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Abstract The Principle of Imperfect Synchronization (PIS) states that a product sta-
bilizing factor will lower the intrinsic rate of a reaction if it develops late, but
increase the intrinsic rate if the factor develops early It is shown in this paper
that much of the structure—reactivity behavior of proton transfers involving carbon
acids can be understood in the context of this principle The factors discussed in-
clude the effect of resonance near the reaction site as well as in remote substi-
tuents, the polar effect of remote substituents, and the effects of solvation of reac-
tants and products A simple mathematical formalism is developed to describe the con-
tribution of each factor to the intrinsic rate constant The possible reasons why
there is a lack of synchronization between the various events which occur during the
reaction are also discussed

Proton transfers involving carbon acids are usually slower than those involving normal
acids 1 Furthermore, among the carbon acids there are large variations in reactivity Several
factors are believed to be responsible for this behavior They include (a) the poor hydrogen

bonding capability of carbon acids and cubanionsu'm'z; (b) the need for structural reorgan—

ization i1n forming resonance stabilized caxhanionsl'a"; (c) the need for solvent reorganiza-

tion 3.5.6 Table I lists approximate intrinsic rate constants (k ) and intrinsic barriers

(AG )} for representative examples ko and AG: are defined for AG = 0 (more on definitions
below) and thus they allow comparisons among various systems to be made which are normalized

to the same pKn of the carbon acid

The trends in ko(AG:) suggest that the decrease in ko' or increase in AG:. parallels the
increase in the resonance stabilization of the carbanion This has generally been understood
in the context of the Principle of Least Nuclear Motion (Pmn)‘; the intrinsic barrier
increases with the increase in structural and solvational reorganization that goes along with
the formation of more strongly resonance stabilized carbanions

Table I Approximate Intrinsic Rate Constants and Intrinsic Barriers for Proton Transfers
from Carbon Acids

c-H acid Base Solvent log ko Ac: Ref
RCB(CN) RZHE azo 70 79 14
Q—NOZ—CSH‘CEZCN Rzll! 50% IDZSO-SOt H20 3 7‘ 12 4 7

Rzﬂ'ﬂ_ 820 31 13 2 8
CBZ(COCH3)2 RCOO KZO 29 13 56 9

RZNB nzo 26 13 9 9
2, Q—(DOZ )z-CGBaCBzCN Rzll_ 50% mzso—sm KZO 27 13 7 7
caacn(noz )2 RCOO 320 10 16 0 10
PhC!zmz nzua_ 820 -10 18 8 11

RCOO nzo -2 0 201 11

'!-tintod from detritiation rates, assuming a tritium kinetic-isotope effect of 14

A concomitant phenomenon is that development of resonance invariably lags behind the bond
changes associated with proton transfer, 1z-14 a phenomenon referred to as “"imbalance -6.15 It
manifests itself by an inequality bctmn the Bronsted 3 values (variation of bl“) and the

Bronsted L (variation of C-H ac:l.d) mln of imbalances are shown in Table II

The inequality Ay > ‘B is usuvally attributed to an exalted ] value whereas AB is
assumed to be "normal” and to be an approximate measure of the degree of proton transfer in

the transition state The enhanced value of a

cu comes about because in the transition state
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(1) the negative charge is mainly on carbon while in the product ion (2) it is mainly on the

¥-group
+5 -8 Y Ar NO
— - Pt
B—a-—Cj, L C=Y (BOH), BH——— ©3C ..
N R R B
Ar Ar
1 2 3

The effect is greatest in hydroxylic solvents as seen by comparing acn - BB for Azcxznoz in
water and nezso (Table IT) This difference can be understood in terms of greater charge dis-

sipation in 2 by the hydrogen bonding solvent 1’

Incidentally, for the arylnitromethanes the imbalance is so strong that in water aca > 1,
a finding generally called the "nitroalkane anomaly *'° Bordwell et al 12 nave suggested that
there 18 actually an intermediate or "virtual™ intermediate (3) whose formation via 1 is rate
limiting, a proposal which originally goes back to Cram 19 The rxecent work of Kochzo also sug-
gests the existence of intermediates which are hydrogen-bonded to carbon

