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Abstract: Recently, there has been considerable interest in relating curvature observed in rate-equilibrium relationships to*‘in-
trinsic” barriers for proton-transfer reactions. These results have attracted wide attention since many of the “intrinsic’ bar-
riers are surprisingly small and range between 1 and 5 kcal/mol. The overall rates of these reactions are far too slow to be ac-
counted for by such small barriers, and it is necessary to assign the difference to an unusually large barrier for assembling the
reactants together into a reactive configuration (i.e., an encounter step). The encounter step(s) may involve diffusion, solvent
reorganization, orientation, or molecular distortions rather than bond formation which contributes to the “intrinsic” barrier.
A fundamental implication of these results is that making and breaking chemical bonds is often /ess important than encounter
as a contributor to the overall barrier.

Curvature can have an intrinsic component which is associated with changes in rate and equilibrium constants for the pro-
ton-transfer step, as well as a coupling component which arises from coupling of proton transfer with other steps in the overall
reaction, It is the intrinsic contribution which is relevant for calculating “intrinsic” barriers, but in the past these two contribu-
tions have not been clearly delineated. In the present paper a relationship between the intrinsic and coupling components is
derived. It is shown that variations in relative rates and kinetic isotope effects due to factors intrinsic to the proton transfer step
cannot be easily distinguished from variations due to coupling of other steps with proton transfer. As a result, calculated “in-
trinsic” barriers can be too low by 75-100% for small barriers (e.g., 2 kcal) and by 5-13 kcal/mol, or more, for larger barriers
(e.g., 25 kcal/mol). Corresponding errors in the opposite direction are introduced into the encounter contribution to the ob-
served barrier. A significant point is that the coupling component of the curvature can be large enough to reverse the relative

importance of bond formation and encounter as elements of the observed barrier.

I. Curvature in Rate-Equilibrium Relationships

Rate-equilibrium relationships have been of interest ever
since Brgnsted,! Bell,> and Evans and Polanyi® suggested
empirical relationships between the activation energy and the
thermodynamics of an overall reaction:

AG* = o/ AG® + (5
AE* = a”AH® + (3"

The parameter o’ provided a measure of the relative sensi-
tivities of AG* and AG® to substituent effects and was fre-
quently interpreted as an indicator of the structural similarity
between the transition state and the reactants or products of
the reaction. For many years it was thought that endergonic
reactions should show a larger dependence on AG® than ex-
ergonic reactions, so that reactions with negative values of AG®°
should be associated with lower values of ¢’ than reactions with
positive AG®’s. This effect should give rise to curvature in plots
of log k vs. AG®, but for almost 40 years no one was able to
demonstrate unambiguously the anticipated dependence of
o’ on AG® until Eigen®® produced curved rate-equilibrium
plots involving proton transfer between bases and acids con-
taining O, N, and C.

Eigen* and Ahrens and Maass® also showed that the cur-
vature was significantly more pronounced for reaction series
which had larger rate constants at AG® = 0, so that proton
transfers between O and N gave sharply curved Brgnsted plots,
while proton transfer reactions involving carbon gave almost
linear plots over extended regions of ApK.® This led to the idea
that curvature in rate-equilibrium plots and the rate constant
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for the thermoneutral member of the reaction series were
qualitatively related.

Since Eigen’s original demonstration of curved rate-equi-
librium relationships, numerous other examples of curvature
have also appeared. These include proton-transfer reac-
tions,” ¢ carbonyl additions,!”-'® nucleophilic attack,'® radi-
cal-transfer reactions,?” and fluorescence quenching by elec-
tron transfer,?'-22 to cite only a few examples. Observed cur-
vature in rate-equilibrium relationships has been used to help
choose between mechanistic alternatives'®:1921.22 and to
calculate “intrinsic” barriers for related series of re-
actions.”~'3:17-18 The “intrinsic’* barrier is defined as the re-
action barrier at AG® = 0 and a “related series of reactions”
is often defined as those reactions sharing a common “intrinsic”
barrier. These relationships have frequently been expressed
through Marcus’ equation’?

AG* = (AG®)2/16AGo™ + hAG® + AGy* (N

o= DAG*
JQAG®|AGy*.T.P

where AG?® is the free energy of reaction for an elementary
step, AG¥ is the free energy of activation, and AG¥ is the
“intrinsic” barrier for the reaction.

Since eq | is a parabolic relationship, a plot of AG* vs. AG®
will show a degree of curvature which depends on the magni-
tude of AGp*.12 Recently, a number of authors’-2! have made
use of this fact in order to estimate intrinsic barriers for several
classes of proton transfer and other types of reactions. Many
of the intrinsic barriers are remarkably small, ranging in most
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cases from 1 to 5 kcal/mol.”-? Since the overall rates of the
reactions are far too slow to be accounted for by such small
barriers, it is necessary to assign the difference to an unusually
large barrier for assembling the reactants into a reactive con-
figuration. If valid, this result is of fundamental significance
and has important implications for many aspects of chemical
reactivity, both in the gas phase and in solution,'-2*2°

Many workers!=® have recognized that curvature can also
arise as a reaction becomes diffusion controlled in either di-
rection, The rate constant of a diffusion-controlled reaction
is usually independent of its equilibrium constant, so that the
slope of a rate-equilibrium plot for a diffusion-controlled re-
action is frequently close to zero. The slope for a rate-limiting
proton-transfer reaction will generally be greater than zero,
so that the transition from rate-limiting proton transfer to
rate-limiting diffusion will result in a curved rate-equilibrium
plot. This type of curvature is important when proton transfer
becomes competitive or kinetically coupled with diffusion or
perhaps other steps. Consequently, curvature of this type might
be described as coupling curvature. Curvature due to the re-
lationship between AG* and AG® is an intrinsic property of
a particular step of an overall reaction and may be related to
the intrinsic barrier of that step (e.g., eq 1). Consequently
curvature of this type might be described as intrinsic curvature.
It should be clear that if observed curvature is to be indicative
of the intrinsic barrier magnitude, then one necessary condition
is that proton transfer must be rate limiting over the pK range
for which the rate measurements are made.

