing by the methylene scissoring mode with this wagging
mode.

CH; Scissor (v3). This mode is apparently not isolated in any
band. However, its contributions appear to be about equal in
the 1453.5 and 1318.2-cm™! bands. The CH; wagging mode
appears to be the major constituent for the 1453.5-cm™! band
and, therefore, the 1318.2-cm™! band was assigned to the

Julian, Taylor /| SN2 Transition-state Models for Reaction of n-Butyl Chloride



5240

Table I, Observed and Calculated Frequencies and Isotopic Shifts of #-Butyl Chloride Ground State

Measured Calculated
Approximate Frequency, Isotopic shift, Frequency, Isotopic shift,

description cm™!e cm™!4 cm™! % error cm™!
vy C—H sym. stretch 2965.30 2964.46 0.028 0.01
va CHy wag 1453.50 0.30 1453.65 0.010 0.41
vy CH3 scissors 1318.20 1318.11 0.007 0.02
vs C-C stretch 1021.80°0 0.400 1021.86 0.006 0.46
v5 C—Cl stretch 749.90% 4.90 749.70 0.027 4.50
vg C-C-Cl bend 333.00%¢ 1.40% 33345 0.135 1.96
»7 C-H asym. stretch 2998.80 2999.45 0.022 0.00
vy CH; twist 1243.80 0.50 1243.54 0.021 0.25
vg CH> rock 876.30 0.30 876.40 0.011 0.22

4 Uncertainties estimated from peak shape are £0.10 cm™! except where noted. ¢ Uncertainty, £0.20 cm™!. ¢ Measured by laser

Raman.

scissoring mode for calculations. No isotopic shift was ob-
served. Other mixing may come from normal (i.e., nonchlorine
associated) CH, wagging and also normal CH, scissoring
modes.

C-C Stretch (v4). Snyder and Schachtschneider’s calcula-
tions?2 show this mode to be the major contribution to two
bands, and solely to the band at 1016 cm~!. The measured
band at 1021.8 cm~! was assigned to v4 because it has an iso-
topic shift of 0.4 cm~!. Bands at slightly higher frequency are
complicated by the methylene wagging motion, whereas the
1021.8-cm~! band is not.

C-CI Stretch (v5), This mode generally occurs in the 700-
750-cm~! region for normal chlorinated hydrocarbons. The
measured value of 749.9 cm™! is for the trans conformation,
i.e., chlorine coplanar with the carbon chain. At room tem-
perature ca. 70% of n-butyl chloride molecules are in this
conformation.?® The isotopic splitting of 4.9 cm~! is consid-
erably larger than the 3.5 cm~! estimated earlier.!® The
gauche conformational mode was measured at 668.1 cm™!,
which also showed a 4.9-cm~! splitting.

C-C-Cl Bend (vg). This mode occurs in the far infrared re-
gion and is the most uncertain of the bands measured with the
FTS-20 due to interferences from water bands. To improve this
measurement, the band was examined with the laser Raman
system, as the Raman spectrum of water is quite weak. The
position and isotopic shift are much more certain with this
measurement than with the FTS-20. The band at 333.0 cm™!
was chosen even though the C-C-C bending mode contributes
to a greater extent. This latter mode is more closely associated
with the band at 474.5 cm~! which is nor shifted, while the
333.0-cm~! band has a definite shift.

CH, Twist (vg). This mode also occurs in the 1400-1100-
c¢m™ ! region. The twisting of the methylene group associated
with chlorine appears at 1251 em~! for ethyl chloride.?? The
band at 1243.8 cm~! was chosen for #-butyl chloride and is
split by 0.5 cm~!. There may also be significant mixing by the
normal methylene rock, methyl rock, and normal methylene
twisting modes.

CH3; Rock (v9), This mode contributes to many bands and,
like »3, is not the major contribution to any band. Its contri-
bution appears highest in the measured band at 876.3 cm™!,
which is shifted by 0.3 cm™!. This is at a higher frequency
compared to normal methylene rocking modes usually found
around 800 cm™!, but is considered reasonable as this mode
appears at 1036 cm~! in ethyl chloride.?? This band may also
have slight mixing by normal CH; rock and twist modes.

The torsional modes involving the chlorine atom need not
be considered here, as they have little meaning for the five-
atom skeletal model. An estimation of possible contributions
by other modes to the assigned bands used may be obtained

from the eigenvectors resulting from ground-state analysis.

Ground-State Computational Model for n-Butyl Chloride,
Normal coordinate analysis was performed on a ground-state
model for n-butyl chloride in order to determine a force field
which would theoretically reproduce the measured ground-
state frequencies and their isotopic shifts. This force field could
then be changed appropriately for a given transition-state
model and the transition-state frequencies calculated for ki-
netic isotope effect calculations. The programs used were
adopted from previous work?! and modified for this applica-
tion. The FG matrix methods of Wilson were employed.?’ The
ground-state model used was an isotopically invariant methyl
chloride skeleton with a point propyl group of mass 8.357 amu.
This mass was calculated using #-propyl chloride shift data,!
assuming the propyl group to be a point mass. There are seven
different types of internal coordinates for this molecule (Cs
symmetry) for a total of ten, giving rise to the model shown in
Figure 1. The coordinate values used in the calculation of the
ground-state model are also presented in this figure. Data for
r, R, R, v, and A were taken from the electron diffraction data
of Ukaji and Bonham.?” The values of @ and 3 were determined
by considerations which resulted in a spherically complete
model, i.e., all six angles are not completely independent. Once
five angles are specified, the sixth is already determined.
Preliminary calculations showed that slight changes in the
geometric parameters or point propyl mass would not signifi-
cantly affect this model. For example, the reported uncertainty
of the C-Cl bond length is 0.004 A.27 A change in R of this
magnitude altered the calculated frequency of only one vi-
bration (v2) by barely 0.1%. Calculations of angular changes
showed that variation of angle A affected the most significant
changes in calculated values. A change of 1.0° was required
to alter the vibrational values of up to 0.5%. In addition, it was
determined that no variation of any geometric parameter of
up to 1.0% caused a change in any calculated isotopic splitting
of more than 0.01 ¢cm™!. This splitting is even more important
in calculations of kinetic isotope effects than the exact vibra-
tional frequency.