There is one apparent exception in Table 11, the 2-X-4-nitrophenylacetonitrile system for
which a. « ﬂs The reason for this inversion is that a., has a different meaning here
(called a"cn) as will be discussed in a later section

The Principle of Imperfect Synchronigation; Definitions and Assumptions A major goal of
this paper is to show that there exists a direct relationship between the lag in resonance
development (1ncluding solvation) and the reduction in the intrinsic rate constants The
consequences of this lack of synchronization may be called the "Principle of Impexrfect Syn-
chronization*?l (PIS) This principle states that a product stabilizing factor (e g , reso—
nance or solvation) lowers ko if it develops late but increases ko if it develops early By
virtue of the principle of microscopic reversibility the PIS may also be defined with respect
to reactants: a reactant stabilizing factor increases ko if it is lost late but lowers ko af
it is lost early Note that for product or reactant destabilizing factors the inverse rela-
tionships hold

We shall define the terms “late” and "early” in relation to the "primary process” which
we take to be the proton transfer, or, probably better, the transfer of the negative charge
from the base to the carbon acid Pollowing common practice we assume that 83 (ami) is a
satisfactory approximation of the progress of charge transfer in the transition state, except
in some special cases to be discussed

The factors which lead to extra stabilization (destabilization) of products or reactants
may be viewed as "secondary process " If the primary and secondary process occur in a single

Table II Transition State Imbalances in Proton Transfers a

C-H acad Base Xy ﬂn acn'ﬂn Ref
PhCH_CH(CN) RCOO 10 13
2 2 o
Arcr(cN), clcazcoo' o 98 13
ArCB, CH( COMe JCOOEL RCOO 0 76 0 44 0 32 13
Axcs_No, R, NH 129 0 5% o 74 12a
Arca N0, RCOO o 92° o 5o o 42° 17
.4 b b,d

2,4-(NO,),C H CH,C B ~2-X-4-K0, R,NH o 87 0 45 0 42 14
2-X-4-N0,~C B CH,CN R,NH -0 aP¢ -0 62° -—0 2279 7

al:n water unless stated otherwise t’l:n 50% uezso-sot water ctn llezso dacn instead of Xy

see text under the heading "Remote Substituents B Resonance and SSAR Effects "



The principle of imperfect synchromzation—1I 3221

step, "early” and “late" refer to different extents of development within the same transition
state Alternatively, if the two processes occur in separate steps "early” implies that the
secondary process is a preequilibrium, "late” that it is a postequilibrium

The definition of ko and Ac.: to be used are the following Por the general reaction

X

RR'CHY * B ——= RR'CZY * BH (1)
k—1

ko is equal to kl - x_l vhen K, =1 (AG° = 0) and AG: = 2 3RT (log ko-loq ().:T/h)) If B has
more than one acceptor site and/or BH contains more than one equivalent proton this 18 some-
times taken into account by the use of statistical factorln’ although for the broad picture to
be developed in this paper these statistical corrections are of minor importance The ko
values cited in this paper were generally calculated by linear interpolation or extrapolation
of Bronsted plots obtained by varying B (BH) Thus, the relationship between ko and any poant

on the Bronsted plot is

log ko-log kl—ﬂalog Kl- log k-l + amloq Kl (2)

We prefer this method over those which are based on the )lu'cuazz’z3

theoretical assumptions are being introduced

equation because no

Glossary In the equations to be developed we shall use the following symbols The site
at which an effect occurs is indicated by a capital letter, either in parentheses or as sub—
script: Y = substituent directly attached to carbanion site; B or B = buffer base; BH or aa'
= buffer acid; X = remote substituent; TS = transition state The nature of the effect to be
discussed 18 symbolized by a lower case letter, either as superscript or subscrapt: r = reso-
nance, s = solvation; r,s = combined resonance and solvation, 4 = desolvation; p = polar; st =
steric; el = electrostatic