One might raise the question of how proton transfer between
substituted ammonium ions and diazoacetate could be rate
limiting over 9-10 pK units if Kreevoy's suggestion’® regarding
an intrinsic barrier of only 1.4 kcal/mol is correct. At AG® =
0, the rate constant for such a reaction would be on the order
of 1025~ and, if proton transfer is to be rate limiting, one
might expect the rate constants for separation of the products
or the reacting molecules to equal or exceed this value.?* Ro-
tational relaxation is the fastest process which might con-
ceivably lead to molecular separation or reorientation under
normal conditions in solution. Experimental measurements
of rotational relaxation times suggest that it will be unusual
for 1/7 toexceed 10'2s~!. If this number is taken as an upper
limit to a rate constant for the separation or reorientation of
two molecules in solution, then an intrinsic barrier of 1.4
kcal/mol would permit rate-limiting proton transfer over a
range no greater than £'4 pK unit rather than the 9-10 pK
units reported by Kreevoy.’® Furthermore, an intrinsic barrier
of 1.4 kcal/mol would result in the rate constant for the reverse
reaction approaching x T/h near AG® = 5.6 kcal/mol2#® for
the proton-transfer step. This prediction should occur for all
reactions of diazoacetate and ammonium ions whose pKs are
greater than about 9.0-9.5,>" and Kreevoy’ has provided
about four examples in the pK region between 9 and 10.7. If
Kreevoy’s estimate of the intrinsic barrier is correct, which
requires proton transfer to be rate limiting for these four re-
actions, then rate constants for separation of the diazonium
acetate and the amines should be equal to or larger than «T/A.
This conclusion would seem to be unrealistic and is unsup-
ported by the available experimental information on relaxation
events in solution (see section II).

The fast rate constants (~xT/h) for proton transfer required
by an intrinsic barrier of 1.4 kcal/mol suggest that at least one
of two variants of internal return3?-34 should be important for
Kreevoy’s proton-transfer reactions involving ammonium ion
pKs higher than 9.0-9.5. These reactions are particularly
significant since nearly all of the curvature from the “slow”
end of his Brgnsted plot comes from these four reactions, and
it is widely known that internal return can result in a sub-
stantial increase in curvature.?* Internal return can arise after
the initial proton transfer to diazoacetate if the resulting base

reabstracts a proton from the diazonium acetate zwitterion
before separation of the two species into solution can occur.32:33
If the two protons of the diazonium intermediate become
equivalent before the occurrence of proton transfer to the base,
the o hydrogens of the starting diazoacetate can exchange with
solvent. If the two protons do not become equivalent, then in-
ternal return can still take place, but the simplest available
method of detection is the indirect technique of Streitwieser
and Sonnichson?? using the Swain equation. The results of
experiments for detecting internal return would be interesting,
but the outcome will not affect the conclusion that Kreevoy’s
intrinsic barrier may be incorrect. If internal return is present,
the intrinsic barrier can be revised upward,?* and, if internal
return is absent, it would seem unlikely that the rate constants
for proton transfer (in the reverse direction at pK, = 9-9.5)
actually approach kT/h, as required by the intrinsic barrier of
1.4 kcal/mol. In either case some explanation other than a low
intrinsic barrier would be necessary to account for all of the
observed curvature 3*

It has generally been assumed that curvature due to a change
in rate-limiting step could be recognized by applying one or
more of the widely accepted criteria for a rate-limiting step.
These include substantial primary, secondary, or solvent iso-
tope effects, Brgnsted slopes between zero and unity, or free-
energy correlations which do not exhibit sharp changes in slope.
One result of the present paper is a test of the adequacy of these
criteria by examining the influence of prior or subsequent steps
on the observed pattern of relative rates and kinetic isotope
effects. A related question is whether or not this influence of
additional steps in a multistep mechanism can be distinguished
from intrinsic variations due to changes in rate constants for
the rate-limiting step. For reactions in solution, the simplest
multistep reaction might involve an encounter or diffusion
step(s) where two or more reacting molecules come together
in a configuration suitable for reaction, a bond-forming step
where structural and electronic reorganization take place, and
finally a product separation step(s). A simple example is Ei-
gen’s three-step proposal for proton-transfer reactions™ (eq

encounter

kp ke
=[A---HB]"==A"+HB (2)

kep ke
proton transfer separation
Under steady-state conditions®
Kovsd = Kukoko/(k—u(k-v + ke) + koko) (3)
K = kkoko/k- ok vk (4)

a =dlog ky/d log (kv/k_y)
Clexp = d log kopsa/d log K

Combining eq 3 and 1 using transition-state theory, an ex-
pression for kobsd in terms of AG®, AGo¥, ko, k—a, ke, and k_
can be obtained?4 that is valid regardless of which step is rate
limiting. A comparison of ky, and kgpsq reveals the effect of
coupling between proton transfer and prior or subsequent
steps.>®

It should be emphasized that Kreevoy’s suggestion regarding
the small intrinsic barrier (1.4 kcal) for the diazoacetate re-
actions could be correct even though it would require rate
constants comparable to k7/h or greater for reversal of the
encounter step. In principle, this might be possible if encounter
is accompanied by vibrational distortion of one or both reac-
tants to form a new geometry which is better suited for proton
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transfer. The encounter could be effectively reversed in the
time scale of a vibration (~h/xT s) without requiring reori-
entation or physical separation of the reacting molecules, if
vibrational relaxation of the distorted geometry leads to a
sufficiently large drop in energy.®* Since the diazoacetate anion
is presumably planar, this geometric distortion might include
a change in hybridization of the 2 carbon from sp? toward sp°.
However, there appears to be little evidence that internal dis-
tortions make a significant contribution to encounter in reac-
tions involving delocalized substrates which undergo hybrid-
ization changes.?® Particularly striking are the observations
that protonation of benzyl anion by methanol is close to a
diffusion-controlled process (k = 6 X 10° M~! s~1)28a and that
recombination of benzyl cation with 1~ proceeds with an even
larger rate constant (k = 5§ X 10'° M~ s~1).28® Fyrthermore,
the numerous examples of internal return in radical reac-
tions,39-3% solvolysis reactions,3® and proton-transfer reac-
tions32-33 provide ample demonstration that rate constants for
reversal of the encounter step are frequently less than 7/ and
comparable to rate constants for many chemical reactions.

These results suggest that for many reactions vibrational
relaxation may be insignificant as a mechanism for reversal
of the encounter step and that processes leading to molecular
reorientation or separation are often necessary. Consequently,
it would be of interest to examine four fundamental questions
with regard to the recent observations®-32 of curvature in
rate-equilibrium relationships.

(a) What is the maximum limit and the range expected for
rate constants for molecular separation in solution (section
11)?

(b) How do intrinsic effects and coupling effects restrict
the range of rate-limiting proton transfer and increase observed
curvature (section I11)?

(¢) Can intrinsic curvature be distinguished from coupling
curvature by examining patterns of relative rates and kinetic
isotope effects (section 1V)?

(d) How much curvature can be added by coupling addi-
tional steps to proton transfer (section V)?

II. How Fast Do Molecules Separate in Solution?

Since the detailed mechanism(s) of encounter and separa-
tion processes are obscure, the prediction of these rate constants
on a case-by-case basis is a difficult question at present. For-
tunately, there is extensive information on diffusion and re-
laxation events available in the literature. While this material
cannot provide any specific numbers directly relevant to spe-
cific reactions, the data are adequate for obtaining an estimate
of the maximum limit and the range that rate constants for
separation might reasonably be expected to cover.