With nine normal modes of the skeletal model and ten in-
ternal coordinates, one redundancy condition exists. Group
theoretical calculations of the C; point group show that six of
the modes exhibit A’ symmetry, i.e., totally symmetric modes,
and three exhibit A” symmetry, i.e., asymmetric with respect
to the plane of reflection. They also show the redundant con-
dition to be of A’ symmetry. It was initially decided to attempt
the use of both general valence and symmetry force constants
so a more generalized approach would be applicable to mole-
cules of different symmetry. For n-butyl chloride, however,
there is little symmetry. In this case the use of symmetry force
constants is not beneficial and only the general valence force
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Table I, General Valence Force Field#¢ for n-Butyl Chloride Ground-State Model
f(r-r) = 4.855 Sf(r-r') = 0.059 f(r-R) = 0.000 f(8-R) = —=0.230 Sf(a-A) = 0,000
f(8-8)=1.172 f(r-8) = 0.000 f(r-R) = 0.000 f(8-R) = 0.496 fla-R) = =0.024
S(y-v) = 0.609 Sr-B) = 0.000 S(8-8") = 0.340 Sly-y") = =0.034 fla-R) = =0.116
fla-a) = 0.373 S(r-v) = 0.000 f(B-v) = 0.105 f(y-a) = =0.030 f(A-R)=10.13%
f(A-A) = 0.562 f(r-y") = 0.000 f(B-v") = 0.083 S(y-4) = =0.004 f(A-R) = —=0.054
fIR-R) = 3.579 Sf(r-a) = 0.000 f(B-a) = 0.099 f(v-R) = 0.000 fIR-R) =0.758
f(R-R) = 3.479 Sf(r-A) = 0.000 f(B-A) = 0.009 f(v-R) = 0.000
4 Refer to Figure 1 for notation. ® All values in mdyn/A.
Table III, Normalized Eigenvectors? of n-Butyl Chloride Ground State
I r 8 82 Y1 Y2 o A R R
v 1.000 1.000 —0.162
vy 1.000 1.000 —0.663 —0.633 —0.680
v3 =0.315 —0.315 —0.430 —0.430 1.000 0.169
vy 0.115 0.115 0.417 0.417 -0.777 —0.303 1.000
vs —0.321 -0.321 0.196 0.196 0.890 —0.609 —0.308 1.000
ve -0.119 -0.119 —0.249 —0.249 —0.293 1.000 0.189
I 1.000 —1.000 —=0.100 0.100 —0.109 0.109
vy —1.000 1.000 0.884 —0.884
vy —-0.671 0.671 —1.000 1.000

@ Refer to Figure 1 for notation.

fields are used throughout the remaining portions of this
work.

Only the more predominant trans configuration is consid-
ered in these calculations. The gauche form, being of C,
symmetry, is a slightly different problem. The neglect of this
conformation may slightly affect the calculated KIE values,
but the temperature dependence should be the same for both
cases.

Ground-State Force Field of n-Butyl Chloride. A general
valence force field was prepared by explicit use of transfera-
bility of force constants from similar molecules. Data from
n-butyl chloride,?? ethyl chloride,?® secondary chlorides,2?
tert-butyl chloride, and methyl chloride,?! as well as from other
sources®? were considered and a final set was proposed. This
field was used directly in the internal force field and was also
transformed to a symmetry force field. Iterative improvement
was made using all nine skeletal frequencies (v¢ being weighted
less initially) as well as the six isotopic shift frequencies. The
practice was to fix all but four or five constants of interest and
let the program iterate these three or four times. The effect of
changes of each force constant could be determined by the
resulting Jacobian matrix. Predictions were made between runs
as to which force constants should be varied in the next run.
Iteration proceeded in this manner and the force field was
adjusted until the following criteria were met: (1) all calculated
frequencies of both isotopic species were within 1% of the ob-
served values; (2) all eigenvectors showed that the largest
contribution to a given normal mode was that due to the in-
ternal coordinate used to describe it; e.g., r (C-H bond) is the
largest contribution to v; (C-H stretch); (3) the resulting force
constants were not substantially different from those reported
for similar molecules. With all of these criteria met, it was
reasonably certain that a physically meaningful force field had
been attained. From this point the field was further adjusted
until the best possible set of frequencies resulted. The final
general valence force field is presented in Table II. A com-
parison of the calculated frequencies and isotopic shifts with
those observed is given in Table I. The agreement between
theoretical and experimental frequencies is very good, with the
worst-case error of only +0.14%. The average error is 0.030%.
The calculated isotope shifts also agree quite well with mea-
sured data; the most outstanding deviation being the rather

Figure 1, Ground-state model of n-butyl chloride. Values of bond lengths
(A)are:R =1.780, R = 1.533,and r = 1.110. Values of angles (deg) are:
a=11082,8=109.2,v=1099and A=]]0.8.

large shift for vs. Table III gives the eigenvectors (normalized
by dividing each value by the largest value) which resulted
from these calculations. They show the relative amounts of
mixing of the modes for each vibration. It is of interest to ex-
amine these modes with regard to the predictions made earlier
when assigning the bands.

The high frequency separation approximation appears valid
here as »| and y; are relatively free of mixing and, as predicted,
are almost entirely C-H stretch. It is also apparent that the
various angle bending modes are quite complicated, as ex-
pected. As predicted, the CH, wagging mode (v>) has a large
contribution by the « coordinate associated with CHj scis-
soring. It also has mixing from the v coordinate. The same
trend occurs between the twist and rock modes (vg and vy),
which show strong intermixing. The predicted mixing of the
@ coordinate with the methylene scissoring mode (v3) is clearly
shown, plus an unexpected mixing to an even greater extent
by the v coordinate. The C-C and C-Cl stretching modes (v4
and »s) have large contributions by other coordinates, espe-
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Table IV, Transition-State Model 1 for #-Butyl Chloride?
r=1110A o« = 108.2°
R=1869A 8 = 90.0°
R=15334A v =125.9°
A =90.0°

a Refer to Figure 1 for notation.

cially the a coordinate. Finally, the C-C-Cl bending mode has
several other weak contributions,

n-Butyl Chloride Initial Transition-State Model. In order
to develop a complete transition-state model for the reaction
of interest, the essential problem is that both the transition-
state geometry and force field are intimately coupled. A basic
model is needed, calculations from which reproduce the ex-
perimental KIE data to some degree of accuracy. From this
basic model, the effects of changes in various model parameters
can be examined. With this in mind, a reasonable geometric
model was proposed and the ground-state force field adjusted,
subject to a number of criteria discussed below, to reproduce
the experimental data. The necessary adjustment of the force
field gives the dependences of the system on various force
constants. From this total model then, effects due to variation
of geometric parameters could be studied.