Resonance In keeping wath Bordwell'slz proposal we start with the simplest assumption,

namely that resonance develops in a separate, postequilibrium step, as shown in eqs 3a and 3b
Note that the intermediate may or may not be hydrogen bonded to Bn,lz'n'zo a point taken up
in the section on transition state effects The equilibrium constant xr 18 a measure of reso—

nance stabalization

’

kl
. . +
rutcm!’n‘__T—* RR'CY * BH (3a)
-1
K (V)
- £ - (3b)
RR'CY —— RR'C=Y
The relationship between the observed rate and equilibrium constants (kl, k_l, Kl =
kl/k—l' see oq 1) to the quantities shown in eqs 3a/3b is
'
kl xl ()
’
k_, = k_,/K(T) (5)
L "1‘:") (6)

In order to evaluate the effect of resonance stabilization on the intrinsic rate constant
(ko) we compare ko for reaction 1 (equivalent to the combined eq 3a/3b) with ko for eq 3a
Qualitatively it is obvious that ko for reaction 1 is lower than for reaction 3a This is
because reaction 1 has a larger equilibrium constant (xix‘(!) with Kr(!) >> 1) than reaction
3a (x:’l)' yot the rate constants in the forward direction are the same (eq 4), indicating that
the transition state of reaction 1 is not able to bensfit from the resonance stabilization of
the product This is schematically shown in Pig 1A
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aAG

>C=Y »C =Y + BH

Reaction Coordinates

Pigure 1 Schematic free energy vs reaction coordinate profiles A: refers to the situation
where there is an actual tetrahedral intermediate and resonance develops in a separate pos-—
tequilibrium step B: refers to situation where the tetrahedral intermediate is only
hﬁothetical Curve a resonance development has made no progress in the transition state,

{ " 0), curve b: resonance development is synchronous vi;:g charge transfer (uxr - BB)J curve
c

resonance is fully developed in the transition state (a = 1 0)

Quantitatively we can express the decrease in the intrinsic rate constant by
r
8log k (Y) ~ log k (eq 1) - log k (eq 3a) = -8 log K (Y) (7)

The relationship between the quantities of eq 7 is shown in Pig 2 The solid line represents
the Bronsted plot (variation of K’l and ki induced by changing pK:a ) of slope BB for reaction
3a ki at log xi = 0 corrésponds to ):o for reaction 3a

’
]

-
-

log K, (Y) .~~~

logk, or log k

log ko{eq3a)

\

-

P ,\Iog ko feql)

=7 B log K, or log K/

——

Pigure 2. Effect on k_of delayed resonance development acoording to eq 7 (resonance develops
in postequilibrium) °

The equilibrium constant for eq 3b is represented by the horizental arrow labeled
log KI(Y) The point on the ordinate at the end of this arrow corresponds to the rate con-
stant kl for reaction 1, which has the same value as xi The equilibrium constant for reac-
tion 1 at this particular point is K (Y) since we started at a point where xi -1

The intrinsic rate constant, ko' for reaction 1 is then found by extrapolating the actual
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rate constant kl. back to the point where log Kl = 0, as shown by the dashed line The dashed
line represents the Bronsted plot for reaction 1; since reactant and transition state are the
same for reactions 1 and 3a, the Bronsted slope 8y for reaction 1 i1s the same as that for
reaction 3a (8y) Because of Ay = 8, eq 7 holds not only fdr Olog k.(¥) at log K, = 0 but for
the difference in the rate constants of reactions 1 and 3a at any value of the equilibrium

constant

The assumption that the reaction occurs in separate steps is not really necessary If
the reaction occurs in a single step the effect of the delayed development of resonance ko can
be described by

dlog k:’(‘l) = (a: ~ Bg)0log K;(Y) (8)