The dielectric relaxation times of small molecules with weak
interactions such as benzene or CCly are frequently on the
order of 107125 (1/7 = 10125~1).40 For larger molecules, such
as hexane®® and didodecyl ether,*! 1 /7 values range from 2.5
X 10" 10 8.4 X 10951,

Molecules showing significant interactions with each other
or with solvent frequently have reduced values of 1/7. For
example, chloroform is known to self-associate to a slight de-
gree,*2 and 1/7 (30 °C) is 1.85 X 10'! 57! 43 compared to
about 10'2s~! for CCl4 or benzene, Good electron acceptors
such as tetracyanoethylene (TCNE) and tetrachlorobenzo-
quinone show a similar effect in donor solvents: 1 /7 for TCNE
(20 °C) is equal to 7.52 X 10'9 s~ in mesitylene solvent,4
Hydrogen bonding might also be expected to reduce 1 /7, which
for water has been found to range from 7.4 X 10!° (10 °C) to
2,08 X 10" s=! (50 °C).** Similarly, 1 /7 for methanol* varies
from 1.42 X 101°(5°C) 10 3.62 X 10/25~1 (55 °C). A liquid
crystal, cholesteryl chloride/cholesteryl myristate (7:4), pro-
vides an example of an exceptionally slow dielectric relaxation
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process; 1/7 varies from 4 X 103 (21 °C) to 2 X 107 s~! (57
°C).47

Lifetimes of amine-water complexes have been estimated
using 'H NMR by Grunwald and co-workers, who measured
dissociation rate constants (20-30 °C) ranging from 5 X 108
t08.3 X 10'%5~! for various amines and pyridines.*® Two no-
table exceptions to this range are the dissociation rate constants
for the hydrogen-bonded complexes between ammonia and
water (5 X 101 s=1, 25 °C)*32 and the corresponding value for
the complex of tert-butyl alcohol with N, N-diethyl-m-tolui-
dine (2.6 X 10% s, 25 °C).*8¢ Significantly, the rate constants
for dissociation show little or no correlation with the basicity
of the amine, but do seem to depend inversely on the total steric
bulk of the complex.48d This suggests that strong hydrogen
bonding is not entirely responsible for some of the slower
values.

Rate constants have also been measured by various tech-
niques for dissociation of hydrogen-bonded dimers, Dimers of
2-pyridone,® benzoic acid,’%3! and e-caprolactam®? have
dissociation rate constants varying from 105 to 108 s~/ in sol-
vents ranging from benzene and cyclohexane to dioxane and
dimethylformamide.

The relationship between k—, and k. with 1 /7 derived from
dielectric relaxation data may not be particularly simple, since
processes leading to dipole reorientation in an oscillating
electric field do not necessarily correspond to those leading to
reversal of the encounter step. Nonetheless, the dielectric re-
laxation data is in reasonable agreement with the molecular
rotation relaxation times derived from laser light scattering
from simple molecules,3? and it is unlikely that either reori-
entation of two molecules or their separation to free reactants
or products can occur faster than molecular rotation of small,
symmetrical, weakly interacting molecules such as benzene
or CCly. Consequently, we may be reasonably certain that the
maximum limit for k_, and k. in solution under ordinary
conditions will be somewhere in the neighborhood of 10!2s~1,
and that values in the range 108-10'° s~! may not be un-
common,

III. Curvature and the Range of Rate-Limiting Proton
Transfer. Intrinsic Effects vs. Coupling Effects

The relationship between log k. and AGo* which determines
the maximum pK interval over which proton transfer can be
rate limiting is illustrated in the two contour plots in Figures
la and 1b.33 In Figure la, each point on a contour line corre-
sponds to a value of log k. (left vertical axis) and a value of
AGo* (lower horizontal axis). AGo¥ is directly related'2.24 to
the pK interval where a barrier exists for proton transfer in
both directions (upper horizontal axis). This pK interval is
equivalent to the pK span over which both k, and k_y, will be
smaller than x7/h, and is the transition region for « (Br¢nsted
slope for proton-transfer step)2* to change from zero to unity.
Unless k. and k—, equal xT/h, proton transfer will be rate
limiting only over a fraction of the transition region, and this
fraction is the value assigned to each contour line. For example,
if k. = kT/h, an intrinsic barrier of 15 kcal/mol (lower hori-
zontal axis) would correspond to a transition region for rate-
limiting proton transfer of £44 pK units (upper horizontal
axis). If k. is reduced to 10'9s~! (left vertical axis), the contour
line connecting log k. and AGy¥ is the one marked 0.5, so that
the rate-limiting region is reduced to 0.5 (£44) = £22 pK
units. This span of £22 pK units would be the rate-limiting
region associated with an intrinsic barrier of only 7.5 kcal/mol
if it were incorrectly assumed that k. = «T/A,

In Figure 1b, an alternative contour plot is presented. The
vertical and horizontal axes are identical with those of Figure
la, but the contour lines represent the locus of all values of log
k.and AGo* corresponding to a fixed pK interval where proton
transfer is rate limiting. Note that an interval of rate-limiting
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Figure 1. (a) Fraction of transition region where proton transfer is rate
limiting. Each contour line corresponds to the fraction (e.g., 0.5, 0.6, etc.)
and the transition region (0 < « < 1) is indicated on the upper vertical axis.
1t can be shown that the contour lines fit the equation log k¢ = =[(1 = f)(1
- N1AG*/(2.3RT) + log kT/h. (b) Region of ApK for rate-limiting
proton transfer. The contour lines trace out the locus of all values of log
ke and AGo¥ which correspond to a given ApK interval of rate-limiting
proton transfer. For example, if rate-limiting proton transfer is observed
over an interval of £5 pK units, the intrinsic barrier could range from 1.7
to 16.6 kcal/mol as k. varies from «kT/h to 103 s~1. 1t can be shown that
the contour lines fit the equation log k. = LApK + log «T/h —
(23RT(APK)2)/(16AGe*) — (AGo*/2.3RT) where |2.3RTApK| <
4AG*. Note that for AGo* > ApK, log k. and AG¥ are almost linearly
dependent.

proton transfer of £5 pK units is consistent with an intrinsic
barrier of ~2 kcal/mol if k. = xT/h, but could just as well
represent an intrinsic barrier of 10 kcal/mol for k. = 108 s~!
(Figure 1b). Since the expected range for k. is about 108-10!2
s~! (section II), this 8 kcal/mol uncertainty for a 10% variation
in k. is significant, since it could account for a substantial
portion of the observed’-? variation in intrinsic barriers be-
tween 2 and 10 kcal/mol. >

IV, Can Intrinsic Curvature Be Distinguished from Coupling
Curvature?

A. Relative Rates. One of the questions of primary impor-
tance is whether the curvature produced by a low intrinsic

barrier (e.g., 1.4 kcal/mol) can be imitated by a high intrinsic
barrier (e.g., 12.5 kcal/mol) coupled with a slow step subse-
quent to proton transfer (i.e., k. << k T/h). To test this proposal,
log kobsg Was calculated from eq 3 for AG® between 0 and 10
kcal/mol. Values for AGo* were selected (1.4-12.5 keal/mol),
and k. was chosen so that the Br?nsted curvature for 0 < AG®
< 10 kcal/mol matched that calculated from eq 1 with AGo*
= 1.4 kcal/mol and k. > kT/h. A simple method of comparing
curvatures is to tabulate the rates (relative to the rate at a
reference value of AG®) at different AG’s for each intrinsic
barrier.

