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Model Calculations of Hydrogen—Deuterium Isotope Effects for £2 and
E1cB Dehydrochlorinations of 1,1-Diaryl-2,2-dichlorethanes

By Graham W. Burton and Leslie B. Sims,* Department of Chemistry, University of Arkansas, Fayetteville,
Arkansas 72701, U.S.A.
Duncan J. McLennan,* Department of Chemistry, University of Auckland, Private Bag, Auckland, New
.Zealand

A 14-atom transition-state mode! is employed as the basis for computations of primary 8-deuterium and secondary
a-deuterium isotope effects for the dehydrochlorination of the substrates Ar,CH-CHCI, by alkoxide bases. The
structure of the transition state is systematically altered by varying the bond ordersof O - - - H, H - - - Cg, Cg == Cg
and Cy - - - Cl. with a progressive change in the angular geometry about C, and Cg from tetrahedral to trigonal and
proportional to the degree of Cq == Cg double bond character. These changes are translated into force constant
changes by means of empirical relations involving bond orders, bond angles, and the associated force constants.
The results of changing the way in which the imaginary reaction co-ordinate vibration is formulated are also investi-
gated. Bestagreement between experimental values of primary kg/kp isotope effects and computed isotope effects
is obtained when proton transfer is allowed to dominate the reaction co-ordinate motion, with the reacting heavy

atoms remaining relatively motionless.

CoMPUTER simulations have confirmed that kinetic
isotope effects are a function of changes in bonding at the
isotopic atom in the transition state, subject to modific-
ation by the choice of reaction co-ordinate vibration.!-
Comparison of calculated isotope effects with experi-
mentally determined values, especially when employing
labelling at several successive positions,? affords a
critical test of a model of transition structure and its
assumed response, in terms of bonding changes, to
alterations in substituent and environmental parameters.

Bimolecular B-elimination (E2) reactions in solution
have been extensively investigated experimentally by
means of deuterium isotope effect measurements, supple-
mented by a small number of heavy atom isotope effect
measurements, mostly involving “N/1N leaving group
isotope effects.58 Several approaches to theoretical
calculations of both deuterium and heavy atom isotope

1 (a) M. Wolfsberg and M. J. Stern, Puze Appl. Chem., 1964, 8,
225; (b) M. Wolfsberg, Accounts Chem. Res., 1972, 5, 225, and
references therein; (¢) M. J. Stern and M. Wolfsberg, J. Chem.
Phys., 1966, 45, 4105.

2 W. A. Van Hook in ‘ Isotope Effects in Chemical Reactions,’
eds. C. J. Collins and N. S. Bowman, Van Nostrand-Reinhold,
New York, 1970, ch. 1.

3 L. B. Sims, A. Fry, L. T. Netherton, J. C. Wilson, K. D.
Reppond, and S. W. Crook, J. Amer. Chem. Soc., 1972, 94, 1364.

1 A. Fry, Pure Appl. Chem., 1964, 8, 409.

5 A. Fry, Chem. Soc. Rev., 1972, 1, 163 (this reference reviews
isotope effect research on the mechanisms of elimination reactions
prior to 1972).

8 W. H. Saunders and A. F. Cockerill, ‘ Mechanisms of
Elimination Reactions,” Wiley-Interscience, New York, 1972, pp.
71—92.

? (a) P. J. Smith, C. A. Pollock, and A. N. Bourns, Canad. J.
Chem., 1975, 53, 1319; (b) P. J. Smith and A. N."Bourns, ibid.,

1974, 52, 749; (c) K. C. Westaway and A. N. Bourns, ibid., 1972,
50, 3232.

effects have been put forward in recent years.*21 How-
ever, only in the work of Saunders %10 is the existence of a
spectrum of E2 transition states 1213 recognized, with
isotope effects being calculated with respect to variations
in transition state structure. Saunders has investigated
the model reactions of "OH with EtSMe,* (B-deuterium
and sulphur-34 isotope effects) ® and those of “OH with
EtX, with X = SMe,*, NMe,*, Cl, or Br (primary B-
deuterium, secondary «- and B-deuterium, primary «-
and B-carbon-13, and leaving group effects).1® Valuable
guidelines as to the relationship of isotope effects to
transition state structure are contained in these papers,
but no comparison of ‘calculated isotope effects with
experimental values was attempted, since no isotope
effects have been measured for reactions of EtX with
~“OH in H,O (although some reports pertain to alco-
holic ¢ and other ¥® media). Furthermore, ethyl

8 D. A. Winey and E. R. Thornton, J. Amer. Chem. Soc., 1975,
97, 3402.

? A. M. Katz and W. H. Saunders, J. Amer. Chem. Soc., 1969,
91, 4469.

10 'W. H. Saunders, Chemica Scripta, (a) 1975, 8, 27; (b) in the
press.

11 (g) M. J. Stern and P. C. Vogel, J. Chem. Phys., 1971, 54,
779; (b) ibid., 1971, 55, 2007; (c) M. J. Stern, M. E. Schneider,
and P. C. Vogel, ibid., 1971, 55, 4286; (d) M. J. Stern and P. C.
Vogel, J. Amer. Chem. Soc., 1971, 93, 4664; (¢) M. E. Schneider
and M. J. Stern, ibid., 1972, 94, 1517; (f) ibid., 1973, 95, 1355;
(¢) W. H. Saunders, J.C.S. Chem. Comm., 1973, 850; (k) R. A.
More O’Ferrall, J. Chem. Soc. (B), 1970, 785.

12 7. F. Bunnett, Angew. Chem. Inteynat. Edn., 1962, 1, 225;
Survey Progr. Chem., 1969, 5, 53.

