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Abstract: Deuterium and sulfur isotope effects have been calculated for E2 reactions of hydroxide ion with ethyl-
dimethylsulfonium ion, using the Wolfsberg—~Schachtschneider FG matrix program. The dependence of the iso-
tope effects on transition-state force constants (including off-diagonal F matrix elements used to achieve a zero or
imaginary reaction coordinate frequency) was explored. The deuterium isotope effect goes through a maximum
when the proton is half-transferred, and is not strongly affected by the extent of weakening of the carbon-sulfur
bond. Similarly, the sulfur isotope effect increases with increasing extent of carbon-sulfur bond weakening,
and does not depend much on the extent of proton transfer. Less reassuring are two other observations. The
deuterium isotope effect can be changed drastically by changes in the degree of coupling (off-diagonal F matrix
elements) of the proton-transfer motion with other atomic motions, and the sulfur isotope effect can remain very
small until the stretching force constant of the carbon-sulfur bond has decreased to less than half of its original
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value.
discussed.

For some time, we have been interested in kinetic iso-
tope effects as a means of exploring the structure
of the transition state in elimination reactions.® Espe-
cially promising results have been obtained by combin-
ing deuterium and sulfur,*5 and deuterium and nitro-
gen® isotope effects. Discussions of such results as-
sume that the deuterium isotope effect is determined
primarily by the extent of proton transfer, and the sul-
fur or nitrogen isotope effect primarily by the degree of
weakening of the bond to the leaving group. Theoret-
ical calculations of proton-transfer isotope effects based
on a three-center” and somewhat more complex® model
have been reported. Some calculations of sulfur iso-
tope effects on rather simplified models for sulfonium ion
decomposition are also in the literature.® These results,
however, give no information on whether there is any
interdependence of isotope effects when both carbon-
sulfur cleavage and proton transfer are part of the reac-
tion coordinate motion. Our main aim in undertaking
the present work was to provide evidence on this point.
Among previous examples of such calculations on mul-
ticenter reactions, the work of Goldstein®® and Selt-
zer'®® is especially noteworthy.

Models and Methods

The ground state was taken as ethyldimethylsulfo-
nium ion plus hydroxide ion (I). Bond angles at carbon
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The implications of these results for the use of isotope effects in determining transition-state structures are
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were assumed to be tetrahedral, and the C-S-C bond
angles were taken as 105°.!! The C-S bond lengths
were taken as 1.82 A, and the other bond lengths (rcc,
1.54 &; reu, 1.09 A; Fom, 0.958 A) were taken from a
standard compilation.!? A transition state was chosen
that had the same bond lengths (except for the reacting
bonds) and the same bond angles as the reactant (II).
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All bond lengths were kept constant through the entire
series of calculations, and changes in bond strength
were introduced by varying only the force constants.
The “compromise’ set of bond lengths for the reacting
bonds were rcs, 2.10 A; ree, 1.52 A; ren, 1.21 A rom,
1.20 A. This method is justified by the numerical cal-
culations of Stern and Wolfsberg,!? who showed that
changes in bond lengths and bond angles without con-
comitant changes in force constants had very little in-
fluence on isotope effects.

Force constants for the ground and transition states
are listed in Table I. Ground-state force constants
were taken from the literature!® 1415 or were reasonable
guesses based on literature data. Torsional force con-
stants were kept very low to minimize their influence on
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the isotope effect. Stretching force constants of react-
ing bonds in the transition state were varied from 0 to
1007 of their normal values by ZN or 1 — ZN, where
ZN ranges between 0 and 1.00. Bond-bending force
constants involving reacting bonds were varied in the
same fashion in the absence of any compelling theoret-
ical reason for doing otherwise. A function varying as
ZN(1 — ZN) was used for the linear C-H-O bend and
the torsional involving this system.

The HCSC torsional was varied as 1 — ZN. Very
low frequencies resulted at high ZN, which caused ex-
cessive rounding errors in the calculation of vibrational
partition function ratios. Consequently, an approxi-
mation devised for partition functions for internal ro-
tation!¢ was used when the frequency of the torsional
motion fell below 25 cm—1.