Comparison of these relative rates for intrinsic barriers
between 1.4 and 12.5 kcal/mol shows only marginal differences
(Table I). The maximum deviation is only 0.14 log unit and
most of the discrepancies are well within 0.1 log unit. In Figure
2a, Kreevoy's data’ (log kobsa vs. log Kya where Ky is the
ionization constant for the ammonium salt) is plotted, together
with the line calculated from eq | using AGo* = 1.4 keal/mol,
ke> KkT/h, W, = 13.8 keal/mol, and pK = 45 when AG® =
0. In Figure 2b the same data are plotted, but the line is gen-
erated from eq 3 with AGo™ = 12.5 kcal/mol and k. = 4.5 X
104 s~1. Log kobsq is assumed to be identical for the two plots
at pK = 53! This last value is completely arbitrary and any
reasonable value could be used by readjusting k.. The results
in Table I show that any value for the intrinsic barrier between
1.4 and 12.5 kcal/mol would be consistent with the observed
curvature, and that values for k. in the range of 108-10125~!
would permit intrinsic barriers up to 11 keal/mol.

B. Isotope Effects. Kreevoy has also measured the primary
kinetic isotope effect for the same reaction.’ The observation
that kH/kD declines from ~11 to ~1.4 over a span of ~7 pK
units was regarded as being consistent with a low (i.e., 1.4
kcal/mol) intrinsic barrier. However, such a dropoff can also
be produced by the combination of a high barrier at AG® =
0 and a low value of k.. In fact, the same values of k. and AGo*
that accounted for the curvature of the Brgnsted plot will also
produce essentially the same dropoff of the kinetic isotope ef-
fect (see Figure 3 and Table I1). The differences which are seen
are small compared to the experimental variation in Kreevoy’s
isotope effects’® and become insignificant when log (kH/
kD) obsa is considered. The results show that k. and AGy* are
both important in producing changes in (kH/kDP)qpsq with
variations in AG®°. For AG,* = 10 kcal/mol, k,H/kyP is
greater than 11 over a pK range of more than 7 units, while
(kH kD) psq varies from 11.0 to 1.06 for the same region. Such
behavior is simply a reflection of the well-known fact that kopsd
can be influenced by more than one elementary step at a time,
and that discrete boundaries, with sharp changes in behavior,
do not necessarily separate those regions where one elementary
step is dominant over the others.

Two significant points emerge from this analysis: (1)
Brgnsted curvature and variation of observed isotope effects
can provide only a lower limit to the intrinsic barrier of a re-
action. (2) The intrinsic curvature and the curvature produced
by a change in rate-limiting step appear indistinguishable
unless data of unusually high precision are obtainable.

V. How Much Coupling Curvature Can Be Added?
The “Apparent” Intrinsic Barrier

Since we have seen that a large intrinsic barrier (e.g., 12.5
kcal/mol) can appear to be only 1.4 kcal/mol, we might expect
that it could also be reduced to any intermediate height, if k—,
and k. assume appropriate values. Indeed, this is found to be
the case as seen in Figure 4, where AG ™ has been set equal to
12.5 kecal/mol and k—_,, k. vary from 10 to 10'9s~!. The
theoretical transition region for « to go from O to 1 for AGo™*
= 12.5 kcal/mol is about 73 pK units (25 °C). If we define the
empirical transition region (ETR) as the pK interval for aexp
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Table I, Values® of Log k¥, Illustrating Curvature as a Function of k¢ and AGo*

AG® -

AG® ., AGg* | keal/mol

kcal/mol 1.4% 1.652 2.5% 5.0% 7.5% 10.0% 12.5% 1009 11.0¢ 12,57
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00
2.00 0.86 0.92 0.92 0.90 0.89 0.89 0.89 0.99 096 092
4.00 1.99 2.10 2.09 2.04 2.03 2.02 2.02 2.13 2.09 2.06
5.60 3.08 3.18 3.16 311 3.10 3.09 3.10 3.17 3.13 311
6.50 3.74 3.83 3.79 3.74 3.73 373 3.73 3.79 3.75 3.74
9.00 5.57 5.66 5.58 5.54 5.54 5.54 5.54 5.56 5.54 5.54
10.00 6.30 6.39 6.31 6.26 6.27 6.27 6.27 6.29 6.26 6.27
curvature!  0.018  0.019  0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
ke, s™le »>kT/h  «T/h 1012 1.45 % 1010 21108 3.1x106  45X104 109 108 1.15 X 108

@ Log k*rel = 108 kobsd(AG ®rep) / K opsd(AG®) where kopsd{ AGrer) = kobsd at AGrer and AGo* = x keal/mol. # AG®er = 0.0. ¢ Value of
k. required to give close agreement between log k!4 and log k*;¢;. No attempt has been made to completely optimize the k. values. ¢ AG® ¢
= 7.625 kcal/mol. ¢ AG®¢r = 6.6 kcal/mol. / AG®rer = 4.0 keal/mol. & Log k*rj can be fit to a quadratic function, log k¥ = a + by + ¢y 2,
where 3 = AG® = AG® . The curvature can be defined as the quadratic coefficient, ¢. The quadratic coefficient is determined by least squares

(ais fixed at 0.0 and b is fixed at 0.454). The standard deviation of the fit is 0.05 log unit..
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Figure 2. Constant curvature and AGo¥. (a) Kreevoy's data. ref 7. plotted
using best parameters found in ref 7 for eq 1.7 AGy* = 1.4 keal/mol: W,
= 13.8 kcal/mol; k—,. k¢ > kT/h. (b) Same data plotted according to eq
3where AGo* = 12.5 kcal/mol, k¢ = 4.5 X 104s~", k—, > kT/h. Intrinsic
barriers from 1.4 to 12.5 kcal/mol can reproduce the curvature over the
pK range investigated by Kreevoy. The curvature at the low pK region can
be increased by reducing & —,.

to change from 0.01 to 0.99,73:54 then with k—, = k. = 10'0¢~!
the ETR is about 44 pK units. This would correspond to an
“apparent” intrinsic barrier of ~7.5 kcal/mol if it were erro-

(M7 kP)obs
L i ) i 1 T |
1k o

PK A

Figure 3. Variation of kinetic isolope effects with pK: (@) Kreevoy's ex-
perimental data (ref 7); (&) calculated (k7 /kP)opsq using AGo* = 1.4
kecal/mol assuming k¢ > kT/h, (—) calculated (kP /kD)gpsa using eq 3
where AGo* = 12.5 kcal/mol and k. = 4.5 X 10*s~". Intrinsic barriers
from 1.4 10 12.5 kcal/mol can reproduce the falloff of (kH/kP)qpsa wilh
increasing pK. AG®.r = 0 for AGe* = 1.4and AG®r = —1.1 for AGo*
=12.5.

neously assumed that k_, = k. = xT/h (6 X 101571, 25°C).
If k_, = k. = 108 571, then the apparent intrinsic barrier is
reduced to 4.8 kcal/mol (ETR = 28 pK units), while with k—,
= k.= 1055~ the ETR of 18 pK units would yield an apparent
intrinsic barrier of a mere 3.1 kcal/mol.