13 V. J. Shiner in ref. 2, ch. 2.

14 V. J. Shiner and M. L. Smith, J. Amer. Chem. Soc., 1958,
80, 4095.

15 H. Simon and G. Mullhofer, Chem. Ber., 1964, 97, 2202;
Pure Appl. Chem., 1964, 8, 379.
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bromide yields only 1%, olefin when treated with EtO~ in
EtOH 18 and so isotope effect measurements for E2
reactions of it, and ethyl chloride, would not be a
practical proposition.

Primary deuterium isotope effects for the £2 dehydro-
chlorination of 1,1-diaryl-2,2-dichloroethanes by MeO~
in MeOH?Y and ButO~ in ButOH 1%18 [equation
(1)] have been measured and discussed in terms of the

Ar,CH-CHCL, + RO~ —»
Ar,C:ICHCl + CI- + ROH (1)

variable transition state theory. It was desirable to
perform isotope effect calculations, using models based on
this system, in order to evaluate and interpret the experi-
mental isotope effect trends by comparison with the
calculated trends. This paper reports the results for
primary B- and secondary «-deuterium isotope effects;
a subsequent paper describes the heavy atom isotope
effects.

CALCULATIONS

Geometric Model—The general transition state model is
shown in the Figure. The Stern—-Wolfsberg cut-off pro-
cedure 1%¢ was applied to the alkoxide base, in which all
atoms except the oxygen and the «-carbon atom were

c:'Il. 013

omitted. Extension of the cut-off procedure for aromatic
systems %1? requires retention of only the phenyl C-1 and
the two adjacent ortho-carbon atoms as an appropriate
cut-off model of the aryl ring system (see Figure). The
model contains a pseudo-plane of symmetry (a true plane
of symmetry would require identity of atoms 3 and 4)
containing atoms 1, 2, 5, 6, 13, and 14; the aryl carbon
atoms lie in the planes defined by atoms 7, 5, and 6, and
8, 5, and 6, respectively. This corresponds to antisym-
metric rotation of the rings away from coplanarity; in the
reactant a rotation of 60° is implied, in accordance with
comparable departures from coplanarity determined experi-
mentally for structures of related molecules.2

Tetrahedral geometry at the a- and B-carbon atoms (C-1
and C-5, respectively) and standard bond lengths,?! 9, for
all bonds were assumed for the reactant. In the transition

16 C, K. Ingold, ‘ Structure and Mechanism in Organic Chem-
istry,” 2nd edn., Bell, London, 1969, p. 671.

17 D, J. McLennan, J.C.S. Perkin II, preceding paper.

18 A, B. N. Gray and D. J. McLennan, J.C.S. Perkin 11, 1974,
1377.

18 G. W. Burton, L. B. Sims, J. C. Wilson, and A. Fry, J.
Amer. Chem. Soc., 1977, 99, 3371.

J.C.S. Perkin II

state model, bond lengths, #, for reacting bonds 1—4 (whose
bond orders %, ; were different from those in the reactant)
were adjusted by the program by a revised ! version of
Pauling’s expression 22 [equation (2)]. The angles at the o-

y=%"—0.301n = (2)

and B-carbon atoms were adjusted in the transition state
model so as to simulate a change toward trigonal geometry
(109.5° > 6 > 90.0°), consistent with the expected hybrid-
ization changes. This was accomplished by changing 6 in
proportion to the degree of double bond formation (see
Table 1); since the C, ¢+ Cl bond was never more than
half ruptured, the geometry change induced at Cg was never
very large, which is consistent with experimental studies
which suggest that the hybridization of Cg at the transition
state is close to sp?, even when it is distinctly carbanionic.1?
Bond lengths and angles pertaining to other bonds remained
constant. Primary deuterium isotope effects were largely
insensitive to tetrahedral vs. trigonal geometry (and the
associated force constant changes), as has been found by
Saunders,!? but secondary kg /kp was crucially affected. The
base was not included in the reactant model,® consistent
with the assumption of independent reactant species
inherent in the statistical thermodynamic treatment of
isotope effects.? The geometry of each model was most
conveniently specified in terms of bond lengths and bond
angles, which the program converted into Cartesian co-
ordinates of the atoms; the relevant bond distances and
angles are summarized in Table 1.

Force Constants and the Vaviable Transition State—
Initial state stretching force constants (F; for each react-
ing bond 1—4 were modified for transition state models
according to equation (3), where #; is the order of the bond
in questions.?® The transition state stretching force

Fy = niFy® (3)

constants for the non-reacting C(1)-H(4), C(1)—Cl(3), and
C(5)—Car bonds were increased from values appropriate to
sp®-hybridized carbon towards those appropriate for sp2-
hybridized carbon as #, was decreased from 1.0 to 0.5.
This force constant change mimics the approach of C, and
Cg towards trigonal geometry.

Angle bending force constants pertaining to bonds
involving atoms undergoing covalency change were
governed by the relationship in equation (4). Here, #; and

Fa = gani"jFao (4)

n; are the bond orders of the bonds involved in the bending
mode. This is a modification !® of a procedure suggested
by Johnston.2? The term g, is an angle factor, defined by
equation (5), in which « is the bond angle. The factor g,

g« =139+ 117 cos a (%)

has a value of unity when « = 109.47° and decreases as o
increases. In this way we simulate the loosening of bending
frequencies as the hybridization of both C, and Cg changes
from sp? towards sp? as n, decreases, but in a way which is
different from that used by Saunders.1®

20 M. L. Kemp and R. J. W. LeFevre, J. Chem. Soc., 1965,
7094; K. E. Calderbank, R. J. W. LeFevre, and R. K. Pierens,
J. Chem. Soc. (B), 1970, 1115; K. G. Shields, C. H. L. Kennard,
and W. T. Robinson, J.C.S. Perkin II, 1977, 460.

21 Chem. Soc. Special Publ. Nos. 11 and 18, 1958 and 1965

22 1. Pauling, J. Amer. Chem. Soc., 1947, 69, 542.