All of the principal assumptions implicit in the ground-state
model are incorporated into all the transition-state models.
Specifically, the vibrations of the n-propyl group itself are built
into that group as a unit, and only the skeletal modes are con-
sidered. Relative thermodynamic properties are calculated
from ratios of partition functions. Therefore, frequencies
considered to be similar may be ignored and the use of a skel-
etal model is an adequate description of the system.

The problem in choosing the basic model from which to
make variations begins with the choice of a reasonable geom-
etry. As the reaction progresses one must view the C-Cl bond
as increasing in length until it no longer may be considered as
a vibration. As this proceeds, the two hydrogens and the n-
propyl group may be described as approaching an inversion
process, while the nucleophile approaches the side opposite the
leaving chlorine atom. The true transition-state geometry may
be envisioned as some intermediate composite of all three
processes. The maximum C-Cl distance that will be considered
will be that distance beyond which small changes cease to have
any appreciable effect on the KIE results. Preliminary calcu-
lations show this to be about 4.48 A (the ground-state value
is 1.78 A). In a study of a similar reaction, the SN2 solvolysis
of benzyl bromide, Bron?' used a trigonal bipyramidal tran-
sition-state geometry. From linear free-energy considerations,
e.g., the Hammond postulate,?? we would also predict the
transition state of n-butyl chloride to be reactant-like. On the
basis of these considerations, a geometry was chosen such that
the two hydrogens, the central carbon, and the point propyl
group all lie in the same plane (the xy plane) with the C-Cl
bond perpendicular to this plane. Consistent with the results
of Biirgi,>* which show that the lengths of equatorial bonds
remain essentially unchanged during S~2-like inversion, the
C-H and C-propyl bond lengths for this geometry were re-
tained at ground-state values as was the value of angle « for
simplicity in geometric considerations. The increased length
in the C-Cl bond is somewhat arbitrary. Other workers have
done calculations in which this bond length has been increased
by no more than 25%, and usually only a few percent.”!3 A
value of 1.869 A, an increase of 5% over the ground-state value,
was chosen. This basic geometry, model 1, is presented in Table
v,

This model poses an interesting problem if one is to consider
a form of concerted transition state. The transition-state
models generally proposed approximate the line of direct ap-

proach of nucleophile to carbon as being along the negative z
axis (considering the C-Cl bond as being along the positive z
axis). If one begins from the ground state of the reactants, there
are, however, no internal coordinates to describe the nucleo-
phile position. No new coordinates can be introduced, if one
retains the same general force field as in the reactant ground
state. Assignment of the angle of approach of the nucleophile
then, in this first approximation, must remain undefined,

Transition-State Force Field for n-Butyl Chloride, With the
formation of transition-state model 1, a reasonable transi-
tion-state force field is required in order to study various other
geometric models. The choice of force constants is not obvious
and a set cannot be transferred from similar molecules, as was
done in the ground-state case. It is not possible to employ it-
eration because the transition-state frequencies cannot be
measured. Experimental values which do permit an evaluation
of the models, however, are the measured kinetic isotope effect
values. A reasonable force field should reproduce these values
and their associated temperature dependence, to within ex-
perimental error. Therefore, the following criteria were used
to convert the ground-state force field to the desired transi-
tion-state field: (1) The calculated KIE value at 20 °C should
match the measured value of 1.008953% to within the experi-
mental error of £0,00015. (2) The calculated KIE values
should reproduce the measured temperature dependence. The
KIE values vary almost linearly over the range of 20-60 °C.
Therefore, the difference in KIE values at 20 and 60 °C can
reflect this temperature dependence. This is general, however,
and is not the temperature-dependent factor (TDF). The ob-
served experimental value is 10.6 X 1074, (3) The resulting
decomposition frequency, v, should be zero or a small imag-
inary value to avoid the complications cited by Williams and
Taylor !9 concerning the very large tunneling coefficients. (4)
The isotopic shift of v should be quite small, as theory predicts
little isotopic dependence in the transition state. (5) The re-
sulting eigenvectors should show the same basic dependences
as in the ground state. The amount of mixing, however, may
be quite different from that of the ground state. If all of these
conditions are met, one can be reasonably confident in having
a force field of physical significance for examining geometric
dependences. The experimental KIE data are for the solu-
tion-phase reaction, but solution effects can be assumed to
cancel in the ratios to a first approximation,!! and these data
may be used with gas-phase vibrational assignments.

Initially, only the diagonal force constants were varied and
all off-diagonal elements held at their ground-state values.
Coupled to the increase in the C-Cl bond length, R, there is
a decrease in the effective potential energy of the C-Cl
stretching mode. This, along with the decrease in bonding in-
volved, resulted in the expected large decrease in f(R-R). An
increase in effective potential energy is associated with the
decrease in 8 and A angles and requires the increase of f{(8-6)
and f(A-A). This same reasoning would predict a decrease in
f(¥-v), as -y angles were increased. However, this decrease was
not diagnostic. This was attributed to the fact that the changes
in v were not as large as the changes in 8 or A, or more likely,
that v angles do not increase as much as given in model 1, and
are accompanied instead by an increase in «.

