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Abstract: An approach to the prediction of the effect of substituent changes on transition state structure which
avoids the necessity for summing the independently estimated effects of the contributing normal modes is described.
This approach leads to specific predictions of the directions of changes in lengths and orders of reacting bonds in
SN2 transition states for those cases in which more than one possible response is permitted by Thornton’s rules;
these predictions are shown to be in better agreement with experimental evidence than those based on the reacting
bond rule. Among the conclusions resulting from this analysis are three rules. (The first depends only on the
form of the assumed potential function for the transition state; the other two depend also on an assumed model
for predicting the relation between reacting bond length and the energy of interaction between the bond and the
substituent.) (1) In any SN2 transition state, an electron-withdrawing substituent in the nucleophile or leaving
group will increase the order of the reacting bond nearer to the substituent and decrease the order of the farther
reacting bond. (2) If an SN2 transition state contains one negatively charged and one uncharged nucleophile, an
electron-withdrawing substituent at the central atom will tend to decrease the order of the reacting bond to the
negative nucleophile and increase the order of the reacting bond to the uncharged nucleophile. (3) If an SN2
transition state involves nucleophilic atoms from different rows of the periodic table, an electron-withdrawing sub-
stituent at the central atom will tend to increase the order of the reacting bond to the lighter atom, and decrease the
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order of the other reacting bond.

Aly detailed interpretation of kinetic isotope and
substituent effects in terms of the transition state
theory of reaction rates requires a description of bond
lengths and bond orders in the transition state and of the
changes in these parameters which accompany changes
in a substituent. Various approaches to the prediction
of these quantities have been proposed, including the
“Hammond postulate”? and the similar treatments of
Wiberg, ? Streitwieser,* and Leffler,® the “reacting bond
rule,”’® and, most recently, Thornton’s rules.” Accord-
ing to the Thornton model, the most general method of
prediction yet presented, the introduction of a substit-
uent into an activated complex, results in a perturbation,
linear in the appropriate normal coordinate, of the vi-
brational potential for every normal mode of motion of
the system. The effect of the substituent change on a
given bond is obtained by summation of the separate
effects on all normal modes which involve that bond.
Unfortunately, the prediction of substituent effects
by this summation procedure is far from straightforward
in a number of cases of interest. One such case is im-
portant in connection with current work in these labora-
tories which is directed toward the determination of
X-C and C-Y bond orders in SN2 transition states of
the form I. Thornton points out that when a substit-
uent change is made in X or Y, the effects on the sym-

metric and antisymmetric normal stretching modes op-
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pose one another in the reacting bond nearer to the sub-
stituent and reinforce in the more distant reacting bond.
For such a substituent change, therefore, the Thornton
model does not allow prediction of the direction of the
change in length of the bond nearer to the site of sub-
stitution,

Another ambiguity arises if the structure of R in tran-
sition state I is modified. Increased electron supply at
R should make extension of both the X-C and the C-Y
bonds less difficult and, since motion perpendicular to
the reaction coordinate involves extending both bonds,
the Thornton rules predict that the substituent effect on
this normal coordinate motion will be to lengthen both
bonds. Motion parallel to the reaction coordinate,
however, involves extending one bond and compressing
the other; a given substituent change makes one of
these individual bond length changes easier and the
other more difficult. As a basis for predicting the sub-
stituent effect on the parallel mode, Thornton argues
that, if two reacting bonds are equidistant from the sub-
stituent, the effect will be larger on whichever of the two
bonds has the larger individual stretching force constant
in the unperturbed activated complex. The net change
in the parallel motion would then be determined by the
effect on the stronger reacting bond. On the other
hand, calculations based on simple models (vide infra)
have led the present authors to the conclusion that the
substituent effect on an individual reacting bond should
be largely independent of its stretching force constant,
but should correlate well, for instance, with the rows in
the periodic table of the atoms bonded (which affects
both bond lengths and force constants). Regardless
of which of these sets of assumptions is made, there re-
mains the question of whether the perpendicular or the
parallel effect (which again oppose each other in one of
the bonds) will be more important in determining the
net change in transition state geometry. If X and Y are
identical, the position of the transition state along the
reaction coordinate is fixed by symmetry and any sub-
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stituent effect must be on the perpendicular motion.
However, it seems probable that, as Thornton has sug-
gested, the parallel effect might dominate the perpen-
dicular if X and Y are of sufficiently different structure.

Much of this ambiguity arises from the fact that the
substituent effect on each normal coordinate is esti-
mated separately so that the contributions from all
normal modes to changes in each bond length must be
summed to obtain the predicted net change in bonding
parameters. A more direct approach is to write the
total potential function for the transition state in terms
of individual bond force constants and then to apply a
linear perturbation to that potential. The results of
this procedure for a simple SN2 transition state model
are given here.