23 H. S. Johnston, ‘ Gas Phase Reaction Rate Theory,” Ronald
Press, New York, 1966.
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Torsional and out-of-plane bending force constants were
maintained at their reactant values for all models. The
additional torsion in the transition state involving the C-O
ee+H+++C 22 C moiety was arbitrarily assigned a
reduced force constant whose value was found to have
little effect on Ag/kp. The bending force constant associated
with the pair of linear bending vibrations for the O+« + H
* « » Cg moiety was varied by equation (4), where the force
constant FOripg = g150F g0 Was assigned a value similar
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and 1 — #n,, respectively, so that all transition states are
‘central’ (s, = #,), or have f-carbanionic character
(ng > ny).12

The independent parameters of the model are thus the
bond orders, n, 4, of the reacting bonds; the geometrical
parameters (bond lengths and angles) and force constants
associated with these bonds are determined by the empirical
relations given in the text and in equations (2)—(5).
Details of this bond-order approach to calculating kinetic

TaABLE 1

Structural parameters ¢ and force constants ?

Co-ordinate ¢

Transition state”/

A

Reactant ¢

r Rl r —
No. (i) Motion Atoms involved ¢ 70 Fy® (r® — 7)/0.30 Fy

1 Cy + + + Clstretch 1, 2 1.760 320 In n, 320m,

2 Cg == Cq stretch 1,5 1.537 450 In ny 450n

3 Cg - -+ H stretch 5,6 1.094 500 In n, 500m,

4 H -+ O stretch 6, 13 (0.958) (780) In », 70m,

5 Co—Cl stretch 1,3 1.760 320 0.0 333—13n,

6 Co—H stretch 1, 4 1.094 500 0.0 520—20n,

7 Cg—Ciy: stretch 57; 5,8 1.507 500 0.0 520—20n,

8 Car == Cy, stretch 7,9; 7,10; 8, 11; 1.394 700 0.0 700

8, 12
9 C—O stretch 13, 14 (1.430) (530) 0.0 530
Angle (°) Angle (°) ¢
10 Cl—Cq - - - Cl bend 3,1,2 109.5 55 6 = 90 4 19.5n, 531,89
11 H—Cqy - -+ Cl bend 4,1,2 109.5 60 -0 607,89
12 Cg==rCq - - - Cl bend 51,2 109.5 100 ] 100n3m,8,
13 Cy++Cg+ -+ H bend 1,56 109.5 65 ] 65n,m589
14 Car—Cg - - - H bend 7,5,6; 85,6 109.5 65 (] 657,
15 Cl-C,—H bend 3,1, 4 109.5 60 6 = cost [l — 60g,
(3/2 sin26]
16 Cl—-Cq == Cg bend 3,1,5 109.5 100 ¢ 1007384
17 H-Cgy - Cg bend 4,1, 5 109.5 65 ¢ 65n38¢
18 Car—Cg—Ca: bend 7,5, 8 109.5 100 ¢ 100g¢
19 Car—Cg =~ Cq bend 7,5 1; 8,51 109.5 100 ¢ 1007584
20 Car= Ca—Cg bend 9,7,5,10,7, 5 120 100 120 100
11, 8, 5; 12,8, 5
21 Car—Car—C.: bend 9,7,10; 11, 8, 12 120 100 120 100
22 C~O - - - H bend 14,13, 6 (109.5) (60) 109.5 60m,
23 Out-of-plane bend »at C-7and C-8 9, 7, 10, 5; 7 0.0 20 0.0 20
11,8,12, 5

24 Linear bending ¢ pair about H-6 5, 6, 13 (180) (33) 180 33n,m,
25 Torsions about / C—C bonds See text 7.2 See text
26 Torsion about O -+ -H---Cg See text See text

@ See ref. 21. ? Taken from a variety of sources including: () ref. 29; (b) G. Herzberg, ‘ Molecular Spectra and Molecular

Structure, Part II.

Infrared and Raman Spectra of Polyatomic Molecules,” Van Nostrand, Princeton, 1945; (c¢) J. H. Schacht-

shneider and R. G. Snyder, Spectrochim. Acta, 1963, 19, 117; (d) a general survey of J. Mol. Spectroscopy and Spectrochim. Acta,

1960—1973. ¢ Solid lines represent bonds remaining intact, dotted lines are reacting bonds. ¢ See Figure for numbering. ¢ Bond
distances in A (see footnote g); stretching force constants in Nm™!; bending force constants in 10 N m rad™?; 102 Nm! =1
mdyn A™1; 108N mrad™? = 1 mdyn A rad2. Values in parentheses are for co-ordinates not present in the reactant model, but are

accepted values for the type of co-ordinate involved.
as in text, equations (3)—(5). ¢ See Figure.
bonds 2 and 4 at all times.

A Angle between plane of aryl ring and bond joining it to C-5.

7 Bond distances adjusted according to equation (2); force constants adjusted
Angle ¢ is related to 6 as given, which assures a local ‘ C,, -type symmetry about

A value of 0.0 implies coplanarity.

i The two bending frequencies of the O - - - H - - - Cg linear submolecule will not necessarily be doubly degenerate as in CO,, for
example, since the environment experienced by the groups upon bending in any two perpendicular planes will be different in the

present case.

4 The torsional force constant usually quoted for ethane [see ref. (d) in footnote 5] of 2.4 Nm rad™® must be used for all

three of the equivalent torsional co-ordinates which can be defined, owing to the local Cy symmetry of each CH, group, giving an

effective value of 7.2.
each in 7.2/m.

to that employed by Saunders; ¥ inadvertent omission of
the variation in the linear bending force constants in pre-
liminary calculations appeared to have little effect on the
trend in computed isotope effects.