The diagonal-constant dependences could then be used to
predict the diagnostic changes in off-diagonal (i.e., interaction)
force constants. If a diagonal force constant increases, this
implies that its associated mode is more self-interacting and
might be expected to interact to a lesser extent with other
modes. All off-diagonal elements associated with an increasing
diagonal element might be expected to decrease, and vice versa.
Thus, consistent with this idea, increases in f{y-R), f(a-R),
and f(R-R) along with decreases in f(8-A) and f(A-R) proved
useful in matching the experimental KIE values. All other
constants remained at ground-state values because no changes
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S(r-1) = 4.855/100%°
f(8-8) = 1.353/115%
fly-v) = 0.609/100%
fla-ar) = 0.373/100%
S(A-A) = 0.649/116%
fIR-R) = 3.579/100%
f(R-R) = 0.974/28%

f(r-a) = 0.000/0.000
f(r-A) = 0.000,/0.000
f(r-R) = 0.000/0.000
f(r-R) = 0.000,/0.000
f(8-8) = 0.340/0.000
f(B-y) = 0.105/0.000
f(B-") = 0.083/0.000

S(y-y") = —0.034/0.000
f(y-a) = —0.030/0.000
Sf(y-4) = —0.004/0.000

f(-R) = 0.000/0.000
f(v-R) = 0.261/0.261
f(e-4) = 0.000/0.000

f(a-R) = —0.024/0.000

f(r-r') = 0.059,/0.000¢
f(r-8) = 0.000/0.000
f(r-8’) = 0.000/0.000
f(r-y) = 0.000/0.000
f(r-y") = 0.000,0.000

f(B-a) = 0.099/0.000
f(B-A) = —0.283/-0.292
f(8-R) = —0.230/0.000
f(8-R) = 0.496,/0.000

f(a-R) = =0.005/0.111
F(A-R) = —0.625/—0.764
(A-R) = —0.054/0.000
fIR-R) = 0.927/0.169

4 Refer to Figure 1 for notation. ® All values in mdyn/A. ¢ Percent of ground-state value given for diagonal values. ¢ Difference from

ground-state value given for off-diagonal values.

Table VI,

Calculated Transition-State Frequencies and Isotopic Shifts for Reaction of n-Butyl Chloride Using Model 1 and Force Field 1.

Transition state

Ground state

Transition state — ground

n-Bu33Cl, em™! Isotopic shift, cm™! n-Bu3sCl, em™! Isotopic shift, cm™! state, cm™!
v 2968.49 0.00 2964.46 0.01 4.03
2 1610.81 0.57 1453.65 0.41 157.16
v3 1494.79 0.11 1318.11 0.02 176.68
4 1148.00 0.53 1021.86 0.46 126.14
vL 24.224 0.08 749.70 4.50 -773.92
Ve 249.12 2.11 333.45 1.96 —84.33
vy 3001.45 0.00 2999.45 0.00 2.00
vy 1224.38 0.33 1243.54 0.25 -19.16
vy 1070.77 0.09 876.40 0.22 194,37
@ This value of »_is imaginary.
Table VII, Transition-State Models Generated Around Model 1
Bond lengths, A Angles, deg
Model R R r A 8 b o MM1
1 1.869 1.533 1.110 90.0 90.0 125.9 108.2 1.0002
2 1.869 1.533 1.110 110.8 109.2 109.9 108.2 0.9998
3 1.869 1.533 1.110 105.6 104.4 113.2 108.2 0.9999
4 1.869 1.533 1.110 100.4 99.6 117.2 108.2 1.0000
5 1.869 1.533 1.110 95.2 94.8 121.2 108.2 1.0001
6 1.869 1.533 1.110 94.2 93.8 122.7 108.2 1.0001
7 1.869 1.533 1.110 93.1 92.9 123.5 108.2 1.0001
8 1.869 1.533 1.110 92.1 91.9 124.3 108.2 1.0002
9 1.869 1.533 1.110 91.0 91.0 125.1 108.2 1.0002
10 1.869 1.533 1.110 89.0 89.0 125.1 108.2 1.0002
11 1.869 1.533 1.110 84.8 85.2 121.2 108.2 1.0003

4 ltalicized values represent changes from model |.

were observed in the associated diagonal elements, or opposing
changes in the two diagonal elements associated with a given
interaction element, or because the relative magnitudes of
change were insufficient to affect the off-diagonal elements.

The field was adjusted in accordance with these predictions
until all the criteria were met. The final set of force constants,
force field 1, is presented in Table V. The relative percentages
of ground-state values are given for diagonal elements, while
differences are given for off-diagonal constants. The calculated
transition-state frequencies and their isotopic shifts for model
1 and force field 1 are presented in Table VI. The suffixes R
and I on » values throughout the rest of this work indicate real
and imaginary frequencies, respectively. All other frequencies
are real. The ground-state values are also given for reference,
and the difference in magnitudes of vibrations between the
transition state and the ground state is given in the final column
of Table VI.

Finally, a series of models (2-11) was developed to show the
effects of a smooth inversion process from the ground-state
angles to an inversion ca. 25% beyond the planar configuration
of model 1. The internal coordinates of all of these models are
presented in Table VII. This table also lists the MMI (mass
times moment of inertia) term, as this is fixed by the geometry
of a given model, Results of this smooth inversion study indi-
cated that the transition state might be better described by a
model similar to model 7, which corresponds to about 85% of
the inversion from ground-state angles to the planar model 1.
For the new central configuration, model 12 was created and
several other models (13-20) were generated around this.
These later models, along with model 7 for comparison, are
shown in Table VIII.

In the models previously considered, no coordinates were
explicitly included for the nucleophile. These can be included,
however, by making some additional assumptions as follows;
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Table VIII, Transition-State Models Generated Around Model 124
Bond lengths, A Angles, deg
Model R R r A 8 " @ MMI
7 1.869 1.533 1.110 93.1 92.9 123.5 108.2 1.0001
12 1.816 1.533 1.110 93.1 92.9 119.5 116.2 1.0002
13 1.816 1.533 1.110 100.4 99.6 115.6 112.9 1.0001
14 1.816 1.533 1.110 95.2 94.8 118.4 115.3 1.0002
15 1.816 1.533 1.110 94.2 93.8 118.9 115.7 1.0002
16 1.816 1.533 1.110 92.1 91.9 120.1 116.7 1.0003
17 1.816 1.533 1.110 91.0 91.0 120.6 117.1 1.0003
18 1.816 1.533 1.110 90.0 90.0 121.2 117.6 1.0003
19 1.816 1.533 1.110 87.9 88.1 120.1 116.7 1.0004
20 1.816 1.533 1.110 84.8 85.2 118.4 115.3 1.0004

4 |talicized values represent changes from model 12.