A computer program devised by Schachtschneider !4
for calculating vibrational frequencies by the FG matrix
method and modified by Wolfsberg!? to calculate iso-
tope effects was adapted to the University of Rochester
IBM 360 Model 50 computer. Force constants of the
reacting bonds were arbitrarily varied, both separately
and simultaneously, so as to simulate the various pos-
sible structures for the E2 transition state.?

A zero or imaginary reaction coordinate frequency
for the transition state was attained by setting that
block of the determinant of the F matrix containing the
stretching force constants of the reacting bonds equal
to zero by the introduction of appropriate off-diagonal
elements, since!”

|FG| = }F}',ul,uf'",uf:)\l)\z"')\f H
Using the labeling of structure II, let

Fhw Fr, 0 O
Fon Fp Fp O
0 Fy Fs3 Fyu
0 0 Fs Fyu

where D is zero or negative.
diagonal elements as follows

= DFFopFssF sy (2)

If we define the off-

Fio = A(FnF)' 3)
Fas = B(FpFs3)" 4)
Fiy = C(FyF1)"? (3)

substitute eq 3-5 into eq 2, and expand the determinant,
we get

1l — C2— B> — A2+ AC*> =D (6)

The parameters A-C enable us to calculate permissible
combinations of off-diagonal elements for any given
value of D. This may be regarded as measures of the
extent to which the stretching motions of the reacting
bonds are coupled to each other. To simplify our task
we assumed D = 0 and B = C for most of the calcu-
lations.

No corrections for proton tunneling®-2 were ap-
plied. A tunneling correction is not required, of course,
for D = 0 (flat potential barrier), which includes most
of the calculations in this study. Even for those cases
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Table I. Assumed Force Constants for Ground and
Transition Statese

Type of force Value in Value in
constant ground state transition state

HO str (OH™) 7.8 7.8

HO str? 0.0 7.8ZN

CH stre 4.7 4.7(1 — ZN)

CC stré 4.7 6.58

CS stre 3.14 3.14(1 — ZN)

CS str/ 3.14 3.14

CH str 4.7 4.7

HOH bd 0.0 0.69ZN

HCC bdv 0.606 0.606(1 — ZN)

HCC bd 0.606 0.606

HCH bd¢ 0.541 0.541(1 — ZN)

HCH bd 0.541 0.541

CCS bd 0.25 0.25(1 — ZN)

HCS bd 0.522 0.522(1 — ZN)

CSC bd* 0.294 0.294(1 — ZN)

CSC bd 0.294 0.294

HOHCC tors® 0.0 0.04ZN(1 — ZN)

HCCS tors 0.02 0.02

HCSC tors 0.01 0.01(1 — ZN)

CHO bd/ 0.0 0.32ZN(1 — ZN)

a Values are in mdyn/A. ® Forming OH bond (F, in structure II
of text). ¢ Breaking CH bond (Fy, in structure II of text). ¢ F;;in
structure II of text. ¢Breaking CS bond (Fy in structure IT of
text). /S-methyl bond. ¢ One HC is breaking bond. % One CS
is breaking bond. ¢ Linear OHC taken as axis of torsional motion.
7 Linear bend.

where D = 0, we felt that current uncertainty over the
proper method of calculating tunneling corrections?
made it inadvisable to introduce this variable into an
already very complex situation.

Results and Discussion

We present here a selection of our results intended to
illustrate the main conclusions drawn from these cal-
culations. All isotope effects quoted are at the same
temperature (25°).