Algebraic Criteria, If bending modes are excluded
and X, Y, and CH;R in I are approximated by point
masses, the internal potential function for the transition
state may be written in terms of two lengths, éx¢ and
dcy, each of which is defined as the difference between
the instantaneous value of the appropriate bond length
in the system being considered and the equilibrium value
of that bond length in the unperturbed transition state.
Thus dx¢ for a perturbed system or a nonequilibrium
configuration of the unperturbed system is given by eq 1.

dxc = rxc — (rxc®® for unperturbed system) (1)

The potential for the unsubstituted system is then given
by eq 2, in which the k’s are individual bond force con-

1
2
stants, 8 is a coupling constant, and kxc, kcy, and 8 are
positive. This form of the potential is identical with
that® which is known to give a satisfactory semiquan-
titative treatment of deuterium isotope effects in hydro-
gen transfer reactions. It is considered to be more re-
alistic over a wide range of transition state symmetries
than an alternative formulation in which 8 = 0 and the
individual force constants are allowed to have opposite
signs.

If the perturbation in transition state structure which
is produced by introduction of a substituent is suffi-
ciently small, then the corresponding perturbation in
energy may be assumed to be linear in the individual
bond lengths as in eq 3. (Exclusion of a term linear in
(0xcdcy)”? is equivalent to the assumption that the

1
V = zkxcOxc? + Ekcvacc2 + Boxcocy  (2)

P = mxcaxc + mcyacy -+ constant (3)

change in direct interaction between X and Y produced
by the substituent is small compared to the changes in
interaction between X and C and/or Cand Y.) The po-
tential, ¥/, for the perturbed transition state is then
given by eq 4. The values of dxc and d¢y at which ¥/

1

V' = Ekxcﬁxc2 + %kcvacy2 + Bdxcley +

mxcdxc + meydey + constant  (4)

has its stationary point are given by eq 5. Since the

mxcB — mevkxc
kxckcvy™B?
)]

5 /_mcvﬁ—mxckcv.a ’r
xXc' = y Ocy =

kxckey ™ B?

(8) F. H. Westheimer, Chem. Rev., 61, 265 (1961).

unperturbed V has its stationary point at dxc = dcy =
0, 0xc’ and 8¢y’ in eq 5 are equal to the increases in the
two bond lengths which result from introduction of the
substituent.

In considering the prediction of dx¢ and dcy values
for various substituent changes, it should first be noted
that if 8 = 0, the relations in eq 5 lead to Thornton’s re-

sult, eq 6, for separate harmonic oscillators. That is,
B =05 bxe’ = =X 5oy = ZTY ()
kXC kCY

a substituent change which makes extension of a bond
more difficult (m > 0) will cause a decrease in bond
length (6 < 0) for a vibration with a positive restoring
force (k > 0), and will have a larger effect on the weaker
of the two bonds. The cases of greatest interest, how-
ever, are those in which 32 is greater than the product of
the individual force constants, since it is only these sys-
tems which correspond to transition -states, i.e., systems
for which the stationary point is a saddle point and the
antisymmetric stretch has a negative restoring force.
For such systems, although the expressions in eq 5 do
not immediately reduce to a simple form, it is possible
to predict relative values of dxc and 8¢y for a number
of cases of interest.

Predictive Rules. Substitution in the Nucleophile.
The introduction of an electron-withdrawing substit-
uent at X of I, for example, will cause a perturbation
in which mx( is negative and mcy is positive. It follows
from eq 5 that whenever mxcmcy is negative, it is nec-
essary that dxcdcy be negative; the substituent in X
must thus have opposite effects on the lengths of the
two reacting bonds. Furthermore, if I is a transition
state (8% > kxckey), it is necessarily dxc which is less
than zero and dcv which is greater than zero. (If I were
a stable species (82 < kxckcv), the directions of these
individual changes would be reversed.) The first rule,
then, for the prediction of substituent effects on transi-
tion state structure may be stated as follows. In any
SN2 transition state, an electron-withdrawing substituent
in the nucleophile or leaving group will shorten (increase
the order of) the reacting bond nearer to the substituent
and lengthen (decrease the order of) the farther reacting
bond. The validity of this rule is independent of any
assumptions, other than those expressed in eq 2-4,
about the nature of the bonding in the unperturbed
transition state or about the mechanism of interaction
between that species and the substituent. Furthermore,
in applying the rule to the prediction of directions of
changes in reacting bond lengths it is not necessary that
the symmetry of the unperturbed system or the relative
values of kxc, K¢y, or 8 be specified (except, of course,
that ﬁ/(kx(;k(;y)l/2 must be > 1)