Comparison of « with ctep (Table 111) shows that proton
transfer is rate limiting over a range of roughly £11 pK units
with k_, = k¢ =10'9s~'. When k_, and k. are reduced to 10¢
s~!, the effective region for rate-limiting proton transfer is
compressed into a span of +£1-2 pK units. Brgnsted,! Bell,?
Eigen,*2 and other pioneer investigators anticipated that Clexp
could be influenced by changes in the rate-limiting step, al-
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Table II. Primary Kinetic Isotope Effect vs. k. and AGo¥

AG® -
AG®ef, AGg¥, kcal/mol
kcal/mol 1.6594 2.5% 5.00 7.5% 10.0° 12,55 10.0¢ 11.07 12.5¢8 12.5¢ 1.49
000 (KH/RD)lg= 110 1.1 1L 110 110 110 102 105 108 95 95
ko [kyP = 116 120 12.0 12.0 12.0 12.0 11.1 11.4 11.8
kc/k_bD= 188 130 128 126 125 124 113 123 124
200 (HkOpg= 84 82 83 &3 &3 &3 80 &3 84 83 82
ky /kb = 10,3 113 11.8 11.9 11.9 12.0 106 11.0 11.6
kc/k_bD = 40 27 25 24 24 24 29 29 27
400 (M/KDmg= 48 45 44 43 42 4l 49 49 46 3 53
ky [kp? = 7.2 9.3 11.1 11.6 11.7 11.8 10.0 10.6 11.3
ke/k_yP = 11.0 68 5.7 5.2 5.0 4.8 79 1.5 6.1
6 (WHPeg= 28 21 24 23 22 21 30 29 28 29 30
kot kP = 4.5 7.3 10.3 11.2 11.5 11.7 9.5 10.1 11.0
kc/k_bD = 4.8 2.7 1.9 1.6 1.5 14 29 27 2.0
65 (MKO)me= 21 21 18 L1 L2 16 23 22 19 20 2
ky /ka = 33 6.2 9.8 10.9 11.3 11.6 9.2 99 10.9
kc/k_bD= 3.3 1.7 1.1 0.9 0.8 0.7 1.7 1.5 1.1
00 (Hdpgs 12 13 12 12 L L 14 13 L2 212
ky' [kyP = 1.5 3.4 8.1 9.9 10.7 11.2 8.3 9.1 10.3
kc/k_bD = 1.5 0.6 0.2 0.2 0.1 0.1 04 03 0.2
00 (HAP)pg= 11 12 Ll L Ll Ll 12 12 Ll L L0
ky kD = 1.2 2.5 7.4 9.5 10.5 11.0 79 88 10.1
ko/k P = 12 04 0.1 0.1 0.1 01 03 02 0.1
ke, sl = kT/h 1012 1.45% 1010 2.1 X108 3.1X106 45X 104 109 108 1.15%X 106 4.5X 10% >«T/h

7 AG* op — AG* on = 1.454 keal/mol = ZPE, AG® ¢ = 0. keal/mol. & ZPE = 1.473 kcal/mol, AG®r = 0. ¢ ZPE = 1.353 keal/mol, AG® er

1.473 kecal/mol, AG s = 4.0.

) | 1 1 ¥ ! L I I T )
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Figure 4, Influence of coupling on Brgnsted slope. Rate constants for proton
transfer (ky) (Table I11) have been calculated using eq 1 with AGe¥ =
12.5 keal/mol. “Observed” rate constants {kopsq) have been calculated
using eq 3 where k—,, kc (k—a = k) have been successively adjusted from
1010108, and 106 s~1.

though the contributions of intrinsic and coupling effects were
never quantitatively delineated. The relative importance of
these contributions to ciexp can be seen from eq 5,89 and it is not
surprising to find that the discrepancy between o and tvexp
caused by a changeover in rate-limiting step can be significant
only when k_y approaches and exceeds k..

Qoxp = a + (1 = Q)kop/(k—p + k) (%)

However, it is apparent that the coupling contribution to cxp,

—1.1. 4 ZPE = 1.335 kcal/mol, AG®¢s = 0.0. ¢ ZPE = 1.473 kcal/mol, AG®f = 7.625. / ZPE = 1.473 kcal/mol, AG® s = 6.6. £ ZPE

represented by the last term in (5), is not easily determined
from curvature measurements, since a careful inspection of the
three lines in Figure 4 shows no well-defined point where the
rate-limiting step changes from a to b or from b to ¢. An
analogous result can be derived for isotope effects,®® and ex-
amination of k,"/k,P and (kH/kP)oysq (Table I11) shows that
the transition from one rate-limiting step to another can occur
over 8-9 pK units and that (kH/kD)peq can maintain a sig-
nificant value over a large portion of this transition region.

An important point, which is not often appreciated,?? is that
values of cixp greater than zero or less than unity or substantial
values for (kH/kP)qusq do not necessarily prove that proton
transfer is rate limiting.

VI. Conclusions

The results of the present paper show that it is not always
possible to distinguish whether variations in kinetic measure-
ments are due to factors intrinsic to the bond-making process
or to a changeover in the rate-limiting step. An important point
(Figure 1) is that the rate-limiting region with intrinsic barriers
as large as 12.5 kcal/mol will be reduced by 30% or more, even
when k. is as high as 10'2s~!. For smaller intrinsic barriers
(e.g., Kreevay’s 1.4 kcal/mol) the transition region of about
%5 pK units (k. = kT/h) would be reduced to about !5 pK
unit with k. = 10/2s~!, Since x T/h = 6 X 10'2s~1 at 25 °C,
it is clear that even small departures from « T/A for rate con-
stants such as k—, and k. can have rather significant effects
on the intrinsic barriers calculated assuming that k—, = k. =
kT/h. Furthermore, a considerable body of experimental evi-
dence3040-52 gupports the idea that rate constants for separa-
tion will commonly lie in the range of 108-10'2 s~!, and in
special instances*® may dip to 103 s~ or even below, No claim
has been made in the present paper that these values are di-
rectly related to any specific reaction, but it should be noted
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Table I11, Influence of Subsequent and Prior Steps on Observed Primary Isotope Effects and Changes in Relative Rates®