8log k:(Y) is defined as before except that eq 3a/3b are now hypothetical reactions Por
this reason log K (Y) has been replaced by the symbol 8log K;(Y) which is a measure of the
enhancement of K1 that arises frowm the resonance stabilization of the product ion ﬂ‘; which
should not be confused with the Bronsted Ay
O8log k:( Y)/01o0g xi(Y); it measures what fraction of the resonance stabilization of the product
ion has developed in the transition state

or aun values, 18 a parameter defined as

Por a: < BB, Olog k:(Y) is negative, and for the limiting case a: = 0 equations 7 and 8
are equivalent, with Olog xl(‘l) = log KI(Y) This limiting case is represented in Pag 1B by
curve a Por a: - BB' which implies perfect synchronization between charge transfer and reso-
nance developwent (PFig 1B, curve b), there is no change in ko’ while for the (unrealistic)
case a: > ﬂB (P1g 1B, curve c) the intrinsic rate constant would be enhanced by the resonance
effect

The quantities of eq 8 are illustrated in Pig 3 for the case az < ‘88 but with ai >0
Just as in Fig 2 the 80lid sloping line labeled ﬁé represents the Bronsted plot for reaction
3a whach however now is a hypothetical reaction Thus the rate constant kl at log l(l = 0 on
the solad line 18 equal to ko for the hypothetical reaction 3a

log k

227 1 8logk (Y)

dlog kq(Y) .
.27 8logK{(Y)

g log K, -" Be log K,
| —— t —

0 Y

Pigure 3. Effect on ko of delayed resonange development according to eq 8 A BB = Bé B
By > By Note that 0log X (Y) ~ afBlog K (Y)

The horizontal arrow (Jdlog x:(!)) represents the increase in Kl whach comes from the
regonance effect, the vertical arrow (8log k;(!) - a: 8log x:(!)) the increase in kl which
goes along with it Thus the point at the end of the O0log k;(Y)—uxov corresponds to the rate
constant xl of the (actual) reaction 1 for the situation where the log of the equilibrium con-
stant has the value Olog K, The intrinsic rate constant, xo, for reaction 1 is then found by
extrapolating back to the point where log Rl = 0, as shown by the dashed line
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It should be noted that Pig 3A is based on the implicit assumption that BII! for the
hypothetical reaction 3a (solid line) is the same as 4, for the actual reaction 1 (dashed
line) When this is the case eq 8 not only holds for Olog k:(!) but for Olog Xy at any value
of K,, just as with eq 7 On the other hand, if AB and ﬂls are different, as shown in Fig 3B,
eq 8 is still valid but only for dlog k:( Y) (1 e , when log K, = 0) with 8, referring to the
experimental Bronsted slope

Solvation of Carbanion Por simplicity we shall assume that solvation occurs mainly at

the site of negative charge development on the Y-group Other possible solvation effects will
be discussed below

We shall first assume that solvation of the product ion occurs in a separate postequili-
brium step, as shown in eqs 9a/9% 24

x'l
1
' —_— e

mtcur*a‘__ki_nc—r-v*aa (9a)

-1
N (sb)

RR'CSY ¢ sol ——* RR'C=Y sol
The effect of solvation on ko can then be described by
s

8log RO(Y) - —ﬂsloq K’(!) (10)

which is coapletely analogous to eq 7 Alternatively, if solvation occurs in the same step as

proton transfer we have, in analogy to eq 8,
s Y 8
8log X (Y) = (ag - ﬂa)blog Kl(Y) (11)

where a: measures the progress of product solvation at the transition state

The combined effects of delayed resonance and delayed solvation are thus given by
X s 4
8log x,(Y) * O0log k (Y) = (@, - 33)0109 Ki(!) hd (a: - Bn)oloq x:(Y) (12)

It should be realized that resonance and solvation are not easily separated in practice
because dafferences in the solvation of Y (e g , hydrogen bonding) are expected to change the
relative weight of the canonical form RR'C=Y within the resonance hybrid Hence one expects
that 8log Kj(Y) and Olog K;(Y) are interdependent

If the progress of solvation were strictly coupled to the degree of resonance develop~
ment, i e , 1f a: - a:, eq 12 would simplify to

8log k" *(¥) = (":,a - 850109 K} *(¥) (13)
with
8log k' *(¥) = Blog k_(Y) * Olog K(Y) (14)
8log K;’*(¥) = 8log Kj(Y) * Olog K} (Y) (15)
Y Y Y
ax'.-ar-a‘ (16)