(1) It appears to be somewhat uncertain as to whether or not
the nucleophile should be included in the ground-state model
as an entity at long distance from and not reacting with (i.e.,
all force constants zero) the n-butyl chloride.3® It seems un-
realistic to include it, as the program necessarily calculates the
moment of inertia under the assumption that the entire mol-
ecule is rigid. In the absence of better methods, we have chosen
to include the nucleophile only in the transition-state model,
(2) For the transition state, four new internal coordinates and
an additional 31 force constants may be introduced to include
the nucleophile. It is necessary to estimate the S-C length and
the three diagonal force constants f($-®), f(8-6), and f($-¢),
where & is the stretching of the S-C bond, 8 is the bending of
£S-C-H, and ¢ is the bending of £S-C-C. We can use the
relationship from Pauling:3” R¥ = R — 0.300 log (n), where
n is the bond order and R¥ and R are the C-X bond lengths
in the transition state and ground state, respectively. With
model 12, the transition state C-Cl bond length is 1.816 A
compared to the ground-state value of 1.780 A. In this case the
value of n becomes 0.758. Using a typical value for the C-S
bond length of 1.780 A in the ground state and a value of n =
0.242 (assuming nc_x + nc_g = 1), we obtain a transition-state
value of 1.965 A for the C-S length. From the recent paper by
Bron3! we can obtain the relationships needed for the other
diagonal force constants as follows: f($-®) = 5.72(nc-s) =
1.384 mdyn/A; f(6-6) = f(¢-¢) = 0.283(nc_sy = 0.068
mdyn/A. The influence of these assumptions on the various
force constants of transition-state force field 2, optimized for
model 12 (discussed below), and the influence on the moment
of inertia term is shown in Table IX.

Kinetic Isotope Effect Calculations. Given a transition-state
force field and any given geometric transition-state model, the
KIE, TIF, TDF, and Wigner tunnel coefficients can be cal-
culated by subroutine KIE. A plot of the logarithm of the cal-
culated KIE values against inverse temperature is linear over
the temperature range of experimental interest (ca. 0-60 °C).
The vast amount of data for each model can, therefore, be
compressed and models contrasted by specifying a represen-
tative point and the slope of this line for each model. As a close
approximation to this, the point will be represented by the KIE
value at 20 °C (KIE-20), and the slope by the difference be-
tween values at 20 and 60 °C (20-60 difference). These are
the same parameters that were used for adjustment of the
transition-state force field. This latter difference will be re-
ferred to as the temperature dependence, but it should be noted
that this is not the temperature-dependent factor (TDF). All
data show this same linear behavior and only the KIE-20 and
20-60 difference values are reported for comparison. The ex-
perimentally observed KIE-20 value is 1.0089g & 0.00015 and
the 20-60 difference is (10.6 £ 0.2) X 107433

Table IX, Force Constant and MMI Terms with and without the
Nucleophile in the Transition State

Transition state

Sli-j) Ground state Without N¢ With N®
f(R-R) 3.479 0.974 1.010
f(3-R) 0.496 0.519 0.505
f(e-9) 1.384
1(6-0) 0.068
Slo-6) 0.068
f(8-6") —0.065
1(6-6) -0.077
7(R-®) 0.007
MMI 1.0002 1.0032

@ Using model 12 and force field 2.  Using model 12 and as-
sumptions concerning bond lengths and bond orders as previously
discussed. All force constants not specified maintain their force field
2 values.

The output of subroutine KIE contains both the Teller-
Redlich temperature-dependent factor (VP-ZPE-EXC)?! and
the equivalent expression calculated using the rigorous parti-
tion function expression.!9 As seen also in similar studies!®
we find these to be equivalent to within computer round-off
error. This is to be expected, as a simple harmonic oscillator
model was assumed throughout. The reported summaries,
therefore, will contain only the Teller-Redlich TDF. The KIE
data calculated for models 1-11 are presented in Table X. The
effect of the tunnel coefficient for decomposition frequencies
of this magnitude was found to be very small (0.00001 or less
except for model 11, where the total value was 1.00003).

Evaluation of the data presented in Table X forces consid-
eration of several questions about the choice of central geo-
metric model and force field. The fact that f{(v-v) was not
decreased (because of the increase in angle ) is puzzling and
the decrease in f(A-R) seems quite large, Also, the calculated
frequencies of v, v3, and vg seem further from ground-state
values than might have been expected for a SN2 (reactant-like)
transition state. The KIE-20 data with regard to the smooth
inversion process (models 2-11) show an interesting effect.
Smooth inversion is taken as changes of all angles equal to the
same percentage of the difference between their ground-state
values and those of model 1. This means that all angles will
attain their model ! values at the same time. The models cor-
responding to 75% of this process between ground state and
model 1 and beyond all show approximately the same tem-
perature dependences. The KIE-20 values for these models
(5-11) can therefore be compared. This correlation is parabolic
in nature, showing a decrease in KIE with increasing inversion

Journal of the American Chemical Society |/ 98:17 | August 18, 1976



Table X, Summary KIE Data for Models 1-11 Using Force Field 1, and Models 12-20 Using Force Field 2

5245

20-60
Model KIE-20 diff x 104 v351.9 v3sL/v3TL ZPE?® EXC.ZPE? VP TDF?
1 1.00893 10.8 24.221 1.0036 1.01013 1.00872 0.9965 1.00527
2 1.01554 10.3 239.39R 1.0103 1.00843 1.00533 0.9998 1.00516
3 1.01536 10.3 233.65R 1.0101 1.00856 1.00526 0.9999 1.00516
4 1.01040 10.5 197.44R 1.0052 1.00879 1.00520 1.0000 1.00519
5 1.00889 10.6 118.63R 1.0035 1.00920 1.00514 1.0001 1.00523
6 1.00884 10.6 100.45R 1.0035 1.00931 1.00513 1.0001 1.00524
7 1.00881 10.8 81.76R 1.0034 1.01015 1.00868 0.9966 1.00530
8 1.00883 10.8 60.98R 1.0035 1.01013 1.00867 0.9966 1.00528
9 1.00886 10.7 36.58R 1.0036 1.01013 1.00868 0.9966 1.00527
10 1.00901 10.8 44 841 1.0037 1.01014 1.00878 0.9965 1.00527
11 1.00950 10.8 59.101 1.0042 1.01028 1.00917 0.9962 1.00528
12 1.00898 10.7 36.211 1.0036 1.01009 1.00873 0.9965 1.00525
13 1.00991 10.5 168.82R 1.0047 1.00888 1.00508 1.0001 1.00518
14 1.00903 10.7 73.32R 1.0038 1.01017 1.00884 0.9965 1.00527
15 1.00899 10.7 42.00R 1.0037 1.01012 1.00877 0.9965 1.00526
16 1.00899 10.7 63.361 1.0037 1.01008 1.00873 0.9965 1.00524
17 1.00903 10.7 78.631 1.0038 1.01007 1.00873 0.9965 1.00523
18 1.00908 10.7 89.281 1.0038 1.01008 1.00876 0.9965 1.00523
19 1.00922 10.6 101.181 1.0040 1.01009 1.00885 0.9964 1.00522
20 1.00954 10.7 104.791 1.0043 1.01017 1.00908 0.9962 1.00522