Table Il shows the variation of the deuterium isotope
effect with extent of proton transfer. The expected

Table II. Deuterium Isotope Effects and Extent of
Proton Transfers
ku/kp
ZN for CH A = 0.95¢ A =095 A = 1.05¢
and OH?®¢ D = 0.0 D= -02 D = -02
0.2 2.54 2.57 3.09
0.4 4.13 4.31 5.68
0.6 5.90 5.35 6.84
0.8 4.09 4.32 5.35
e At 25°,  Decrease with increasing extent of proton transfer.
¢ ZN for CS assumed constant at 0.9 (909, broken). ¢B = C

assumed throughout.

maximum?’ is observed. Our results differ from the
three-center model” in that ky/kp at the maximum is
not independent of whether the reaction coordinate
frequency is zero or imaginary. This is to be expected,
for the three-center model possesses only one real
stretching frequency, a symmetric stretch in which the
proton does not move when it is equally bound to ori-
gin and terminus. By contrast, our model has numer-
ous real stretching frequencies in which the proton
moves, including that corresponding to the symmetric
stretch in the three-center model. Consequently, the
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Table III. Influence of the Coefficient 4 on Deuterium and
Sulfur Isotope Effects®
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Table IV. Influence of the Coefficient Ratio C/B on Deuterium
and Sulfur Isotope Effects®

Abe kufko [(kse/kss) — 11100
0.95 5.90 1.15
0.90 4.42 1.35
0.50 1.76 1.50

8 D = 0 throughout. ¢4 See cor-
e ZN for CH and OH assumed

e See footnote a, Table II.
responding footnotes, Table II.
constant at 0.6.

two isotopic transition states still differ in zero-point
energy at the maximum and the isotope effect can be
changed by manipulating the off-diagonal force con-
stants. The three-center model clearly oversimplifies
the real situation in its prediction of an invariant maxi-
mum value of ky/kp. Increase in A increases ky/kp.2!

Table III shows the effect of wider variations in A.
While the sulfur isotope effect does not vary markedly,
there is a dramatic decrease in ky/kp with decrease in A4.
This result carries the disquieting implication that kg /kp
may not be a reliable measure of the extent of proton
transfer in the transition state. Intuitively, one might
expect A to be large where proton transfer is the major
component of the reaction coordinate motion (ElcB-like
reaction), and to decrease as one progresses toward a
more concerted process and finally on to an El-like re-
action. The limiting case would be that where proton
transfer is a negligible component of the reaction coordi-
nate and the hydrogen isotope effect secondary rather
than primary. Proton transfer is unlikely to have pro-
gressed very far under these circumstances, so that a small
isotope effect is expected for an El-like reaction both
fromthe value of 4 and the extent of proton transfer. In
an ElcB-like process, the 4 value should be large, but the
isotope effect will be small because the proton is more
than half-transferred. One can usually distinguish El-
like from ElcB-like transition states by substituent ef-
fects.® Thus, variation in kg/kp caused by variation
in the contribution of proton transfer to the reaction
corrdinate motion (as measured by 4) probably will not
seriously affect qualitative conclusions based on the
three-center model for proton transfer.

The source of this decrease in ky/kp with A is re-
vealed by an examination of the detailed results. The
proton-transfer motion becomes a less important com-
ponent of the reaction-coordinate frequency, but a more
important component of the real frequencies of the
transition state. Consequently, there is an increased
spread between zero-point energies of the isotopic tran-
sition states. This cancels part of the zero-point en-
ergy difference between the isotopic reactants, resulting
in a decreased zero-point energy contribution to the
deuterium isotope effect.

The ratio C/B represents the relative extents to which
the CS and CH stretches, respectively, are coupled to
the CC contraction in the reaction coordinate motion.
Intuitive expectations are not obvious here, except that
a value of C/B near unity might be associated with a
highly concerted reaction. In any event, the influence
of this ratio (Table IV) is not great on either the deute-

(21) If B = C, then assuming 4 = 1.0and D = Orequires B = C =
0, and decreasing A4 increases B and C. Only positive values of 4, B,
and C have physical meaning, for only then are the atoms constrained to
move in the proper directions to give products in the reaction coordinate
motion.