In contrast to this facile prediction of the directions
of changes in individual bond lengths, no general pre-
diction of the relative magnitudes of those changes (e.g.,
of |8xc/dcy|) can be made from eq 5. In order to pre-
dict relative magnitudes, values must be estimated for
the ratios, mxc:mey and B:(kxckev)”’. The m ratio
may be estimated from the bond orders and lengths
through the use of an electrostatic model for bonding in
the transition state. The details of that model and the
rationale for the assumed possible range of 8 are given
in a later section of this paper; the results and implica-
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Table I. Model Calculations of the Effect of an Electronegative Substituent in X on the Structure of an SN2 Transition State (I)
Transition

State kxc? mxcp —B(kxckcy)'/ = 1.00=——  —p/(kxckcy)"/? = 1.2—
X-C-Y nxe noy kcy moy oxc/fcy” Anxci/Ancy 0xc/dcy Anxci/Ancy

F-C-N 0.40 0.10 4.23 9.8 F0.48 £1.92 ¥0.43 *1.72

0.25 0.25 1.06 3.0 F0.97 £0.97 ¥0.88 =+0.88

0.10 0.40 0.26 1.1 *1.95 =£0.48 F1.82 =£0.45

N-C-F 0.40 0.10 3.84 4.5 ¥F0.51 *£2.04 ¥F0.48 +1.92

0.25 0.25 0.94 1.8 ¥1.03 +1.03 ¥0.98 =£0.98

0.10 0.40 0.23 0.7 F2.05 =+0.51 F2.00 +0.50

F-C-I 0.40 0.10 9.74 4.1 ¥F0.32 +1.28 ¥0.31 +1.24

0.25 0.25 2.41 1.6 F0.64 +0.64 ¥F0.63 =£0.63

0.15 0.35 1.05 0.8 ¥F0.98 +0.42 F1.01 =£0.43

0.10 0.40 0.61 0.5 ¥1.29 =£0.32 F1.34 =£0.33

I-C-F 0.40 0.10 1.64 6.3 ¥F0.78 *3.12 ¥F0.69 £2.76

0.35 0.15 0.95 4.7 F1.03 £2.40 ¥F0.91 £2.12

0.25 0.25 0.41 2.6 F1.58 +1.89 ¥F1.68 =1.68

0.10 0.40 0.10 0.8 F3.17 =£0.79 F2.90 +0.72

< From eq 9, using single-bond force constants for C-F, C-N, and C-I of 5.6, 5.3, and 2.3 md/A, respectively.

Table IV), using R = 3 A, gc = +0.5.

asexplained in footnote c.
depends on whether 8/(kxckcy)'/?is greater or less than 1;

¢ From eq 5; the notation (§xc/dcy) = F0.48 is to be interpreted as follows:
(XC bond is shortened), écy is positive (CY bond is lengthened), and |xc| = 0.48|dcy|.

® From eq 16, 17 (cf.
dxc i1s negative

4Fromeq 7; the =t notation is to be interpreted

¢ As B/(kxckcy)'/* approaches unity, each individual & value increases in magnitude without bound, but its sign
the signs given are those for the limit approached from larger values of 8 (i.e.,

for the limiting case of a transition state rather than of a stable molecule).

tions of those calculations are discussed immediately be-
low.

In any discussion of the magnitudes of the “effects”
of a substituent on reacting bonds, it is important to
distinguish between changes in bond lengths, 8x¢ and
dcy, and changes in bond orders, Anxc and Ancy.
Such a distinction is necessary because it is not generally
true that a larger value of |3 implies a larger |An|; a
given |8 will correspond to a much larger |An| for a
strong bond than for a weak one. Furthermore, the
most commonly used experimental probes for the
strengths of reacting bonds, kinetic isotope, and sub-
stituent effects, are primarily probes for bond order (or
for force constant and formal charge, which are propor-
tional to bond order) rather than for bond length.

Table I summarizes the results of representative cal-
culations of the effect of an electron-withdrawing® sub-
stituent in X on the structure of the transition state, I.
The hypothetical substituent change under considera-
tion is the introduction of a unit positive charge 3
from X and colinear with the X-C bond (II). The
total bond order to carbon (nxe + ney) was taken as
0.5 on the basis of unpublished interpretations of sub-
stituent effects in some similar substitution reactions;
calculations based on total bond orders of 1.0 and 0.25
led to identical qualitative conclusions. Values of the
dxc:dcy ratio, rather than of the separate § values (eq 5),
are tabulated; this ratio is independent of the value of
Dg (eq 16,17) and approaches a finite limit as 8:(kxc
kcy)Yt approaches its lower bound of unity. The
force constant for each bond was assumed to be pro-
portional to the order of that bond (eq 9). The 8 ratios
were converted to ratios of An values according to eq 7,

M

Anxe _ Mxcdxc

Ancy  neydey
which may be obtained by differentiation of eq 8.
The approximations inherent in the derivation of eq
5, in the model used for estimating the m ratio, and in the

(9) Although the model employed here is based on the field effect,
the traditional terms (“‘electron donating” and “electron withdrawing’’)
for classification of substituents, which would seem to imply an induc-
tive model, have been retained.

assignment of values to k and 8 make the exact magni-
tudes of dxc/dcy and Anxc/Ancy given in Table I of
doubtful quantitative significance. However, their
signs and their variations with changes in the parameters
of the model should reveal the correct qualitative re-
sponses of the structure of a transition state to the per-
turbing substituent.