In a later section we shall show that it is more likely that a: < a: Nevertheless, if
one prefers to express the combined effects of delayed resonance and delayed solvation by a
single equation, eq 13 can still be used, with
. a:bloq K(Y) * 0:0109 x3(Y)
a =- (17)
£ 8log K (Y) * Blog x;(r)

we shall mainly adopt eq 13 in our further discussion

The combined effects of delayed resonance and delayed solvation of the Y—group can ade-
4
quately explain the trend in ko shown in Table I Assuming that a . - Ay does not vary
.
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dramatically from one system to another, this trend just reflects the increase in 8log Ki"(Y)
(see eq 13) as we go down the list

There are other PIS effects, though, which can play a sagnificant role, they are now dis-
cussed

(De)Solvation of Anionic Base ( B_) The frequently reported negative deviation of the
hydroxide ion point from Bronsted plots>> is most likely the result of such desolvation which
is ahead of proton transfer in the transition state The strong curvature in the Bronsted
plots observed with highly basic oxyanions in proton transfers and nucleophilic reactions has
been attributed to the same phenomenon >’ 2>

The situation 18 analogous to the solvation of the product ion, except that the direction
of the reaction 1s reversed and no interdependence with a resonance effect exists Thus, it
18 a reactant whach is being partially desolvated, a process which again might be descraibed as
a preequzlibrxunzsd (eqs 18a/18b),

_ Kat® ) (18a)
)
B 80l B ¢ sol

X
B  * RR'CEY ——— PRR'C_Y sol (1eb)

k-

-1

or as an event whach is concerted with the proton transfer
1f desolvation 18 a preequilibrium we have, as shown by .:renc:ks,zsd
d - -

dlog ko(B )= (1 - 88)109 Kd(B ) (19)

K d( B-) is the equilidbrium constant for partial desolvation of the base Since desolvation is
energetically expensive, log K,(87) is negative and hence 8log k:( B ) is also negative

log K,

—_—

1
o

Pigure 4. Effect on ko of desolvation of the base \ghich is aggad of proton transfer according
to eq 20, for case where 8, = 8, Wote that Olog kJ(B-) = ay Olog KX(B-)

If desolvation occurs in the same step as proton transfer, we have
a - B~ a -
8log ko(B ) = (ay - 8g)0log xl(B ) (20)
5log X3(B”) measures the reduction in K, vhich is due to the solvation of B while a:" -
Olog kl( B )/0log x‘;( B ) measures the progress of the desolvation in the transition state For

a:' > By ©q 20 predicts a decrease in X The situation is shown in Pig 4 for 8 = 3{,

Solvation of Cationic Acid (m') When the base is neutral and the acid cationic as with
amines the solvation of the developing cation may affect ko This wmanifests itself, e g , in
the frequent observation that at the same IK:a the reactivity of amines is in the order 3° »
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. . 1b,7,9,26
2° > 1° » “3 This trend has been attributed to a decrease in hydrogen bonding sol-
vation of the protonated amine in the order ma > 1° > 2° > 3°, coupled with a lag in the
development of this sclvation in the transition state b, 26a This is of course just another

PIS effect which can be described by
s . . .

Olog X(BE ) = (ab - B;)0log Ky(BE' ) (21)

Inasmuch as Olog K;(BH ) decreases in the order NE

3

> 1% > 2* » 3%, Blog k.(lﬂ‘) becomes
Ba* Ba °
less negative for a given &, - ﬂn' provided that a < BB

Solvation of BMeutrals. In principle, the solvation of the carbon acid, of B if it is
neutral, and of BR if it is neutral, may contribute their own PIS effects However, since the
solvation energy of these neutrals is relatively small, effects on ko are likely to be small
and we shall ignore them

Table IIX Solvent Effect on log k upon Transfer from Water to uezso, or to uozso-nzo Mix-
tures