ZN for CH ka/kp’ and [(ks/kss) ~ 1]1007 for C/B =
and OHt—¢- 2.0 1.0 0.5
0.2 2.50 2.54 2.54
(1.22) (1.05) (0.95)
0.6 5.08 5.90 6.04
(1.40) (1.15) (0.85)
0.8 3.96 4.09 4.09
(1.05) (0.72) (0.73)

a—d See corresponding footnotes, Table II. ¢ D = 0 throughout.
/ Top figure on each line is deuterium isotope effect. ¢ Lower figure
in parentheses is sulfur isotope effect. * 4 = 0.95 throughout.

rium or sulfur isotope effects, except when ZN = 0.6.
Examination of the eigenvectors of the reaction coor-
dinate frequency and the real frequencies reveals an in-
teresting effect. As expected, the contribution to the
reaction coordinate of the CS stretch increases, and of
the proton-transfer decreases, as C/B increases. The
major factor in the isotope effect change, however,
lies in a real frequency in which reverse changes in the
magnitudes of the eigenvectors occur. This frequency
is more sensitive to substitution of H for D when C/B
is large. The zero-point energy difference between iso-
topic species in the transition state becomes larger,
decreasing the isotope effect. By the same line of rea-
soning, the increase in the sulfur isotope effect with in-
creasing C/B can be explained.

One of the most important questions is whether the
sulfur isotope effect is dependent on the extent of pro-
ton transfer, and the deuterium isotope effect on the
strength of the CS bond in the transition state. Nor-
mally, force-constant changes remote from the position
of isotopic substitution have a negligible influence on
the isotope effect.!?* This generalization cannot a pri-
ori be trusted in the present case, however, for the CH
and CS stretching motions are coupled by off-diagonal
elements in the F matrix. Consequently, we tested the
validity of this assumption by the calculations reported
in Table V.

Table V. Influence of Carbon-Sulfur Bond Strength and Extent
of Proton Transfer on Sulfur and Deuterium Isotope Effects®

[Cksefksd) — 1]100¢ and ku/kp? when ZN for CH

and OH? is
ZN for CSbe 0.1 0.4 0.6 9.0
0.1 —-0.14 -0.27 —0.15 —0.14
(6.09)
0.4 0.05 0.03 0.14 0.14
0.6 0.23 0.27 0.36 0.34
0.9 0.73 1.15 1.15 0.99
(5.90)
0.95 0.75 1.36 1.32 1.10
(5.34)

a5 See corresponding footnotes, Table II.
line is sulfur isotope effect.
4 is ku/kp.

¢ Top figure in each
4 Lower figure in parentheses in column
¢4 = 095, B = C, D = 0throughout.

The figures in parentheses in column 4 show that
kwu/kp is rather insensitive to the amount of CS bond
weakening except when the bond is more than 907
broken. Even then, the change is not sufficient to con-
stitute a serious complication in interpretation of ku/kp.
Reading across any line of the table discloses a similar
insensitivity of the sulfur isotope effect to the extent of
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proton transfer. Only when the CS bond is more than
90 % broken is the variation much beyond normal ex-
perimental error in determination of sulfur isotope ef-
fects. It is intriguing to note the maximum near half-
transfer of the proton, making the sulfur and deuterium
isotope effects analogous in this respect. The obser-
vation is probably of no mechanistic utility, however,
for changes in the extent of proton transfer are unlikely
to occur without concomitant changes in CS bond
strength.*

The most striking feature of Table V is the unexpected
behavior of the sulfur isotope effect with respect to
changes in the CS bond strength. The effect is inverse
at first, and becomes significantly greater than zero only
when the CS bond is about half-broken. After that it
rises more rapidly to a maximum of 1.3-1.4%, a rea-
sonable value in the light of available experimental re-
sults.?2  While the sulfur isotope effect increases with
increasing weakening of the CS bond, as expected, the
relationship is not even close to linear.