We have reduced the number of variables by assuming
that #, + n, = 1.0 {constant total bonding of the proton)
and »; + n, = 2.0 (constant total bonding of C,).2
Furthermore, #, is restricted to the range 1.0—0.50. If
proportional distribution of charge is assumed and delocal-
ization is ignored, the partial negative charges on oxygen,
Cg, and Cl in the transition state will be 1 — ny, n, — #,,

In general, if symmetry demands that s torsional co-ordinates be defined, the appropriate force constant for

isotope effects and justification for the empirical relations
are given elsewhere.1?

The present models and input are thus similar in some
respects to those used by Saunders ®1° and significantly
different in others. Saunders does not alter the length of
reacting bonds, nor appropriate bond angles, in designing
transition state models, and merely allows the appropriate
force constants to vary (in some cases) so as to mimic
bonding and hybridization changes. We allow both the
appropriate bond lengths and angles to change as hybridiz-
ation at C, and Cgchanges. Most important, we allow the
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stretching force constant of the C, 2+ Cg bond to vary as
the bond order (degree of double bond development) changes
with variation in %, and #, Saunders’ model uses a
constant value for this force constant over all values of #,
and #n,, corresponding to ca. 50% =n-bond formation
(ns ca. 1.5).1% This is unrealistic if both %, and », are
greater than 0.5, since the n-bond cannot be formed to a
greater extent than electrons and orbitals are freed by the
departure of the proton and leaving group. However, this
condition is relaxed by Saunders in a more recent paper.10%

Force constants are shown in Table 1.

The Reaction Co-ordinate.—Saunders has discussed the
problem of formulating a reaction co-ordinate vibrational
mode such that curvature is negative at the barrier and
decomposition frequencies are imaginary.»1® We employ
his method and description. Force constants for coupling
of the stretching modes of the reacting bonds in the transi-

tion states were obtained from equations (6)—(8). The
Fiy = ayy(FyyFpp)? (6)
Fy3 = agq(FypF )} (7)
Fyy = agy(FyFy)t (8)

relationship amongst the constants ay; is given by equation
(9), in which D may be zero (flat barrier) or negative

2 2 2 2 _
1 — ay® — g5 — a3® — ayy%a* =D (9)

(curved barrier). The relative magnitudes of the constants
a;; define the relative motion of the atoms involved in the
decomposition vibrational mode; in other words, they are
functions of the eigenvectors corresponding to the motions
of the pertinent atoms. We have investigated five models
for the reaction co-ordinate mode, all of which involve a
curved barrier, as follows.

(A) The parameters for this co-ordinate are: a,, = 1.05,
Agy = a3y = 0.329 598, D = —0.20. The lighter proton
moves much more than do the heavy atoms.

(B) In this reaction co-ordinate, a,;; = 1.1, @y = a3 =
0.0, and D = —0.21. The barrier curvature is the same as
for (A), but the decomposition vibration involves only
proton transfer. The heavy atoms move only to preserve
the centre of mass in this mode, even though their bonds are
modified on proceeding from initial to transition state.

(C) For this reaction co-ordinate, a,, = 1.05, a, =
a,y = 0.0, and D = 0.102 5. Again only proton motion
is involved, but the barrier is flatter than in (B).

(D) Again we employ a,; = a3, = 0.0, with a,, calculated
from the empirical formula of More O’Ferrall and Kouba.2
Now D is dependent on the degree of proton transfer at the
barrier, as shown in Table 2.

(E) For this reaction co-ordinate, we allow the heavy
atoms to move more relative to the proton motion than in
the other models, by employing a,, = 0.90, a,; = a5, =
0.572 478, and D = —0.20. Curvature is thus the same as
for (A) and (B).

Tunnel Corrections—Since several criteria commonly
accepted for tunnelling were satisfied in the experimental

2 R. A. More O’Ferrall and J. Kouba, J. Chem. Soc. (B), 1967,
985.

2 E. Wigner, Z. phys. Chem., 1932, 19B, 203.

26 R. P. Bell, ‘ The Proton in Chemistry,” 2nd edn., Chapman
and Hall, London, 1973, p. 275.

27 R. P. Bell, W. H. Sachs, and R. L. Tranter, Trans. Faraday,
Soc., 1971, 67, 1995.

28 'W. D. Gwinn, J. Chem. Phys., 1971, 55, 4717.
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study,1”!® the computed rate constants were accordingly
corrected. Both the Wigner 2> and simple Bell 2 correc-
tions were employed. The latter is shown in equation
(10), in which wurl = Avi}/RT, vit being the imaginary

kg/kp(corr.) = kgfkp(uncorr.)
[urt@sin|ugtp)/ 2|/ (st pysin|urt@)/2|]

frequency of decomposition. In all cases where the cor-
rection was significant, the Bell expression was the larger
and hence was used for all the results quoted here. It
too is possibly an underestimate, but the more realistic

(10)

TABLE 2
Parameters used for reaction co-ordinate (D) ¢

ny Ao D
0.9 1.008 1 —0.016
0.7 1.044 1 —0.090 1
0.5 1.062 5 —0.129
0.3 1.0441 —0.0901
0.1 1.0081 —0.016

See ref. 24. Pmy =1 —m. ay = [1+ (mny)?].

expression recently employed by Bell and co-workers 27
cannot be used here as the barrier height is unknown.
Calculations based on our computed values of vi! and
barrier heights in the 15—20 kcal mol™® range 1% show that
equation (10) is satisfactory, however.