Inspection of Table I reveals that the relative magni-
tudes of Anxc and Ancy are strongly dependent upon
both the nature of X and Y and the symmetry of the un-
perturbed transition state. Thus, no generally valid
rule for predicting the effect of a substituent in X either
on the symmetry of the transition state (as measured by
ney — nxc) or on the “tightness” of the transition state
(as measured by nxc 4+ ncy)canbestated. Predictions
for individual special cases may be possible if inde-
pendent evidence concerning the symmetry is available.
Despite their low predictive value, however, the patterns
of behavior revealed in Table I are of interest. First,
the distinction between § and An as measures of changes
in transition state structure is dramatically demon-
strated; in almost every instance, the bond which ex-
periences the greater change in length is that which dis-
plays the smaller change in order. This reversal of rela-
tive magnitudes of 6 and An reflects the fact that it is the
bond with the smaller value of n (and/or the smaller k)
which tends to exhibit the larger |5|. This is true even
when the bond with the smaller value of # is the one
which is farther from the substituent.

An interesting corollary of such behavior is that in a
transition state in which kxc = kcv, the lengths of the
two reacting bonds are affected equally, although in
opposite directions, by the substituent change. Since
Im| is almost always larger for the nearer bond, other
factors must exist which make the length of the farther
bond inherently more sensitive to a substituent change.
(This assertion is qualitatively the same as that deduced
by Thornton:” the separate effects of a substituent at
X on the symmetric and antisymmetric normal stretch-
ing modes oppose one another in the nearer (X-C) bond
but reinforce in the more distance (C-Y) bond.) If
the SN2 transition state under consideration contains
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Table II. Model Calculations of the Effect of an Electronegative Substituent at C on the Structure of an SN2 Transition State (I)
Transition
State kxo® mxcb —B/(kxckcy)'/? = 1.00— —BUkexckeox)/? = 1.2—
X-C-Y nxc ney kcy imcy 5xc"/5cy Anxc“/Ancy 5xc"/6cy AnxC"/Ancy
F-C-N 0.40 0.10 4.23 4.6 =+0.49 ¥1.9 =+0.30 ¥F1.20
0.30 0.20 1.58 2.5 =+0.78 F1.17 +0.44 ¥F0.66
0.25 0.25 1.06 2.0 =+0.96 ¥F0.96 +0.55 ¥F0.55
0.20 0.30 0.70 1.7 *1.17 ¥F0.78 =+0.67 F0.44
0.10 0.40 0.26 1.2 *1.97 ¥F0.49 +1.24 F0.31
F-C-1 0.40 0.10 9.74 1.3 ¥0.32 =+1.28 ¥F0.50 +2.00
0.30 0.20 3.65 0.9 F0.56 =+0.84 F0.88 +1.32
0.25 0.25 2.41 0.7 ¥F0.69 =+0.69 *1.15 +1.15
0.20 0.30 1.62 0.6 ¥0.79 =+0.52 F1.41 +0.9%4
0.10 0.40 0.61 0.5 ¥F1.30 =+0.32 F2.70 =+0.67

e Refer to notes a, ¢, d, and e in Table . ® From eq 19 (¢f. Table V), using R = 34, gc = +0.5.

two nucleophiles from the same row in the periodic
table, the point at which kxc = kv will be that at which
nxce = ney. (This follows from eq 9 and the fact that
the stretching force constant for an X-C bond is essen-
tially independent of X across a row in the periodic
table.) For such a transition state, then, nxc/ncy,
|dxc/dcyl, and [Anxc/Ancy| are all approximately unity;
the net effect of electron withdrawal from X in a sym-
metric SN2 transition state is to shift the transition state
along the reaction coordinate without changing its
“tightness.” If the two carbon-nucleophile reacting
bonds in I have very different ground state single bond
stretching frequencies, the point at which kxc = kcv,
and hence |0xc| = |dcy|, will be one at which nxc and
ney will be unequal; it will then not be possible in gen-
eral to predict the value of |Anxc/Ancy|. As this An
ratio is the most accessible experimental measure of
changes in transition state ‘‘tightness,” the present
model is not generally capable of unambiguous predic-
tions of the results of such experiments. Nevertheless,
the model does provide valuable insights into the inter-
play of the various factors which determine substituent
effects on transition state structure.