2 R and I suffixes refer to real and imaginary frequencies, respectively. ¢ Values at 20 °C.

Table XI, Changes in Force Field 1 to Form Force Field 24
Ground

Force field 1 Force field 2 state field
Sf(B-8) = 1.353 1.315 1.172
Sly-v) = 0.609 0.557 0.609
fla-a) = 0.373 0.339 0.373
f(A-A) = 0.649 0.631 0.562
f(B-A) = —0.283 -0.275 0.009
f(B-R) = 0.496 0.519 0.496
f(A-R) = —0.625 —0.586 0.139
f(A-R) = -0.054 -0.037 —-0.054

4 Values in mdyn/A. # Refer to Figure 1 for notation.

until about 85% of the way to the planar configuration of model
1. At this point the values hit a definite minimum and begin
to increase as the inversion proceeds toward the planar con-
figuration. The temperature-dependent factor is essentially
constant for models 5-11. Thus, the minimum reflects a min-
imum in the v3s1 /v371, the temperature-independent factor
(TIF) of Yankwich and co-workers.!”

Because these results indicated a problem with the initial
models, a new central configuration (model 12) was generated
which, along with a force field optimized to this new geometry,
would reproduce the experimental KIE data, Model 12 cor-
responds to inversion about 85% of the way to model 1, i.e.,
slightly nonplanar and more reactant-like. The geometric
considerations for this new model required an increase of the
C-Cl bond by only 2% over the ground-state value (in contrast
to 5% increase for model 1) and an increase in angle a. A
comparison of the changes in force field 1 required to produce
force field 2, optimized for this model by the procedure dis-
cussed earlier, is presented in Table XI. It is of interest that
both f{a-ar) and f(y-v) had to be decreased from ground-state
value, as predicted earlier, as both angles o and ~ have in-
creased. The decrease in f(A-R) is not as severe as in field 1
and f(8-R) and f(A-R) have now been increased over
ground-state values, which would have been predicted because
f(R-R) decreased by such a large amount compared to the
increase in f(B-8) and f(A-A). The calculated frequencies for
this model are also somewhat closer to reactant vibrations (v,

= 1558.11, v3 = 1442.29, yo = 1042.69 cm™"), In order to test
the inversion process around this new central model, models
13-20 (Table VIII) were generated. The KIE results for these
new models are also presented in Table X. Again these models
showed the same temperature dependences, and the KIE-20
values may be compared. The same minimum in KIE-20 oc-
curs, this time at the new central model value. This correlation
implicitly shows the dependences of the TIF on the degree of
planarity of the transition-state model, as the TDF changes
only slightly from model to model. The TIF values also show
a minimum value at model 12. The normalized eigenvectors
for model 12 and force field 2 are given in Table XII. The
calculated KIE values for model 12 and force field 2 are
compared with experimental values in Table XIII. The KIE
data for the transition state, which includes the nucleophile,
is also listed as part of Table XIII.

Discussion

Transition-State Geometric Variations, From the preceding
discussion and a basic model, it is possible to evaluate various
changes in transition-state geometry for the reaction of interest
by comparing their relative effects on the calculated KIE
values. A significant amount of information can be gained by
making systematic changes in the basic geometric model, while
holding the force field fixed from one model to another.
Therefore, in addition to the models presented thus far, nu-
merous other models were created in order to investigate other
geometric parameters. The calculated KIE-20 values can be
compared directly for geometric changes which have essen-
tially no effect on the temperature dependence. For those
changes which do affect the temperature dependence, com-
parison of values at a single temperature is not diagnostic and
the 20-60 differences must be compared. The results of these
additional models are summarized in the following para-
graphs.

C-Cl Bond Length. When the 20-60 difference (the tem-
perature dependence) is plotted vs. the central carbon-chlorine
distance, the curve shows a linear increase over the first 50%
increase in C~Cl bond length (20-60 difference at this point
is 12.2 X 10~4) and then begins to show curvature. Beyond a
value corresponding to 250% of the C-Cl ground-state value
(20-60 = 12.9 X 10~%), no change is seen with further increase
in C-Cl distance. It seems possible, therefore, to correlate the
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Table XII, Normalized Eigenvectors¢ of n-Butyl Chloride Transition-State Model 12

r r 8 82 Y1 Y2 @ A R R
vy 1.000 1.000 —0.180 -0.103
va 1.000 1.000 —0.463 —0.463 0.582
3 —0.166 —0.166 —0.465 —0.465 1.000 0.156
I 0.472 0.472 —0.887 —-0.415 1.000 0.244
v -0.513 -0.513 -0.109 -0.109 0.542 -0.774 —0.448 1.000
ve —0.189 —0.189 0.193 1.000 0.628
% 1.000 —1.000 -0.162 0.162
vg 1.000 —1.000 0.164 —0.164
vy —0.124 0.124 1.000 —1.000

@ Refer to Figure 1 for notation.

Table XIII, Calculated KIE Values of Model 12 Compared with
Measured Values®

T,°C Caled Measured % deviation¢

0 1.00966 1.00962 0.0040
10 1.00931

20 1.00898 1.00898 0.0000

30 1.00868

40 1.00840 1.00841 0.0010

50 1.00815

60 1.00791 1.00792 0.0010

a Reference 35. ¢ Value with the nucleophile was calculated to be
1.00898 with a 20-60 difference of 10.5 X 1074 and a decomposition
frequency of —68.19 cm™!. ¢ Average deviation = 0.0015%.

temperature dependence by varying the C-Cl bond length in
the transition-state model. The prime effects of increasing this
length on the calculated frequencies appears to be an increase
of both »; and vg, the symmetric and asymmetric modes in-
volving angle 8, and also an increase in g, the C-C-Cl bending
mode.