Computations.—The program employed was a modified
version of a program for vibrational frequency calcul-
ations.?® The input of atomic masses, force constants, and
geometries allows calculation of vibrational frequencies
through a procedure involving mass-weighted Cartesian
co-ordinates, and only a single co-ordinate transformation
(from mass-weighted Cartesian to normal co-ordinates in
the potential energy matrix) is required. The advantage of
the present method over the more widely used Wilson FG
matrix procedure # is that less computer time and memory
are required, thus making calculations for large molecules
economically feasible. The resulting frequencies and
moments of inertia which are printed out for inspection are
then substituted into the primary equation -2 (11) for the
isotope effect. Application of the Teller—Redlich product
rule 3 to equation (11) produces the Bigeleisen—Wolfsberg

kglky = MMI-EXC-ZPE (11)
expression,?! equation (12), which permits evaluation of the
kﬂ/kD = [VLI(H)/VLI(D)](VP’EXC'ZPE) (12)

temperature independent factor vy¥my/vr¥ ).

We note that an earlier set of calculations, employing
the same bond order approach (but utilizing the Wilson FG
procedure 28) predicted that carbon isotope effects in Sy2
reactions (N~ + R;CX —= NCR,; + X~) should pass
through a maximum as the balance between bond making
and breaking in the transition state is systematically varied.?
Experimental verification of this prediction, originally
made by Fry,* has recently been claimed.32

Transition State Code.—A shorthand notation for the
various transition states will be used. With reference to

2 E. B. Wilson, jun., J. C. Decius, and P. C. Cross, * Molecular
Vibrations,” McGraw-Hill, New York, 1955.

30 Q. Redlich, Z. phys. Chem. (B), 1935, 28, 371; E. Teller,
quoted by Angus et al., J. Chem. Soc., 1936, 971.

3l 7, Bigeleisen and M. Wolfsberg, Adv. Chem. Phys., 1958, 1,
15.

32 H. Yamataka and T. Ando, Tetrahedron Letters, 1975, 1059.
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the Figure, a transition state with »; = 0.1, »n, = 0.9,
ny = 0.9 will be coded [199]. This would be a very re-
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actant-like transition state with no carbonionic charge on
Cg. The transition state [917] will have an almost com-
pletely transferred proton, a C,*
broken (or 709, intact) and a formal charge on Cg of 0.3e.

Computed primary hydrogen isotope effects and imaginary

TABLE 3

decomposition frequencies ¢

Reaction co-ordinate (A)

+ + Cl bond that is 30%,

TaBLE 3 (Continued)
Reaction co-ordinate (D)

[1910] [3710] [5 510] [7 310] [9 110]
2.690 8.985 11.249 4.965 2.291
2.482 7.448 9.035 4.345 2.115
(2.689) (7.533) (8.376) (4.894) (2.291)

56.33i 598.77i 730.66i 259.26i 33.56i
[199] [379] [559] [739] [919]
2.573 8.707 11.027 4.917 2.286
2.384 7.240 8.873 4.307 2.111

(2.573) (7.300) (8.207) (4.846) (2.286)

56.351 598.82i 731.37i 260.08i 33.58i
. Reaction co-ordinate (E)

[1910] [3 710] [5 510] [7 310] [9110]
2.568 5.113 5.163 3.542 2.109
2.381 4.443 4.490 3.183 1.961

(2.529) (4.505) (4.698) (3.472) (2.105)
357.43i 640.96i 579.27i 359.538i 151.13i
[199] [379] [559] [739] [919]
2.485 5.041 5.112 3.515 2.104
2.311 4.384 4.450 3.161 1.956
(2.443) (4.403) (4.637) (3.446) (2.100)
365.52i 651.39i 582.81i 357.71i 152.16i
[377] [557] [737] [917]
4.870 4.983 3.450 2.092
3.946 4.349 3.108 1.947
(4.198) (4.508) (3.385) (2.089)
664.451 583.93i 352.20i 150.13i
[555] [735] [915]
4.829 3.376 2.079
4,228 2.049 1.935
(4.367) (3.316) (2.076)
578.091 344.04i 147.591

[1910] [3 710] 5 510] [7 310] [9110]
3 020 10.211 11.236 5.342 2.436
2.762 8.120 8.841 4.635 2.240
(2.995) (6.817) (7.399) (5.059) (2.431)

284.97i 859.43i 864.53i 454.81i 149.091
[199] [379] [559] [739] [919]
2.906 10.004 11.081 5.295 2.430
2.668 7.960 8.726 4.598 2.235
(2.880) (6.608) (7.259) (5.013) (2.425)

288.95i 865.891 867.49i 454.92i 148.90i

[377] [557] [737] [917]
9.559 10.728 5.191 2.417
7.621 8.467 4.517 2.224
(6.199) (6.973) (4.913) (2.412)
876.37i 871.64i 455.621 148.931
[555] [735] [915]
10.337 5.077 2.403
8.183 4.428 2.212
(6.687) (4.804) (2.398)
874.07i 456.081 149.43i
Reaction co-ordinate (B)

[1910] [3 710] [5 510] [7 310] [9 110]
3.218 13.829 15.892 6.202 2.553
2.927 10.457 11.761 5.312 2.338

(3.195) (7.796) (8.507) (5.796) (2.548)

267.62i 936.77i 957.931 474.381 144.771
[199] [379] [559] [739] [919]
3.080 13.401 15.587 6.144 2.547
2.814 10.164 11.553 5.267 2.334

(3.058) (7.555) (8.335) (5.758) (2.542)

263.121 936.78i 958.531 476.301 145.161

[377] [657] [737] [917]
12.551 14.951 6.022 2.535
9.580 11.124 5.173 2.323
(7.075) (7.981) (5.614) (2.529)
936.80i 960.021 481.39i 146.37i
[555] [735] [915]

14.314 5.893 2.521

10.689 5.073 2.312
(7.625) (5.483) (2.516)

961.74i 487.81i 148.261

Reaction co-ordinate (C)

[1910] [3 710] [5 510] [7 310] [9110]
2.912 9.329 10.272 5.076 2.410
2.670 7.685 8.388 4.433 2.217