Predictive Rules. Substitution at the Central Atom.
If an electron-withdrawing substituent is introduced at
the central atom of an SN2 transition state, a model for
estimation of m values must be invoked in order to pre-
dict even the directions of reacting bond length changes.
(An exception is the case of a perfectly symmetrical
transition state. As noted above, electron withdrawal
from C in such a system must cause an equal shortening
of both reacting bonds.) It is also necessary to assume
values of B/(kxckcy)”® in order to perform the model
calculations. Application of the electrostatic model
(described in a later section) for calculation of the m
ratios leads to the results summarized in Table II for
two representative transition states. The results of
many similar calculations suggest two general rules for
prediction of substituent effects. If an SN2 iransition
state contains one negatively charged and one uncharged
nucleophile, an electron-withdrawing substituent at the
central atom will tend to decrease the order of the reacting
bond to the negative nucleophile and increase the order of
the reacting bond to the uncharged nucleophile. If an
SN2 transition state involves nucleophilic atoms from dif-
ferent rows of the periodic table (i.e., atoms whose single
bonds to carbon havessignificantly different force constants),
an electron-withdrawing substituent at the central atomwill
tend to increase the order of whichever reacting bond has
the larger single bond force constant (i.e., the reacting

bond to the lighter atom) and decrease the order of the
other reacting bond.

These two generalizations, hereafter referred to as the
‘“q rule” and the “k rule,” respectively, predict the di-
rections of changes in transition state structure for a
large number of experimentally accessible cases. For
example, SN2 transition states containing any of the
following pairs of nucleophiles are predicted by this
model to respond to substituent changes according to
the indicated rule: q rule, R;N, F~ (or Cl-, Br—, I7);
H,0, F—(Cl-, Br—,I); krule, F-, CI-; Cl-, Br—; Br—;
I-; PhO-, PhS—; OH-, ClI- (Br—, I7); RsN, Ry’S. It
must also be admitted, however, that in some situations
of interest these two rules are inadequate. If, for in-
stance, the SN2 transition state contains F~ and R.S as
the nucleophiles, the k rule and q rule predict opposite
effects of an electron-withdrawing substituent; in this
particular case, the model calculations result in qual-
itatively different responses to the substituent change
for different symmetries of the unperturbed transition
state. Furthermore, if two nucleophiles are of the
same charge type and from the same row in the periodic
table (i.e., OH-, F-), neither the q rule nor the k rule is
applicable; again the predicted response depends on
the assumed symmetry. For those transition states to
which they are applicable, utilization of the k rule and
q rule requires a knowledge only of ground-state bond-
ing parameters (nucleophile charge types and single
bond force constants). As in the case of substitution
at X, however, prediction of the magnitudes of these
changes requires knowledge of the relative X-C and
C-Y bond orders in the unperturbed transition state.

Experimental Evidence. The usefulness of any model
for the prediction of substituent effects is severely limited
by a lack of unambiguous empirical criteria for specific
changes in transition state geometry. Such data as
substituent effects on chlorine kinetic isotope effects in
nucleophilic displacements on R-Cl, for example,
though commonly treated as direct evidence for changes
in the C-Cl bond length in the transition state, may re-
flect the effects of changes in the carbon-nucleophile
bond length (and hence in the frequencies of the bending
and symmetric stretching vibrations) as well. The in-
terpretation of substituent effects on solvent sensitivity
is also difficult since, as Parker and coworkers have re-
cently shown,® these may often be due primarily to
ground-state effects and only secondarily to changes in
the transition state itself. Furthermore, extreme care

(10) R. Alexander, E. C. F. Ko, A. J. Parker, and T. Broxton,
J. Amer. Chem. Soc., 90, 5049 (1968).
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Table III. Predicted and Observed Directions of Changes in Reacting Bond Order Caused by Electron Withdrawal from SN2

Transition States

Site of electron

Reactants withdrawal Prediction Observation Conclusions
Nucleophile npy increases
npo decreases  As pKa (> NH) decreases, sensitivity to pKa npo decreases
(ArOH) increases
}N o Phosphorus npy increases  Change from ArPO;%~ to ArHPO;~ results in in-  #py increases
M creased sensitivity to pK. (ArOH) and pX, (> NHY)
“0—P—0Ar npo decreases npo decreases
(‘) Leaving group npy decreases  AsDPKa (ArOH) decreases, sensitivity topK, (> NH*)  npy decreases
\ decreases
D npo increases
Nucleophile nex increases .
>N ” nex decreases  As pKa (> NHY) decreases, sensitivity to nature of ncx decreases
-4 leaving group increases
Carbon ney increases  As o increases, sensitivity to nature of leaving group nen increases
decreases, sensitivity to pK. (> NH™) increases
ncx decreases nex increases
CHX Leaving group non decreases  Change from X = Clto X = Br leads to reduced  ncy decreases

nex increases

sensitivity to pK, (>NH™)

must be taken in analyzing any set of data in which the
substitution involves changing one of the atoms involved
in a reacting bond, since it is not at all obvious, for
example, whether Br— should be regarded as electron
donating or electron withdrawing relative to ClI-. In
the small number of instances, however, in which mul-
tiple substituent effects have been examined in a single
reaction, it appears that reliable conclusions can be
drawn from the data and compared with predictions
from theory. Two such cases are discussed belowil 12
and the results summarized in Table III.