C-H Bond Length. The variation of the 20-60 difference
with C-H bond lengths shows a linear relationship over the
limited range of a 5% increase to a 5% decrease over the
ground-state value. The magnitude of change in the 20-60
difference is almost twice that of the C-Cl bond changes above,
and is in the opposite direction, i.e., the 20-60 difference de-
creases with increasing C-H bond length. These results suggest
that, over a limited range, the change in C-H bond length is
twice as effective in adjusting the temperature dependence as
were changes in the C-Cl bond length. The vibrational analysis
shows that an increase in this bond has the effect of decreasing
the frequencies of all angular modes which have this bond as
one side, i.e., both 8 modes (v, and vg), the ¥ mode (v9), and
the o mode (v3).

C-C Bond Length. The temperature dependences of models
where the C-C bond length is varied are essentially equivalent.
The KIE-20 values, therefore, may be compared for these
models. The linear decrease in KIE-20 values with increasing
C-C bond lengths is reflecting the changes in TDF as this bond
increases, because the TIF is essentially constant for these
models (1.0036). The TDF values range from 1.00525-
1.00530. Although the change is slight, the correlation is
definite, and it appears that the TDF can be varied to a limited
extent by changing the C-C bond length. The primary effects
on the frequencies of increasing this bond appear to be an in-
crease in the v mode (v9) and also in the & mode (v3).

Dependence on Angles « and v, Model 1 assumed no change
in angle o (¢H-C-H). Therefore, it was of interest to see what
effects an increase in this angle, and consequently, a decrease
in angle v, would produce. The KIE-20 values as a function
of angle « (angle v is equal to (360 — «) /2 show a dependence
which is linear, as in the C-C bond length case above, but is

of opposite direction and its magnitude is only about half as
great, i.e., an increase of 10% of « was required to produce the
same change in KIE-20 values as a 5% decrease in the C-C
bond length. Here, again, this correlation is reflecting the
changes in the TDF (1.00527-1.00534). However, this de-
pendence is of slightly higher magnitude (but opposite direc-
tion) than for the C-C bond case and may be a more effective
geometric parameter when adjusting the TDF. There do not
appear to be any major effects of changes in these angles on
the calculated frequencies.

For the reaction of n-butyl chloride with thiophenoxide
anion, model 12 and force field 2 are very effective in repro-
ducing the experimental KIE data, as evidenced by the average
deviation of 0.0015% as shown in Table XIII. This geometric
model indicates that the transition state for this classic SN2
reaction is not a trigonal bipyramid, as is commonly used in
many theoretical calculations, but it is better described by a
more reactant-like configuration which is approximately 85%
of the way from the ground-state geometry toward the planar
configuration. This is consistent with the crystallographic study
of Biirgi,? which indicates that only when the leaving group
and approaching nucleophile are approximately equidistant
from the central atom (corresponding to ca. 20% increase in
C-Cl distance) is the transition-state geometry a trigonal bi-
pyramid. The C-Cl bond length of model 12 has been increased
only 2% over its ground-state value due to geometric consid-
eration of the temperature dependence.

Importance of the Temperature Dependence, The precise way
in which the kinetic isotope effect values vary with temperature
for the reaction under study (specified in this work by the
20-60 difference) is considered to be a very important criterion
in the evaluation of transition-state models. The comparison
of the experimentally measured temperature dependence with
that calculated for a specific model gives a reliable measure
of the validity of that model. This temperature dependence is,
for the most part, determined by the zero point energy factor
(ZPE). For example, the change in this factor was ten times
greater than that of the EXC term over the experimental range
of interest. This term is given by

IN=T
exp [_ A > (T - sz*)]

2kT =
ZPE = T =i
b 3N=6
exp [— KT EI wii— sz)]

where both sums are over all real vibrations. The contribution
to this term by the denominator will be constant for a given
ground-state model. Therefore, the temperature dependence
will remain constant for any transition-state model unless the
sum of the real isotopic shifts changes from model to model.
This is indeed the case for n-butyl chloride, as geometric pa-
rameters which affect the temperature dependence (e.g., the
C-Cl or C-H bond distances) result in sums on the order of
20 times different than parameters which do not affect it.
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Predicting the parameters, either geometric or force constants,
which will affect the final sum is, unfortunately, virtually
impossible.

The analysis of various changes in the temperature depen-
dence shows that it would be possible to match the 20-60 dif-
ference with a model drastically different from model 12. For
example, a large increase in the C-Cl length, over its ground
state value, could be proposed, This would require an equally
large increase in the C-H length to compensate for the effect
of the C-Cl length on the temperature dependence, The
probability of this model choice can be evaluated by observa-
tion of the secondary deuterium isotope effects. These values
are observed to be close to unity for SN2 reactions;?® e.g., 1,004
+ 0.007 per «-D for reaction of p-methylbenzyl chloride with
azide ion.?® These data, then, suggest that large changes in
C-H length are not appropriate. For the n-butyl chloride
system, represented here by model 12 and force field 2, a value
for kyy/kp of 0.981 is calculated without inclusion of the nu-
cleophile and 0,979 with the nucleophile included. These values
are not exactly unity, primarily because the ground-state force
field is not totally optimized for reproduction of any observed
isotopic shifts due to deuterium substitution, Calculated shifts
of ca. 800 cm~! for the C-H stretching modes are slightly
smaller than the 900-1000 cm™~! normally observed. These
calculated results from the proposed model, however, are
sufficiently close to unity to suggest that the model does meet
the expected secondary deuterium values for this type of re-
action. The only other experimental evaluations of the proposed
model involve actual measurement of the sulfur isotope effect
of the nucleophile and the central carbon KIE. A range of
1.036-1.053 is reported*? for o-!3C KIE values at 0,0 °C, A
value of 1.044 is calculated both for the nonplanar model 12
and for the planar model 18. These results indicate (1) that our
central model gives a central carbon KIE value within the
range appropriate for a SN2 reaction and (2) that central-
carbon KIE calculations are not sensitive enough to distinguish
between the planar and nonplanar models. Work is in progress
to obtain both the sulfur and the central-carbon measurements,
but their attainment is not a simple experimental problem. The
interpretation of the sulfur measurements will not be unam-
biguous unless the effect of interaction between the solvent and
the charged nucleophile can be separated from the isotope
effect arising from the attack of the nucleophile on carbon.
Other models which might fit both types of kinetic isotope
effects would require either radical changes in several force
constants or radical changes in the geometric parameters in
order to reproduce the observed temperature dependence. The
model studies which we have done so far do not suggest a way
that this can be readily accomplished. Therefore, although it
may be possible to match the KIE values at various tempera-
tures with a drastically different model, the necessary geo-
metric changes or force constant changes are not obvious.