Reaction * Mo, 50% Xuazso)b blog"x] Ref
ArCH,NO, ¢ RCOO 100(1 0) -4 5 11,12,17
CH,CH,NO, * Ar0 50(0 20) <118 27
71(0 39) -2 18 27
CH,CH(NO,), * RCOO ,Ar0 50(0 20) “10 10, 28
CH,(COCB,), * RCOO 90% (0 69) “2 4 9
+ R,NH 90% (0 69) -1 04 9
+ RE, 90% (0 69) “1 01 s
CBCOCH(CH,, JCOOC,H, + AcO 50 (0 20) “0 4 27
71 (0 39) “0 9 27

at by volume buole fraction

change of Solvent Intrinsic rates of proton transfer depend strongly on the solvent
Examples are shown in Table III Thess solvent effects can be understood along similar lines
as the solvation effects discussed in the previous sections Again neglecting solvation
effects of neutrals, we can express the change in ko upon transfer from water (W) to nezso or

to a )lezso—uater mixture (D) as the sum of three major contributions:

WD D -
806"k, = 8log"Ko(Y) * Olog'ko(B ) * Blog"Xo(BE') (22)
The contribution from the carbanion is given by

D W D
810g"KD(Y) = (ay , - By)(-1og"vD) (23)

A4

D 29
7q 18 the solvent activity coefficient™  for the transfer of the carbanion from Wto D @

is defined as before but since eq 23 refers to a change in solvent the numerxical value of
a! may well be different from that in eq 13

r,8

< By since 1oq"12 is positive 0

According to eq 23 Oqu'k (Y) will be positive if a .8
Examples of solvent activity coefficients are given in 'rable IV  Some of the entraies in Table
IV were obtained indirectly by applying one of the following equations and solving for the

unknown quantity, as explained in the footnotes of the table

W, W D w D
ApKD -loq'r * log v, - 1og 7cq (24)
W, w D w D W D

pK:a-loq 1,‘10&1 7!!"-1°°73a (25)

As the data in Table 111 show, k always increases upon transfer from W to a D, irrespec-
tive of the charge type of B/BB 'mu indicates that the Olog'k (Y) term makes the largest
contribution to the solvent sffect
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Table IV Representative Solvent Activity Coefficients for Transfer from Water to mzso orx
llezso-!mtor Mixtures

W
Compound ) ) mzso log 7D Remarks
CH,(COCH, ), 50 0 14 Ref 31
81 -0 10 Ref 31
90 ~~0 5 estimated
En(cocn3 ), 50 -2 07 a
81 -3 73 a
90 “4 5 a
ACOH 50 “-0 06 b
90 “-15 estimated
100 -2 15 b
AcO 50 3 08 Ref 32
90 €5 c
100 8 16 Ref 33
CH,CH,CH NH,, 50 -0 35 a
90 ~-0 09 estimated
cuscnzcnzn; 50 -1 81 Ref 32
90 -2 8 c
a’ 50 -1 93 Ref 32
90 ~-3 05 e
100 -3 31 Ref 33
D WD w ) WD WD w, c w D
®rrom "2, Ygeo BP xga via eq 24 rrom “vp, "vo.. 8p via eq 25  “Prom estimated "vp_,
ww w a WD WD w e
and from "y, and Ap Kga via eq 25 Prom "y per Vg and Ap via &q 25 Extrapolated

from data in Ref 32
Por the contribution of the two other factors we can wrate
D, _- B~ W D
510g"Xo(B) = (a] - Ay)109"vp (26)
D, __+ BH* WD
dlog'xy(Ba!) = (al" - gp)(-log"vp ) (27)
Again, the meaning of a:~ and a:a‘ is the same as before but the numerical values may be
different than in eqs 20 and 21, respectively
W D -

For anionic bases log 7p-1i8 strongly positive (Table IV) and thus Oloq!kz(n ) is positive
if desolvation is ahead of proton transfer (a:- > 38) Pox a cationic acid loc.]"-;vza . is typ-
ically negative (Table IV) which leads to a negative 6109')&2( an') when solvation lags behind

mb
(ay" < Bg)
From this we see that with anionic bases the two solvent effects reenforce each other
o] D,_-
(Olog"ko(‘l) and blog'(ko(s ) are both positive), with neutral bases they counteract each other
This is borne out by the data on the deprotonation of acetylacetone (Table III)