For electron withdrawal from one of the terminal
groups of a three-center SN2 transition state, the present
model predicts a shortening of the reacting bond nearer
to the substituent and a lengthening of the more distant
reacting bond. If it is assumed that any substituent
change which decreases the proton basicity of the nu-
cleophile may be regarded as increasing electron with-
drawal from that nucleophile, and hence that Br— may
be described as “Cl~ plus an electron-withdrawing sub-
stituent,” each conclusion in Table III concerning sub-
stitution at a terminal group is in agreement with the
corresponding prediction.

That the apparent order of “increased electron with-
drawal from the leaving group” for reactions in aprotic
solvents should parallel the order of “decreased basicity
of the leaving group toward a proton in water” is not
surprising, since both of these are identical with the
usual orders of carbon basicities and carbon nucleo-
philicities in aprotic solvents.!®!4 For reactions in
water or other protic solvents, it might have been ex-
pected that the order of increased electron withdrawal
should follow that of decreased carbon nucleophilicities,
which would require that Br~ be described as “Cl- plus
an electron-supplying substituent” since Br~ is a better
nucleophile than Cl- in water. In fact, analysis of the
data of Swain and Thornton,’® who determined the

(11) A.J. Kirby and A. G. Varvoglis, J. Chem. Soc., B, 135 (1968).

(12) C. G. Swain and W. P. Langsdorf, Jr., J. Amer. Chem. Soc., 13,
2318 (1951).

(13) E. R. Thornton, “Solvolysis Mechanisms,” Ronald Press,
New York, N. Y., 1964, p 162.

(14) R. F. Rodewald, K. Mahendran, and R. Fuchs, J. Amer. Chem.
Soc., 90, 6698 (1968).

(15) C. G. Swain and E, R. Thornton, ibid., 84, 822 (1963).

difference in the solvent deuterium isotope effect for
hydrolysis of CH;Cl and CH;Br in water, indicates that
even in aqueous solutions, where nucleophilicity and
proton basicity orders differ, it is the decrease in proton
basicity which parallels the increase in electron with-
drawal from the leaving group. This result can be un-
derstood in terms of a model in which bonding in the
transition state is primarily electrostatic; the central car-
bon then bears appreciable positive charge and is a rela-
tively ““hard” acid.!

For electron withdrawal from the central atom, the
predictions of the present model for directions of
changes in bond length are embodied in the q rule and
the k rule. Each of the examples in Table III involves
a neutral nucleophile, an amine, displacing a negative
leaving group; one prediction, then, is that electron-
withdrawing substituents on the central group should
increase the order of the C-N bond. This prediction
is in agreement with the conclusion from the data in
each case. In the reaction of amines with benzyl hal-
ides, however, the second prediction, that the X-C bond
order should be decreased, is not verified by observation.
Although model calculations do indicate that both re-
acting bond orders are increased when B/(kxckcy)"? is
very large (greater than ca. 2 or 3, well outside the “rea-
sonable range” estimated in a later section of this paper),
there is no apparent reason to expect such behavior in
this case.

In summary, of the eight predictions in Table IIX
based on this model, which can be compared to experi-
mental evidence, seven are in accord with that evidence.
Although each of these eight predictions lies within the
range of behavior permitted by Thornton’s rules,” those
rules also permit the opposite predictions for the four
cases involving substitution on the central atom. For
comparison, application of the earlier reacting bond
rule® to these reactions leads to correct predictions for
the four tested effects of substitution in a terminal group,
but to incorrect predictions for three of the four effects
of substitution at the central atom.