717

Qexp (kH/kD)obst
o=k ko= ke
-ApK a 101051 1085~1 10651 {(kpH/kyP)? 101051 108 s-1 106 s>
14.94 0.296 0.213 0.007 0.000 8.28 6.25 1.18 1.00
12.70 0.327 0.303 0.037 0.000 9.17 8.59 1.94 1.01
11.21 0.347 0.339 0.101 0.001 9.73 9.53 3.55 1.04
9.71 0.367 0.364 0.215 0.005 10.25 10.19 6.41 1.13
8.22 0.388 0.387 0.325 0.019 10.72 10.70 9.14 1.48
5.98 0418 0.418 0.408 0.122 11.30 11.29 11.06 4.01
4.48 0.439 0.439 0.436 0.282 11.60 11.59 11.54 7.82
2.99 0.459 0.459 0.459 0.411 11.81 11.81 11.80 10.67
1.49 0.480 0.480 0.480 0.469 11.94 11.94 11.94 11.68
0.00 0.500 0.500 0.500 0.500 11.99 11.99 11.99 11.89

4 o and oy calculated as in ref 24, AGo¥ = 12.5 kcal/mol; k—, = k¢ (see columns 3-5 and 7-9). # Calculated from eq | with AG¥ ;p —

AG* o4 = 1.473 keal/mol (25 °C). ¢ Calculated from eq 3.

that even a range of 10%in k. could account for reductions up
to 8-12 kcal/mol®4 in intrinsic barriers from 10 to 23 kcal /mol
(Figure la).

A second point is that, since maximum rate constants for
separation (i.e., k_a, k¢) will be in the neighborhood of
10112102 s~ 3% encounter and/or separation will necessarily
become rate limiting as the rate constant for the bond form-
ing/breaking process approaches and exceeds 10'1-10'2 s/,
As a result, less and less information concerning the bond-
forming or bond-breaking step becomes available so that the
technique of examining the asymptotic behavior of a rate-
equilibrium plot as AG° approaches £ is unlikely to prove
useful for measuring intrinsic barriers or for distinguishing
alternatives to Marcus’ theory (i.e., eq 1). In the limit of large
|AG®|, changes in rate will progressively reflect the change-
over in rate-limiting step rather than intrinsic changes in the
bond-forming step.

A third point is that the conclusions of the present paper do
not depend upon the nature of the processes represented by k_,
or k. The results are applicable to situations where a sequence
of bond reorganizing steps may be involved and where many
of the rate constants may be orders of magnitude less than
kT/h. A few examples include base-catalyzed eliminations,
carbonium ion rearrangements, nucleophilic addition and
elimination reactions of carbonyl compounds, aromatic sub-
stitution reactions, and various internal rearrangements.
Photochemical systems, where energy transfer and spin in-
terconversion compete with bond reorganization, should also
provide some interesting applications.

The aim of the present paper has been to test the uniqueness
of the conclusions derived from a particular rate-equilibrium
treatment®’ when applied in a form appropriate to a single
kinetic step (e.g., eq 1). The results definitively demonstrate
that distinguishing intrinsic effects on rate measurements from
coupling effects is exceedingly difficult without knowledge of
rate constants for so-called “fast” steps prior or subsequent to
a rate-limiting process. At present, general methods for mea-
suring such rate constants directly have not been devel-
oped 5263 but it seems clear that such information will play a
central role in relating theoretical treatments of chemical re-
activity to experimental results obtained in solution and in the
gas phase.

Acknowledgment. The author would like to thank Professor
Cheves Walling, Professor William McMillan, and Douglas
Magnoli for their interest in this work and for many helpful
discussions. This research was supported in part by a grant
from the donors of the Petroleum Research Fund, administered
by the American Chemical Society, by the Pennwalt Corpo-
ration Grant of Research Corporation, by a USPHS Bio-
medical Research Grant (4-521355-24739) and by continued

assistance from the University Research Committee (UCLA).
J.R.M. also acknowledges a Regents’ Junior Faculty Fellow-
ship (1978-1979) and a UCLA Faculty Career Development
Award (1979-1980).

References and Notes

(1} J. N. Bronsted and K. J. Pedersen, Z. Phys. Chem, (Leipzig), 108, 185
(1924),

(2) R. P. Bell, Proc. R. Soc. London, Ser. A, 154, 414 (1936); ""Acid-Base
Catalysis'", Oxford University Press, London, 1941,

(3) M. G. Evans and M. Polanyi, Trans. Faraday Soc., 32, 1340 (1936).

(4) J. E. Leffler and E. Grunwald, "Rates and Equilibria of Organic Reactions™,
Wiley, New York. 1963.

(5) (a) M. Eigen, Angew. Chem., Int. Ed. Engl.. 3, 1(1964). (b) The use of eq
1 to generate the values of ky and k_,, does not in any way tie the com-
parison of Kgpsa With ki, to the validity of Marcus' theory. Equation 1is used
only to establish a connection between the rate constants and AG® so that
the results can be displayed in the convenient and familiar form of a
Bronsted plot. While the rate constants kg, k—a, K¢, and k— are frequently
referred to as “encounter’ rate constants, the conclusions of the paper
depend only on the numerical values of k—, or k; and are entirely inde-
pendent of the actual processes represented by these rate constants. One
should not lose sight of the fact that, while Eigen's nomenciature and
symbolism have been retained, the rate constants Ky, k—a, k. and k— can,
in principle represent any steps prior or subsequent to an arbitrary kinetic
process of interest, and are not necessarily restricted to elementary kinetic
steps or to unimolecular reactions, For simplicity, the rate constants ka,
K—a, K¢, and k_. will be assumed to be independent of k, and k_p, but it
should be recognized that this assumption can be dropped if necessary.
A sufficient condition for the steady-state approximation is that [AH---B]~
+ [A---HB]~ <« [AH] + [B~] + [A~] + [HB] during the course of the
reaction, and one method of maintaining this condition for a bimolecular
reaction is to run the reaction at sufficiently low concentration. it should
be noted that the values used for the rate constants k_, and k. in Tables
11l and Figures 1-4 do not require violation of the steady-state assump-
tion.

(6) M. L. Ahrens and G. Maass, Angew. Chem. Int. Ed. Engl., 7, 818
(1968).

(7) (a) M. M. Kreevoy and D. E. Konasewich, J. Phys. Chem., 74, 4464 (1970}
(b) Adv. Chem. Phys., 21, 241 (1971}, (¢} M. M. Kreevoy and Sea-Wha Oh,
J. Am. Chem. Soc., 95, 4805 (1973); (d) A. 1. Hassid, M. M. Kreevoy, and
T. M. Laing, Faraday Symp. Chem. Soc., 10, 69 (1975).

(8) (a) W. J. Albery, A. N. Campbeii-Crawford, and J. S. Curran, J. Chem. Soc.,
Perkin Trans. 2, 2206 (1973). (b) W. J. Albery, C. W. Conway, and J. A. Hall,
ibid., 473 (19786); (c) W. J. Albery, A. N. Campbeli-Crawford, and K. S.
Hobbs, ibid., 2180 (1973).