Remote Substituents A Polar Effecta Let us consider a reaction of the type
kl

@ﬂz! ¢B T/ @-cm:-! + BH (28)
X k_, X

where X is a remote substituent exerting a polar effect only If Xy which is obtained by

varying X is different from 4, this is tantamcunt to k_ being dependent on X °*

The extent of this substituent dependence of ko is dirxectly related to the imbalance,
L by

8log X2(X) = (acy - Bp)blog Ki(X) (29)



3228 C F BERNASCONI
where O8log Kg(x) is the change in K, brought about by a change in X If 8 is independent of
X, eq 29 holds not only for Olog kz(X) (at log Kl = 0) but for any base, i e , for any value
of log Kl This situation is illustrated in Pag 5A (with ﬂa - ﬁ'B)

A B

log K, log K,
| |
0 0

rigure 5. Effect on ko of polar remote substituent that 15 more electron withdrawing, accord-
ing to eq 29 A B, =8, B By < Ay Mote that Olog k;(X) = acgdlog K3 (X)

Prom eq 29 we see that for Geg > ﬂn (Table II) ko increases when X becomes more electron
withdrawing since 8log xi(X) > 0 In principle, one could understand this increase in the
context of the PIS: the product stabilizing factor develops early ain the transition state and
hence ko is increased It is important to realize, though, that this increase is mainly a
transition state effect as further discussed in a later section In other words it has noth-
ing to do wath any special characteristics of the rewmote substituent; rather, it is a conse-
quence of the imbalance, i e , of the fact that the negative charge is mainly localized on
carbon in the transition state (1), a phenomenon caused by the Y group, not by X

One should also note that, although significant, the effects of X on ko are relatavely
ninor compared to the effects discussed in the preceding sections A numerical example will
serve to 1llustrate this point The deprotonation of a geries of l-arylnitromethanes by mor-
pholine in water affords "ca -1 29'12a the deprotonation of the five arylnmitromethanes with X
= H, ms' »Cl, n—OCB3 and -Noz by the three bases piperidine, piperazine and morpholine
yields 8, = 0 56 * 0 06 for m—OCH, and 0 55 * 0 06 for all the others, *22 showing that 8y is
independent of X (case of Pig SA)

Por the change from X = H (pl(:n = 7 39) to say X = n—NOz (pxga = 6 67) eq 29 affords
8log xﬁ(X) = (1 29-0 55)x0 72 = 0 53 Compared to the effect of changing Y (Table I) this is
a rather small effect Purthermore, since for all other systems @y ~ 38 is smaller than for
the arylnitromethanes (Table II), the substituent effect on ko will be correspondingly

35
reduced

1f BB depends on X the situation is as shown in Pig 5B Equation 29 still holds with BB
referring to the compound wath log Kl = O8log xg(X) Bn now depends on the size (and sign) of
8log Ki’(X) Por example, in Pig 5B 88 is assumed to decrease with increasing electron with-
drawing strength of X which has the effect of increasing acg - 85 and thus to magnify the
effect of Olog Rf(x) on Olog kz(X) Since the gubstituent effects on ko are relatively small
to begin with, the small variations which are introduced by a substituent dependence of BB
will be smaller still, and hence will not concern us any further

Ramote Substituents. B. Resonance and SSAR Effects. 7-acceptor substituents which sta-
bilize the charge by resonance may influence ko though a PIS effect of their own The depro—
tonation of arylnitromethanes by benzoate ion in nezso is a case in point The rate constants
for X = p—CN and p—!!o2 ,nhov marked negative deviations from the Bronsted plot defined by X =
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H, p—cns, p-Br, l—lloz and 3,5-(!)2)2 17a This deviation can be understood by a delayed
development of resonance and solvation of the p—looz (4b) (P—CN) gqroup in the transition state,
juat as for the S-nitro group