(16) R. G. Pearson, ibid., 85, 3533 (1963); R. G. Pearson and J.
Songstad, ibid., 89, 1827 (1967).
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Table IV. Values of mxc and mcy for Substitution at X of I, Calculated from Eq 16 and 17?
Transition
state kxc® mex (units of  mcy (units of

X-C-Y nxc ney gx gy Koy e?/Dg) e? Dg)

F-C-N 0.40 0.10 —0.60 +0.10 4.23 —0.205 +0.021
0.25 0.25 —0.75 +0.25 1.06 —0.146 +0.049
0.10 0.40 —0.90 +0.40 0.26 —0.078 +0.069

N-C-F 0.40 0.10 +0.40 —0.90 3.85 —0.184 +0.041
0.25 0.25 +0.25 —0.75 0.94 —0.123 +0.070
0.10 0.40 +0.10 —0.60 0.24 —0.058 +0.085

F-C-1 0.40 0.10 —0.60 —0.90 9.74 —0.187 +0.046
0.25 0.25 —0.75 -0.75 2.41 —0.126 +0.079
0.10 0.40 —0.90 —0.60 0.61 —0.058 +0.107

I-C-F 0.40 0.10 —0.60 —0.90 1.64 —0.220 +0.035
0.25 0.25 —0.75 —0.75 0.41 —0.145 +0.056
0.10 0.40 —0.90 —0.60 0.10 —0.061 +0.072

e Refer tonote ain Table I. *R = 3 A, g0 = 40.5.

Electrostatic Estimation of m. The model system
selected for calculation of the effects of substituents at a
terminal position in an SN2 transition state is shown in
II. The “substituent change” under consideration is

qx qc qay

the introduction of a unit positive charge at a distance
R, along the line of centers of X, C, and Y, from X in
transition state I. The reacting bond orders, #;, dis-
tances, ry;, force constance, k;;, and the charges, g;, are
calculated from a point-change electrostatic model for
bonding and from the empirical relations between 7, n,
and k summarized by Johnston!” (eq 8-12). The values
of mxc and mcy for the perturbation introduced by the

1 = rylng = 1) — 0.26 In ay; (8)
kij = nmikis(ng = 1) )
gx = gx(nxc = 1) — 1 + nxc (10)
gv = gv(ncy = 1) — 1 + nev (11
gc = 1 — nxc — ney (12)

positive charge are, from eq 3, given by eq 13 and 14.
Since, for this model, P is given by eq 15 (where Dg is

OP
- (£ 13
e <arxc>fcy (13
OP
= (22 14
mey <arcy>rxc (14)
e? fgx 4c qv )
P=—[%% 15
DE<R+R+rxc+R+7‘xc+rcy (13

the effective dielectric constant, assumed to be the same
for all three interactions), eq 13 and 14 for mxc and mcy
become eq 16 and 17, respectively. It is interesting to

m - 3.85n [1———————1 +
X7 DT LR (R + rxo)

qdc qv
[(R + rxc)? + (R+ rxc + "cv)2:\} (16)

(17) H. S. Johnston, “Gas Phase Reaction Rate Theory,” Ronald
Press, New York, N. Y., 1966, pp 72-83.

1
(R + rxc + rey)

1 ‘ qv }
(R + rxc):| + [(R + rxc + "CY)2:|‘ (17

note that according to this model, the values of mxc
and mcy are not mutually independent; the sensitivity
of the X-C bond to substitution in X, mxc, depends on
gv and on rcy. Some representative values of mxc and
mcy for a number of assumed transition state structures
are listed in Table IV.

The effect of a substituent at C in transition state I
can be evaluated by a model completely analogous to
that for substituents at X. In this case, the “substituent
change” is the introduction of a unit positive charge at
a distance, R, perpendicular to the line of centers of X,
C, and Y, from C III. The interaction potential, P,

e
Mcy = —D—E{3.85ncy[

+R
N R ¥
rxc rcy
gx qc qy
III

caused by this substituent change is given by eq 18,

et gx gc gy } 18
DE{(R2 + "xc:2)l/2 * R * (R* + rey?)”” (18)
which is symmetrical with respect to interchange of the
“x” and “Y” labels. The expressions for mxc and
mev therefore have identical forms and are given by eq
19. Table V lists values of m for a number of X-C
pairs.

= 2 )3 85, 1__ 1
my = D——E .6on;; I_Q (R2+rij2)l/2‘

(it a0

Examination of eq 16, 17, and 19 reveals that the
value of m for any given bond contains contributions
from two terms. In eq 19, for example, the second
term arises from a direct electrostatic interaction be-
tween the positively charged substituent and the ter-
minal group; it will have opposite signs for uncharged
(gx > 0) and negatively charged (gx < 0) nucleophiles.
The first term in eq 19 is always positive and arises from
the requirement that an increase in rxc will make gx

P-.:
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Table V. Values of mxc for Substitution at C of I, Calculated
from Eq 19
kxc': mxc (units
X-C nxc gx (md/A) of e?/ Dg)
F-C 0.10 —0.90 0.56 0.060
0.25 —0.75 1.40 0.075
0.40 —0.60 2.24 0.088
N-C 0.10 +0.10 0.53 0.019
0.25 +0.25 1.32 0.037
0.40 +0.40 2.12 0.050
I-C 0.10 —0.90 0.23 0.069
0.25 —0.75 0.57 0.103
0.40 —0.60 0.92 0.131
S-C 0.10 +0.10 0.30 0.024
0.25 +0.25 0.75 0.050
0.40 +0.40 1.20 0.073

¢ Refer to footnote a in Table I; the value of kcs (n = 1) was
taken as 3.0 md/A. ®R = 3 A,gc = +0.5.

more negative and gc more positive, independently of
the signs of gx and gc in the unperturbed transition
state; this effect will always make an increase in rx¢
more difficult. The behavior of this term thus corre-
lates with the intuitive concept of an acid-base interac-
tion between X and C; a positively charged substituent
on C will make C a stronger acid and therefore always
make it more difficult to increase rxc.