The Approach of the Nucleophile, Throughout the model
studies presented, we have considered the inversion process as
arising from the approaching nucleophile. In our five-atom
skeletal model we initially included no internal coordinates to
describe this approach and, consequently, had no direct in-
formation available as to nucleophile position in the transition
state. In most cases the line of approach of the nucleophile is
considered to be colinear with the C-Cl bond, i.e., if the C-Cl
bond lies on the positive z axis, the nucleophile approaches
along the negative z axis. This was explicitly implied when
using the smooth inversion process discussed earlier. A series
of models in which the inversion was skewed, e.g., the 8 angles
decreased faster than the A angle, was used briefly in an effort
to simulate an off-axis approach. The results, however, were
almost identical with the colinear inversion series and this
method was deemed too insensitive to draw any conclusions
on this matter.
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In our six-atom skeletal model, we included additional in-
ternal coordinates to describe the position of the nucleophile
in conjunction with our central model 12. The necessary geo-
metric parameters and force constants were estimated from
various assumed bond-order relationships. Table XIII shows
that the KIE-20 value and the temperature dependence were
matched equally well by this model 12 with included nucleo-
phile and the much simpler model 12 without the nucleophile.
Further calculations showed the geometric conclusions to be
identical in either case.

The description of the extent of central carbon-chlorine and
central carbon-nucleophile bonding has been approached in
several ways in the past. Our method for inclusion of the nu-
cleophile is essentially the samie as used by Bron?! in his cal-
culations on the solvolysis of benzyl bromide. This approach
was also used by Sims et al.® in model calculations for the SN2
reactions of benzyl chloride. This treatment, based on the bond
energy bond order (BEBO) method for a three-atom model
of reaction, as derived by Johnston,*! is primarily applicable
to hydrogen-transfer reactions in the gas phase, where the
process requires the third body for reaction. In the reactions
described by this study, and for any which occur in the solution
phase, the unimolecular ionization may be competitive with
the nucleophilic displacement, making the bond order ap-
proach less applicable. In addition, it is difficult for us to test
the validity of these simple bond order-force constant rela-
tionships, For our five-atom models, the resulting transition-
state force field is necessarily compromised by the influence
of the nucleophile and the force constants are not directly re-
lated to their ground-state values by the transition-state bond
orders. Inclusion of the nucleophile does eliminate some of this
compromise, as evidenced by Table IX, but it is not feasible
to determine the extent to which this compromise is removed
because of the close similarity of the description of the tran-
sition state. It is of interest, however, to note the small value
of f(R-®). This indicates that there is very little interaction
between the C-Cl and C-S stretching modes in the transition
state.

Thornton*? has developed a simple theory for the prediction
of substituent effects on transition-state structure. This theory
deduces a change in the transition state by summing the effects
of a linear perturbation (change in substituent, nucleophile,
leaving group) on each of the fundamental modes. Harris and
Kurz'!3 have further developed the same idea, including cal-
culations based on a simple electrostatic model. An earlier
treatment by Bigeleisen and Wolfsberg34 considers a three-
center reaction where one bond is breaking while another is
being formed. The reaction coordinate is given as a modified
Slater-type coordinate and a parameter, P, is defined such that
the square root of P determines the relative amount of bond
formation to bond extension. An expression is derived for the
ratio of decomposition frequencies (TIF) in terms of P and the
masses of the leaving group, central group, and nucleophile.
This derivation assumes a simple relationship between the
extent of bonding and the masses of the bonding substituents,
and ignores any coupling of modes. We have observed, how-
ever, that this coupling is very important in both SN1 and SN2
reactions. A further complication arises in that values for the
masses required by this expression are not obvious and our
attempts to use the calculated TIF of these models to find an
absolute value of P are tenuous.

Although these approaches have strong intuitive arguments
for their use, they all require more assumptions than one can
presently test with the available data. We have chosen, instead,
to let the agreement between calculated and measured kinetic
isotope effects guide the changes in the ground-state model
necessary to produce the transition-state model. In this manner,
the effect of the nucleophile on the potential energy of the
transition state is necessarily reflected by the degree of ad-
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justment in converting the ground-state force field to the
transition-state force field. If central-carbon atom isotope ef-
fect values and/or nucleophile isotope effects could be simul-
taneously included in the model calculations, the amount of
available information may be further increased and it might
be possible to evaluate these other approaches more thor-
oughly. (This is the point suggested much earlier by Fry,2) In
particular, it would be most interesting to use this approach
to evaluate the predictions of Thornton pertaining to nucleo-
philic or leaving group substituent effects, We are presently
working toward this goal.

Comparison. The eigenvectors of Table XII show the de-
composition frequency, v, to be a complex mixture of internal
modes. This large amount of mixing is in contrast to our earlier
predictions on molecules of low symmetry.'? The major con-
tribution does come from the C-CI stretching coordinate,
however, and the small isotopic shift in this frequency indicates
that the amount of bonding of chlorine to carbon in the tran-
sition state is small, but definite.

The earlier studies from these laboratories of the tempera-
ture dependence of the n-butyl chloride reaction!! employed
the heavy-atom approximation*? of the Bigeleisen equation
for calculating the TDF, assuming that the only isotopically
dependent vibration was the C-Cl stretching frequency. The
reported value at 20 °C was 1.00451, which is low compared
to the value of 1.00525 calculated here for model 12. This is
to be expected, however, since several vibrations which are
isotopically dependent have been observed for this molecule.

Finally, a comparison of the dependences of KIE results on
various geometric parameters between the SN2 case and the
SN1 case!® shows the same general form of dependence on
C-CL bond length, except that the SN2 case produces smaller
changes in KIE for a given percent change in bond length. The
C-C bond changes follow the TIF in the SN1 case, but follow
the TDF for the SN2 reaction. The degree of central group
planarity in the transition state is related to the TIF in both
cases. The SN1 case, however, shows an approximately linear
relationship as compared to the parabolic correlation in the
SN2 case.
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