(2.906) (7.577) (8.296) (4.986) (2.408)
167.73i 641.53i 641.09i 282.72i 93.45i1
[199] [379] [559] [739] [919]
2.786 9.041 10.070 5.027 2.405
2.566 7.471 8.239 4.395 2.213
(2.781) (7.342) (8.129) (4.937) (2.403)
167.951 641.58i 641.84i 283.68i 93.61i
[377) [557] [737] [917]
8.470 9.655 4.926 2.393
7.043 7.931 4.316 2.203
(6.877) (7.785) (4.836) (2.391)
641.71i 643.73i 286.44i 94.14i
[555] [735] [915]
9.237 4.821 2.380
7.619 4.233 2.192
(7.437) (4.730) (2.378)
645.99i 290.29i 95.02i

¢ Below each transition state code appear, in order, ku/kp at
25 °C, ka/kp at 50 °C (both corrected for tunnelling), ku/kp at
25 °C, uncorrected for tunnelling (in parentheses), and the
value of vi¥m in cm™L.

The bond order of the Cg22* C, bond is not included in the
code but can be obtained from #; = 2 — (one tenth of the
final digit). For transition states in which the C,~Cl bond
is allowed to remain intact, i.e. those appropriate to E1cB
elimination where the first-formed product is a carbanion
intermediate, a four-figure code of the type [1910] signifies
that #, = 1.0.

RESULTS AND DISCUSSION

Primary Hydrogen Isotope Effects—Ilsotope effects
(km/kp) for temperatures 25 and 50 °C, corrected for
tunnelling via equation (10), are shown in Table 3. This
is arranged in sections according to which of reaction
co-ordinates (A)—(E) had been used. Each section is
further arranged so that reading across rows from left
to right corresponds to an increase in the degree of proton
transfer with the amount of C, ‘- * Cl rupture being
kept constant. Reading down the columns (where
appropriate) corresponds to an increase in the latter, with
the degree of proton transfer being kept constant.

Before the choice of reaction co-ordinate is discussed,
some facets of these results are worthy of comment.
First, systematic variation of the degree of proton
transfer at constant #, produces the theoretically #2733

33 F. H. Westheimer, Chem. Rev., 1961, 61, 265; J. Bigeleisen,
Puve Appl. Chem., 1964, 8, 217; A. O. Cohen and R. A. Marcus,
J. Phys. Chem., 1968, 72, 4249; R. P. Bell, Discuss. Faraday
Soc., 1965, 89, 16; Chem. Soc. Rev., 1974, 3, 513; W. J. Albery,

Trans. Farvaday Soc., 1967, 63, 200; D. J. McLennan, J. Chem.
Educ., 1976, 53, 348.
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and experimentally 3¢ respectable kg/kp maximum at
about ‘ half transfer,” no matter which #n, set is con-
sidered. This is also the case for Saunders’ calcul-
ations,»1® and is not solely a tunnelling-related pheno-
menon as the uncorrected isotope effects exhibit the
trend. However, as expected, the tunnel correction
increases with Zg/kp (uncorrected), which in turn
increases with increasing vii. Secondly, the isotope
effects are controlled largely by the zero-point energy
change attendant upon isotopic substitution, as shown
by typical results for the #, = 0.9 set in reaction co-
ordinate (A) in Table 4.

TaBLE 4
Origin of primary kg/kp isotope effects ¢

Tran-

sition viia/
state EXC MMI VP ZPE vk,
[199] 0.986 8 1.007 3 0.9511 2.8975 1.0591
[379] 0.994 0 1.006 8 0.766 0 6.602 4 1.3144
[5659] 0.988 7 1.006 3 0.7610 7.2955 1.3224
[739] 0.962 2 1.005 8 0.869 7 5.1800 1.156 4
[919] 0.888 3 1.0047 0.956 9 2.7175 1.049 9

¢ Reaction co-ordinate (A), 25 °C.

Sample calculations based on tetrahedral C, and re-
action co-ordinates (A) and (E) (results not shown) gave
isotope effects almost identical with those in Table 3.
Geometric considerations of this type are therefore
unimportant. In fact the changes in hybridization at
Cy and C; are partly taken into account by variation of
stretching force constants involving bonds between these
atoms and non-reacting atoms when tetrahedral geo-
metry is maintained.

The most important fact that can be gleaned from the
results is that the degree of proton transfer producing a
given value of kg/kp is not, within the framework of a
given reaction co-ordinate formulation, dependent on the
degrees of C, +++ Cl breaking and Cg=*C, formation.
The maximum occurs for the same degree of proton
transfer (a little less than 509, in bond order terms)
whatever the reaction co-ordinate. It is thus clear that
ku/kp does reflect the degree of proton transfer in E2
reaction series, with the reservation that other evidence
is required before a low isotope effect can be attributed to
a less or a more than ‘ half transferred * proton. This
conclusion also emerges from Saunders’ results.%1° even
though the models are different. The small change in
km/kp that one may note on reading down columns in
Table 3 will not generally be significant in the experi-
mental context.