For the case of electron withdrawal from X, the re-
sults of the model calculations indicate (Table 1V) that
mxc is negative and mcy is positive regardless of the
signs of charges on X and Y. This is what is expected
if the acid-base terms in eq 16 and 17 are always larger
in magnitude than the direct electrostatic terms. For
a substituent change at C, if X bears a negative charge
in the unperturbed transition state, the acid-base and
electrostatic terms are both positive. If, however, X
bears a partial positive charge, the electrostatic term in
eq 18 is negative and hence reduces the over-all value
of mxc. The tabulated m values show that, while m
values are smaller for bonds involving neutral nucleo-
philes than for those involving negatively charged spe-
cies, all m values are positive. In this case as well,
therefore, the acid—base terms dominate the interaction.

The most dramatic conclusion to be deduced from
Tables IV and V is that there is no correlation between
the individual bond force constant and the value of
mxc for substitution either at X orat C. There is a sig-
nificant increase in |mxc| as one proceeds down a col-
umn in the periodic table; this is a result of an increase
in rxc which leads to a relative increase in the magnitude
of the acid-base contribution to m.

Estimation of Values of 3. The lower limit to the
value of B for any transition state I is inherent in the
form of the potential (eq 2) which was originally chosen
to describe the system, If there is to exist one normal
mode of vibration, the antisymmetric stretch, with an
imaginary frequency, the present model requires that
B/(kxckcv)”* be greater than one. This is a necessary
and sufficient condition for the presence of downward
curvature of the potential energy surface for passage
along the reaction coordinate through the transition
state.
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The assignment of an upper limit to 8/(kxckcv)"? is
more difficult. Bell® has estimated that a value of 8
= 2(kcxkxy)”* gives a downward barrier curvature
which is similar to the upward curvature of other parts
of the potential energy surface. Since it seems likely
that barriers are flatter, rather than steeper, than ordi-
nary potential wells, 8/(kxckcy)”/* = 2 may beregarded
as an upper limit for this ratio. There is reason to be-
lieve, however, that this is not a least upper bound.

A second criterion which might be applied in the at-
tempt to assign an upper limit to 3 is that, as 8/(kxc-
kcy)"/* becomes very large, the probability of tunnelling
through the potential energy barrier increases. In the
case of hydrogen transfer reactions, such tunnelling may
occur to an appreciable extent (vide infra) but in an
SN2 reaction (‘“‘carbon transfer” between two nucleo-
philes) it is not believed that this phenomenon contrib-
utes significantly to the reaction rate. One possible
approach to this problem is analogous to that applied
by More O’Ferrall!? in his model calculation of iso-
tope effects in hydrogen transfer reactions. Two possi-
ble forms of the dependence of B/(kxckcy)”* on nxc
and ncy were arbitrarily assumed; in the notation of
the present authors these may be expressed as eq 20 and

21. For the reactions considered by More O’Ferrall,
B = [l + (nxcnev)kxckey)” (20)
B = [1 + 2nxcncv)kxckey)” (21)

in which *C” = H and nxc + #ney = 1, these equations
gave maximum values of B/(kxckcy)”? of 1.06 (eq 20)
and 1.13 (eq 21). These maxima occur at nxe = ney =
0.5 and correspond to tunnelling contributions to kg /kp
of 20% and 509, respectively. If nxe # ncy (a less
symmetric transition state) or if nxe + ncy <1 (a
“looser” transition state), the values of B/(kxckcy)”
are even lower than those quoted above.

Since, to a first approximation, the magnitude of the
tunnelling correction term is proportional to the recip-
rocal of the reduced mass for motion along the reaction
coordinate, the same barrier curvature which results in a
3097 tunnelling correction for hydrogen transfer should
produce a 2-3 7 correction for a carbon transfer reac-
tion. If the tunnelling correction for carbon transfer
is assumed to be no larger than this, then 1.2(kxckcy)'”?
may be taken as an upper limit on 8. This is probably
a conservative estimate, since it is quite likely that, for
SN2 reactions at carbon, nxc + #ey < 1. The allowed
range of 8 values for an SN2 transition state, then, may
be assumed to be 1.0 < B/(kxckcy)”: < 1.2.
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