{9) (a} A. J. Kresge, S. G. Mylonakis, Y. Sato, and V. P. Vitullo, J. Am. Chem.
Soc., 93, 6181 (1971); (b) A. J. Kresge, Chem. Soc. Rev., 2, 475 (1973);
(c) A. J. Kresge in "Proton Transfer Reactions™, E. Caldin and V. Gold, Eds.,
Chapman and Hall, London, 1975, Chapter 7; (d) A. J. Kresge, Acc. Chem.
Res.. 8,354 (1975); (e} W. K. Chwang, R. Eliason, and A. J. Kresge, J. Am.
Chem. Soc., 99, 805 (1977): (f} A. J. Kresge and W. K. Chwang, ibid., 100,
1249 (1978).

(10} (a)D. J. McLennan, J. Chem. Educ., 53, 348 (1976}, (b} Aust. J. Chem., 29,

787 (1976). (¢} J. Chem. Soc., Perkin Trans. 2, 932 (1976).

(11} M. H. Davies, J. R. Keeffe, and B. H. Robinson, Annu. Rep. Prog. Chem.,
Sect. A, 123 (1974).

{12) (a}R. A. Marcus, J. Chem. Phys., 24, 966 (1958); (b) J. Phys. Chem., 72,
891(1968). (c) A. O. Cohen and R. A. Marcus, ibid., 72, 4249 (1968); (d)
R. A. Marcus, J. Am. Chem. Soc., 91, 7224 (1969).

(13) (a)R. P. Bell, "The Proton in Chemistry", 2nd ed., Cornell University Press,
Ithaca, N.Y., 1973, p 203: (b) J. Chem. Soc., Faraday Trans. 2. 72, 2088
(1976).

(14) D. J. Hupe and D. Wu, J. Am. Chem. Soc., 99, 7653 (1977).

(15) C. E. Bannister, D. W. Margerum, J. M. T. Raycheba, and L. F. Wong, Far-
aday Symp. Chem. Soc., 10, 78 (1975),

(16) B. Perimutter-Hayman and R. Shinar, int. J. Chem. Kinet.. 9, 1 (1977).

(17) J. Hine, J. Am. Chem. Soc., 98, 3701 (1971).



78 Journal of the American Chemical Society | 102:1 | January 2, 1980

(18) E. A. Castro and F. J. Gil, J. Am. Chem. Soc., 99, 7612 (1977),

(19) D. J. Hupe, D. Wu, and P. Shepperd, J. Am. Chem. Soc., 99, 7659
(1977).

(20) R. R. Baldwin and R. W. Walker, J. Chem, Soc., Perkin Trans. 2, 361

(1973).

D. Rehm and A, Weller, /sr. J. Chem., 8, 259 (1970).

J. Eriksen and C. S. Foote, J. Phys. Chem., 82, 2659 (1978).

C. Parr and H. S. Johnston, J. Am. Chem. Soc., 85, 2544 (1963).

(a} J. R. Murdoch, J. Am. Chem. Soc., 94, 4410 (1972). (b) Fromeq 1, AG*

= AG° for AG® = 4AG,*. Microscopic reversibility requires that AG™

for the reverse direction equal zero, which corresponds to a rate constant
for the reverse reaction of x T/ h {(assuming transition-state theory).

(25) L. P. Hammett, ''Physical Organic Chemistry'', McGraw-Hill, New York,
1940.

(26) J. E. Leffler, Science, 117, 340 (1953).

(27) G. S. Hammond, J. Am. Chem, Soc., 77, 334 (1955).

(28) (a) B. Bockrath and L. M. Dorfman, J. Am. Chem. Soc., 97, 3307 (1975);
(b} R. L. Jones and L. M. Dorfman, ibid., 96, 57 15 (1974). (c) Kresge has
also presented evidence that protonation of aniline and p-nitroaniline and
N-protonation of amides are diffusion controlled (ref 9d).

{29) W. E. Farneth and J. . Brauman, J. Am. Chem. Soc., 98, 7891 (1976).

(30) D. R. Bauer, J. . Brauman, and R. Pecora, J. Am. Chem. Soc., 96, 6840
(1974},

(31} Using Kreevoy's value of pK, = 5 at AG® = 0.

(32) (a) A. Streitwieser, Jr., W. B. Hollyhead, G. Sonnichson, A. H. Pudjaatmaka,

C.J.Chang, and T. L. Kruger, J. Am. Chem. Soc., 93, 5096 (1971); (b} A.

Streitwieser, Jr., P. H. Owens, G. Sonnichson, W. K. Smith, G. R. Ziegler,

H. M. Niemeyer, and T. L. Kruger, ibid., 95, 4254 (1973); (c} A. Streitwieser,

Jr.. M. R. Granger, F. Mares, and R. A. Wolf, ibid., 95, 4257 (1973).

W. T. Ford, E. W. Graham, and D. J. Cram, J. Am. Chem. Soc., 89, 4661

(1967).

Internal return is a competition between two first-order processes if the

protonated diazoacetate and the conjugate base of the amine have not

separated. Consequently, internal return is independent of buffer con-
centration and pH and is to be distinguished from the second-order re-
versible deprotonation of the diazonium intermediate observed by Kreevoy

(ref 7a,c) at high buffer concentration and high pH.

One possible source of curvature is a variation in the intrinsic barrier for

the different reactions. 29 For a direct, experimental demonstration of this

phenomenon in a proton transfer reaction, see: J. R. Murdoch, J. A. Bryson,

D. F. McMillen, and J. I. Brauman, J. Am. Chem. Soc., submitted.

(36) C. Walling and H. P. Waits, J. Phys. Chem., 71, 2361 (1967).

(37) W. A. Pryor and K. Smith, J. Am. Chem. Soc., 92, 5403 (1970).

(38) T.Koenig and H. Fischer in “'Free Radicals", J. Kochi, Ed., Wiley, New York,
1973, p 157.

(39) D.J. Cram, J. Am. Chem. Soc., 71, 3863 (1949).

(40) D. Gusewell, Z. Angew. Phys., 22, 461 (1967).

(41) S. Dasgupta, N. N. Abd-el-Nour, and C. P. Smyth, J. Chem. Phys., 50, 4810

(21)
(22)
(23)
(24)

(33

(34

(35

(1969).

(42) A.S.N. Murthy and C. N. R. Rao. Appl. Spectrosc. Rev., 2, 69 (1968).

(43) 7. V. Gopalan and P. K. Dadaba, J. Phys. Chem., 72, 3676 (1968).

(44) R. A. Grump and A. H. Price, Trans. Faraday Soc., 68, 92 (1970).

(45) N. V. Chekalin and M. i. Shakhparonov, Zh. Strukt. Khim., 9, 896
(1968).

(48) G. H. Barbenza, J. Chim. Phys. Phys-Chim. Biol., 65, 906 {1968).