3% (a) R. P. Bell and D. M. Goodall, Proc. Roy. Soc., 1966, A294,
273; (b) R. P. Bell and D. J. Barnes, ibid., 1970, A318, 421;
(¢) A. F. Cockerill, J. Chem. Soc. (B), 1967, 964; (d) R. P. Bell
and B. G. Cox, ibid., 1970, 193; (¢) D. W. Earls, J. R. Jones,
and T. G. Rumney, [.C.S. Faraday I, 1972, 925; (f) D. J.
McLennan and R. J. Wong, J.C.S. Perkin I1, 1974, 526; (g) J. R.
Keefe and N. H. Munderloh, J.C.S. Chem. Comm., 1974, 17; (k)
J. E. Dixon and T. C. Bruice, J. Amer. Chem. Soc., 1970, 92, 905;
(¢) W. A, Pryor and K. G. Kneipp, ¢bid., 1971, 93, 5584; (5) J. L.
Longridge and F. A. Long, ibid., 1967, 89, 1292; (k) Y. Pocker
and J. M. Exner, ibid., 1968, 90, 6764; (I) A. J. Kresge, D. S.
Sagatys, and H. L. Chen, #bid., 1968, 90, 4174; (m) S. B. Hanna,
C. Jermini, H. Loewenschuss, and H. Zollinger, ibid., 1974, 96,
7222; (n) F. G. Bordwell and W. J. Boyle, ibid., 1975, 97, 3447.
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Thus, experimental observations to the effect that
kufkp is essentially invariant when changes in molecular
or environmental variables are effected do not necessarily
mean that transition state structure remains constant.38
When lower than maximal isotope effects are obtained,
transition states as disparate at [199] and [915] could be
involved, whilst maximal isotope effects may be obtained,
however much the C, -+ X bond is broken. In addi-
tion, the suggestion that isotope effect variation from
7.6 to 9.0, as the base inducing elimination from PhCH,
CH,Br in dimethylformamide is changed from PhO- to
p-NO,CHy'O™, is indicative of an almost constant
degree of proton transfer 3¢ is not supported by the
present results. The proton could be less than 309,
transferred to PhO~ and 509, transferred to the weaker
base.

A recent claim that isotope effect maxima in E2
eliminations arising from changes in transition state
structure have not been observed has been made.3%
Investigations to this end generally employ variation in
a p-bound benzene ring substituent 3" or solvent.34
Without committing ourselves as to the veracity of this
claim we find the paucity of ‘kg/kp maxima not really
surprising. Because of the weak dependence of kg/kp
on #,4, an isotope effect maximum can only be guaranteed
if changes in substituent or solvent are such that only
#, (and therefore #,) suffers change along a reaction
series. But, as is shown in the preceding paper, this is
unlikely, and it is most probable that base, substituent,
or solvent changes will occasion shifts in transition state
structure which correspond to diagonal movements
across Table 3, rather than neat progressions across rows
or down columns. In this way a maximum can con-
ceivably be avoided even though the proton may pass
through the half-transferred situation. Furthermore,
calculations to be published elsewhere show that relax-
ation of the restriction #, 4 n, = 1.00 leads to larger
values of kg/kp, when n, 4 n, << 1.00 (looser transition
states), and again a maximum could be avoided.

Choice of Reaction Co-ordinate—The adjustable para-
meters a; in equations (6)—(8) control the respective
relative extents of motion of the proton in relation to
O and Cg, of C; in relation to the proton and C,, and of
C,in relation to Czand Cl. Let us first examine reaction
co-ordinate (E), in which proton and heavy atom motion
is pronounced. Isotope effects no greater than 4.8 are
predicted by this model and we may reject it as a basis
for discussing experimental values 1718 for the system in
question, and in a more general sense.® It is probable
that the tunnel correction has been underestimated, but
a further factor of two or more seems unlikely.??
Saunders has suggested 1 that a value of ag,/a,; near
unity might be associated with a ‘highly concerted

35 C. A. Pollock and P. J. Smith, Canad. J. Chem., 1971, 49,
3856; A. F. Cockerill, S. Rottschaefer, and W. H. Saunders,
J. Amer. Chem. Soc., 1967, 89, 901.

38 S. Alunni, E. Baciocchi, and V. Mancini, J.C.S. Perkin 11,
1974, 1866.

37 L. F. Blackwell and J. L. Woodhead, J.C.S. Perkin II, 1975,
(a) p. 234; (b) p. 1218.
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reaction,” but this is not mechanistically significant, as
can be seen from reaction co-ordinates (A) and (E).
Both have the same barrier curvature, and the a;,
parameter in each is similar. Yet unrealistically low
isotope effects are calculated for the latter irrespective of
the structure of the transition state.

In practical terms, and in the light of uncertainty as to
the magnitude of the tunnelling correction, there is little
to choose amongst the remaining four reaction co-
ordinates. In three the heavy atoms are relatively
motionless in the decomposition vibration and only in
(A) are they permitted to move to any extent. The
curvature of the barrier has some effect in that maximal
isotope effects for reaction co-ordinate (B) are larger than
any that have been observed experimentally.l® This
leaves (A), (C), and (D) as contenders, and although they
differ quite markedly in nature, no real distinction can
be made on the basis of the isotope effects alone.

Little would be gained at this stage from a definitive
attempt to marry the experimental results1%1% to a
transition state structure within a reaction co-ordinate
model. Other isotope effects are required* But a
tentative approach to this end could involve examination
of the temperature dependence of isotope effects,>®4 /106
since the difference in activation energies, (E.)p — (Ea)m,
over the limited temperature range may be calculated.
In Table 5 are shown calculations, for [5657] as a typical

TABLE §

Calculated isotopic dependence of Arrhenius activation
parameters ¢ for various reaction co-ordinate models ?