These calculations do provide a plausible explanation
for a rather puzzling set of experimental results. The
sulfurt and deuterium? isotope effects in the reaction of
2-phenylethyldimethylsulfonium ion with hydroxide ion
in water-dimethyl sulfoxide change so as to indicate
that the extents of both CH and CS stretching are de-
creasing with increasing dimethyl sulfoxide concentra-
tion. The sulfur isotope effect decreases to a value of
0.119 at 20 mol %, while the deuterium isotope effect
continues changing up to 84 mol ¥ dimethy! sulfoxide,
the highest concentration studied. It is now obvious
from the calculations that the 0.11 77 need not represent
a nearly intact CS bond, and that the extent of CS
stretching may still be decreasing, along with the ex-
tent of CH stretching, between 20 and 84 mol 7 of
dimethy! sulfoxide.

One might object that it is improper to speak of CS
bond strength only in terms of the stretching force con-
stant, for the off-diagonal term (interaction between
CS and CC stretches) also functions to hold the atoms
together.2? Granting this point, we still feel our usage
is legitimate and proper. Certainly the character of the
CS bond is changing, as the stretching force constant
decreases, in a manner which makes decomposition to
products progressively easier. The constraints on the
sulfur atom resulting from the off-diagonal term merely
represent the condition that it must move “in step”
with other atoms so as to give products.

While there is no reason to doubt the nonlinear trend
in sulfur isotope effect as a function of CS bond strength,
too much significance should not be attached to the
absolute magnitudes. In particular, the inverse effects
found for the models with nearly intact CS bonds do not
arise from zero-point energy effects, but from a mo-
ments-of-inertia ratio which is inverse to the extent of
0.39. This phenomenon undoubtedly results simply

(22) Seeref 3 and 4, and other papers quoted therein.

(23) This argument was called to our attention by Professor M. J.
Goldstein,

from the different bond lengths, and hence different
centers of mass, of reactants, and transition states. It
is a constant factor which might well be less obtrusive
in a more realistic model, so we cannot say whether in-
verse sulfur isotope effects from this source would be
found experimentally.

The influence on ky/kp of a model which gives an
imaginary reaction coordinate frequency was explored
briefly in Table II. In Table VI, we present the effect

Table V1. Influence of Imaginary Reaction Coordinate
Frequencies on Sulfur Isotope Effects®

’-—_l(kﬂ/ks.;) - I]IOO for D =———
. .2

ZN for CSh¢ 0.0 -0 -0.5
0.6 0.27 0.16 0.13
0.9 1.15 0.68 0.67
0.95 1.36 0.76 0.73

e See footnote a, Table II, ®ZN for CH assumed constant at
0.6. ¢4 = 0.95, B = C throughout.

of a similar model on the sulfur isotope effect. Note
that constant A requires that B and C increase as D be-
comes more negative. The sulfur isotope effect is some-
what smaller for imaginary than for zero reaction coor-
dinate frequencies, but the decrease does not continue
beyond small negative values of D (low absolute mag-
nitudes of the imaginary frequency).

Perhaps the most important results of these calcula-
tions are the observations that the sulfur isotope effect
may remain small until the CS bond is extensively weak-
ened, and that ky/kp may be strongly influenced by the
extent of coupling of the proton transfer with other
atomic motions. The number of parameters that can
change the isotope effect clearly make it impossible to
draw even semiquantitative conclusions about transi-
tion-state structure from single measurements of isotope
effects. Comparisons of isotope effects between two
systems that differ widely in structure or environment
are alsorisky. One should not be too pessimistic, how-
ever, for the parameters that we have treated as inde-
pendent variables in these calculations will very likely
be interdependent in an actual physical situation.
Thus, systematic changes in some structural or envi-
ronmental feature of a reaction (basicity of reagent, for
example*?) can be expected to yield qualitatively inter-
pretable results. Isotopic substitution at a number of
different positions in the same molecule may even yield
semiquantitative information about transition-state
structure under favorable conditions. Since the bimo-
lecular elimination reaction is a particularly complex
process, the applicability of isotope effects to other
mechanistic studies need not necessarily be compro-
mised by ambiguities found in this study.
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