(47) H. Baessler and R. B. Beard, J. Chem. Phys., 52, 2292 (1970).

{48} (a)M. T. Emerson, E. Grunwald, M. L. Kaplan, and R. A. Kromhout, J. Am.
Chem. Soc., 82, 6307 (1960); (b) E. Grunwald and E. K. R&Iph W, ibid., 89,
4405 (1967}, {c) E. Grunwald, R. L. Lipnick, and E. K. Ralph, ibid., 91, 4333
(1969}, (d) F. M. Jones Ili, D. Eustace, and E. Grunwald, ibid., 94, 8941
(1972, (e} E. Grunwald and E. K. Ralph. Acc. Chem. Res., 4, 107
(1971},

(49) G. G. Hammes and H. Olin Spivey, J. Am. Chem. Soc., 88, 1621 (19686).

(50} J. Rassing, Adv. Mol. Relaxation Processes, 4, 55(1972).

{51) T. Yasunaga, S. Nishikawa, and N. Tatsumoto, Bull. Chem. Soc. Jpn.. 44,
2308 (197 1).

(52) L. De Maeyer. M. Eigen, and J. Suarez, J. Am. Chem. Soc., 90, 3157

(1968).

Proton transfer can be defined as rate limiting when k—, 2 kp and k. 2

k_p. This definition will tend to exaggerate the region of rate-limiting proton

transfer.

Figures 1a and 1b are drawn so that the region of rate-limiting proton

transfer can be expressed as either a fraction of the theoretical region

(Figure 1a) or in pK units (Figure 1b). The transition region for (e, to vary

from 0 to 1 will be somewhat larger than the transition region for rate-

limiting proton transfer since (ex, = 1requires k—, > k. rather than k—,

= k. as in footnote 53. Figures 1a and 1b can be used to estimate the

transition region corresponding to the constraint k—, = Rk, by replacing

(53

(54

(55)
(56)
(57)
(58)
(59)

(60

61)

(62

(63

(64)

log k¢ on the left vertical axis with log Rk.. R can be estimated from the
relationship R = () — (f + 1)/2)/(1 — «)), which can be derived from eq
11and 12 inref 24, frepresents the transition region for tey, to vary from
1=« to ay, expressed as a fraction of the transition region for « to vary
from O to 1. For example, if the transition region for ae,p to change from
0.05 to 0.95 is one-tenth of the transition region for « to change from 0
to 1. then f= 0.1, oy = 0.95, and R = 8. Under these conditions, the ap-
parent intrinsic barrier would be one-tenth of AGo™. If fis changed 10 0.5,
Ris decreased to 4. The value of k. required to produce a given apparent
intrinsic barrier can be found from k, = (1/R}k_, and k—p, = (k T/h}
e—AGT(1=2FF1- H/RT

N. Agmon, J. Chem. Soc., Faraday Trans., 74, 388 (1978).

A. Miller, J. Am. Chem. Soc., 100, 1984 (1978).

J. L. Kurz, Chem. Phys. Lett.,, 57, 243 (1978).

(a1)9A7.5/)\4 Zavitsas, J. Am. Chem. Soc., 94, 2779 (1972). (b) ibid., 97, 2757
( .

The two encounter steps are often accounted for by rewriting eq 1 as

0 - 2
AGH,, = (AGu = W+ WP |

16AG,
%(Acf’exp - W+ W)+ AGT+ W (8

where W, is the free energy necessary to assemble the first encounter
complex from the reactants, W, is the corresponding quantity for the for-
mation of the second encounter complex from the products, and AGep
is the overall free-energy change for the entire sequence. The validity of
(6) depends upon the assumption that k_, and k. are significantly faster
than k, and k—p,. S0 that the bond-forming steps, kp and k—,, must be rate
limiting. If k—, and k. are comparable to x T/h (6 X 1072 s~1, 25 °C), this
will aimost always be the case, so that the use of eq 6 will introduce no
serious error beyond the inherent limitations of Marcus' theory. Note that
the curvatures predicted by eq 1 and 6 are always identical since (6) implies
that proton transfer is rate limiting in a strict sense.
It ky = (KT/M)e~AG /R and k_y = (k T/h)e~(AG*=AC°VRT. then (Jk,/
ko)t = (ko/k—p)t/(ct = 1), where @ = (DAGT/DAG®)rp. The ex-
pression for (Oky/ dk—p)T p can be substituted into eq 11 of ref 24 to yield
Oaxp = (K—akcl + kepK—p)/(K—alk—p + kc) + Koke). which for k—, >> ko
simplifies t0 eq 5. If kg 3> K—p, Qexp = (tk—a/(k—a T ky). Note that eq 5 does
not depend on Marcus' theory and that the only restriction on « is that «
exist. The analogous relation between (k/kP)opsq and ko'/ kL is given by
(kk:/k k‘;)obsd = (ko™ koPHkoalk—® + ko) + koPko)/(k—alk—p" + ko) +
b Re/-
An important question is whether the present resuits will be altered by
replacing Marcus' theory with one of several alternative models which have
been proposed (ref 9b, 12b, 13b, 20, 21, 23, 55-58). No comment will be
made on the relative merits of these proposals, but it is well known that
most of the alternalives give quantitative resuits which are not substantially
different from Marcus' theory. If the analytical expressions for these al-
ternatives are rewritten as expansions in terms of AG®, this similarity can
be verified, and the near-linear dependence of log k. and AGy* noted in
Figure 1b for Marcus' theory is found for these other expressions. This
suggests that the correlation between intrinsic curvature and kinetic cur-
vature seen in Figures 1-4 is not unique to the particular form of Marcus
equation.
Many elegant methods for detecting internal return have been developed,
including techniques based on isotopic scrambling and racemization, 3832
relationships between hydrogen, deuterium, and tritium isotope effects,32
and viscosity correlations.3°-38  These approaches often permit deter-
mination of ratios of rate constants (e.g., k—p/ k), but do not easily allow
independent evaiuation of k.. Furthermore, when internal return is due to
strong molecular association, rather than solvent "'cage’ effects, corre-
lations with solvent viscosity may not necessarily be observed.
There are two points worth noting about eq 5. First, the ratio k—p/k. is
sufficient to obtain «v from quexp. IN principle, several «'s at different pKs
could be used to calculate AGy*. However, an independent check on AGy*
at each point would require the ratio k—,/k. and either k_, or k.. These
rate constants are not obtainable by the normal methods of detecting in-
ternal return.®2 The second point is that the discrepancy between o and
(lexp Can be much more significant than that between log Ky and 10g Kobsa:
For example, if k—p/ ks = 1, 10g kp and log kepsg may differ by only 0.3 log
unit. The difference between v and (e, is dependent on . For @ = 0.1
and k—p/ke = 1. (xeyp is 0.55. This corresponds to a relative error of
550%.
The geometric distortion(s) could encompass displacement of solvent as
well as changes in the internal coordinates (bond lengths, bond angles) of
the reactants