(EE)D — (Ea.)H/

Reaction co-ordinate ¢ kcal mol™l AplAn
(A) 1.54 1.27
(A) * 1.10 1.09
(B) 2.13 2.43
(B) * 1.17 1.11
©) 1.42 1.14
(C) * 1.25 1.06
(D) ¢ 1.57 1.28
(D) *4 1.19 1.10
(E) 0.98 1.05
(E) * 0.86 1.04
Expt: (p-CIC,H,),CH-CHCI, ° 2.4 6.3

Expt: Ph,CH-CHCl, ¢ 2.0 4.0

s Calculated assuming a linear rélationship between logks/kp
and 1/T over the 298—323 K range. ° For transition state
[857]. ¢ The asterisk signifies that no tunnel correction applies
and the lack of an asterisk means that the basic Bell correction
has been employed. ¢ For [559]. ¢ The minimum values as
established by the experimental uncertainties.

transition state, of (E,)p — (E.)g and the quotient of
Arrhenius pre-exponential factors Ap/4g, as a function
of the reaction co-ordinate model. It is clear that only
reaction co-ordinates (A) and (B) produce results that
are anywhere near the commonly accepted criteria for
tunnelling.?®¢ As far as the comparison with experi-
mental values 17 is concerned the calculations again fail
badly. Two assumptions may be at fault here. First,
it is assumed that logkg/kp can be linearly extrapolated
to 1/T = 0 in order to obtain Ap/Ay. This is not the
case.ll  Secondly, the Bell tunnel correction is derived
for a one-dimensional barrier, and is thus not strictly
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applicable to E2 reactions. A more sophisticated
version of this tunnel correction ¥ is not appropriate
here, and its application to model proton transfer cal-
culations has been criticized elsewhere.3®

Primary Isotope Effects in the Absence of Tunnelling.—
In Table 3 we show in parentheses primary hydrogen
isotope effects at 25 °C, uncorrected for tunnelling, for the
various models and structures. The reason for this is
that the reactions of Ar,CH-CHCI, with EtO~-EtOH 3%
and with But*OK~ButOH 17 do not seem to be attended
by significant tunnelling. Similarly the addition of
dimethyl sulphoxide to MeO"—MeOH media seems to
cause a diminution in the tunnelling contribution.??

The comments relevant to the discussion of Table 3
apply here. Reaction co-ordinate (E) may be rejected,
and reaction co-ordinate (A), which permits a little heavy
atom motion, could be viewed as being only marginally
satisfactory, The observed isotope effects fit well
within the range established by the calculations. In
particular, since the experimental evidence suggests that
changes in base, solvent, and para-substituent shift the
position of the proton in the transition state from one
side to the other of the ‘ half-transferred ’ position, but
not by large amounts, it is gratifying to find that the
experimental and calculated isotope effects are of the
same magnitude as far as changes from, say, [379] to
[739] are concerned.

Secondary Deuterium Isotope Effects—Although no
secondary isotope effects for Ar,CH-CHCl, vs. Ar,CH-
CDCl, have been measured (and we have no immediate
plans for doing so) we report some of the results of com-
putations for various transition state structures and
reaction co-ordinate models in Table 6. The temper-

TABLE 6

Secondary «-deuterium isotope effects at 25 °C
Reaction co-ordinate (A)

[1910] [3 710] [5 510] [7 310] [9 110§
1.002 8 0.999 6 0.999 7 1.0018 1.000 9
[199] [379] [559] [739] [919]
1.0080 1.004 8 1.004 9 1.0070 1.006 1
[377] [5657] [737] [917]
1.026 6 1.026 7 1.028 7 1.0277
[555] [735] [915]
1.063 4 1.065 4 1.064 4

Reaction co-ordinate (E)
[1910] [3 710] [5 510] [7 310] [9 110]
1.010 7 1.003 6 1.0050 1.006 6 1.0021
[199] [379] [559] [739] [919]
1.016 0 1.008 6 1.0102 1.0117 1.007 2
[377] [557] [737] [917]
1.030 2 1.0321 1.0333 1.028 7
[5655] [735] [915]
1.069 1 1.069 9 1.065 4

ature dependence between 25 and 50 °C is small, and
only values for the former temperature are given. In-
spection of terms in equations (11) and (12) reveals that
the change in zero-point energy dominates, as it does

38 J. Banger, A. Jaffe, A.-C. Lin, and W. H. Saunders, J. Amer.

Chem. Soc., 1975, 97, 7177.
3 D. J. McLennan, Austral. J. Chem., 1969, 22, 1905.
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with the primary isotope effects, and that the temper-
ature independent factor vplg (/v contributes no
more than 69, of the total isotope effect.

The isotope effects increase significantly as the C, =«
Cl bond ruptures, from insignificant values for a nearly
intact C,—Cl bond, to a significant value of 2#/kD ~ 1.06
for a 509, ruptured Cy -+ Cl bond. Calculations in
which the tetrahedral geometry at C, and Cg was main-
tained for all models (results not shown) produced no
significant secondary deuterium isotope effects for any
of the models; comparison with the values in Table 6
indicates that the isotope effect arises primarily from the
changes in bending force constants as the geometry at
C, is altered so as to mimic the hybridization change
from sp? towards sp?. Our largest values for %, = 0.5
agree well with the value of 25/kP ~ 1.06 for #, = 0.5
calculated by Saunders 10 for a different model. Our
calculated isotope effects are of value in pointing out the
requirement for force constant and geometric changes on
going from initial to transition state in computations of
secondary Kkinetic isotope effects. And since the
geometric model is obviously appropriate for transition
states having #,4 close to unity, the intuitive notions that
secondary isotope effects should be small is reinforced.

Leaving Group Solvation.—It has been suggested that

J.C.S. Perkin II

isotope effects for solution reactions may be influenced
by the presence of solvent molecules in the transition
state?® We have simulated this phenomenon by includ-
ing three H-O fragments tetrahedrally bonded to the
incipient chloride ion in the transition state,'® with the
Cl -+ H bonds having bond orders ranging from 0.015
to 0.04. The primary isotope effect due to the remote
reacting hydrogen atom is, as expected, largely un-
affected in all cases, especially the maximum value.
Models in the #, = 0.5 series (greatest C, * + * Cl rupture)
showed a reduction in the secondary «-deuterium isotope
effect from ca. 1.065 to ca. 1.055. We conclude that
solvational factors are relatively unimportant in the
present situation where the Cy* +* Cl bond is no more
than half broken, but computations for ButCl solvolysis
indicate that heavy atom isotope effects concerning the
leaving group are largely controlled by the solvational
bonds,!® and we explore this effect further in a following
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