That appreciable solvation of m-acceptor substituents indeed occurs has been shown in
comparisons between solution and gas phase acidities 36 The phenomenon has been called the

SSAR (substituent-solvation-assisted-resonance) effect 36

The retarding effect on ko can be descridbed by an equation similar to eq 13, namely

r,s X
81oq ko (X) = (at's

r,8
- Bg)8log K;' (X) (30)
Alternatively, since the weight of the canonical form 2 is likely to depend on the pres—

ence of a m-acceptor substituent in the aryl group, all PIS effects related to delayed reso-
nance and solvation at both Y and X might be expressed with a single equation

dlog k5 *(¥.X) = (ay'% - 85)0log Ky' (X, X) (31)

Mathematically the PIS effect induced by the p—CN and p—mz groups can be described in
several different ways The ones used in the preceding discussion treat it either as an
essentially independent factor which affects ko (eq 30), or all PIS effects which have to do
with delayed resonance and solvation of the carbanion are lumped together (eq 31)

A third approach 18 to view the PIS effect induced by the p—CN and 1:»—!!02 groups as a fac-

tor which modifies the polar substituent effect, and to use an equation such as”
p,r " _ , X
dlog k' F(X) = (@"y - ABg)blog Ky’ (X) (32)
a'cu 18 the Bronsted acx-value defined by the two points X = H and X = p~NO_ (or p-CN) Por
example in the deprotonation of arylnitromethanes by benzoate ion in uezso 7 one obtains

a'ca = 0 61 for the pair H and p-lloz, a"cn = 0 75 for the pair H and p-CN, which compare with
L Sl 0 92 The reduced values of a.cn compaxed to Ay Bean that the polar effect of the -
acceptor substituents is attenuated by the delayed resonance {and solvation)

The physical interpretation of a".; < &, becomes clear if we recall why ®cp is hagh to
begin with it is because the non 7-acceptor substituents are close to the center of negative
charge in the transition state (1) but less so in the product (2) Por the rn-acceptors which

carry a significant amount of chaxge 1in the product ion this is no longer true

A8 long as a Bronsted plot defined by non 7-acceptors is available there 18 no need to
use eq 32 One samply equates the deviation from the Bronsted plot with 8log k;"(x) as given
by eq 30 On the other hand, if no such Bronsted plot 1s available, the use of eqg 32 18 the
only practical choice An example 18 the deprotonation of 2-X-4-nitrophenylacetonitriles
where only data for X = H and X = noz have been obtained thus far (last entry in Table II) 7

> NO
L,HZCN O2 2
X CH2
02N 0,
N02

4 (X = H) Sa (X = H)
ab(x-noz) S5a (X-NOZ)

In thia study a".g was actually found to be smaller than 83 which means that there is a
@s1gn change in eq 32, i e , it is the less acidic compound which has the hagher ko value
(Table 1) The small a"ca value indicates that in this example the PIS effect of the n-
acceptor substituent overpowers its polar effect This is not surprising since the cyano
group in the phenylacetonitrile anion carries less negative charge than the A-nitro group in
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the phenylnitromethane anion, and thus there is a correspondingly greater chaxrge on the phenyl
substaituent

Another interesting case is the pair svsb,ub for which Aa =0 45 and a* . = 0 87 (Table
I1) The fact that a'ca oxceeds AB by a substantial amount indicates that the PIS effect of
the 2,4-dinitrophenyl group (right hand side of Sa/5b) dominates and that the PIS effect of
the X-substituent cannot be very large in this system

Why is There Imperfect Synchronization? Since one of the basic laws of Nature is to
minimize Gibbs free energy, and since, in principle, intrinsic barriers could be lowered by
perfect synchronization, or better yet, by having product stabilizing factors develop early,
one wondexs why transition states are typically imbalanced in the "wrong™ direction Basi-
cally the answer must of course be rooted in the lawa of quantum mechanics The quantum
mechanical principles involved are likely to be the same which make it energetically more
advantageous for many chemical reactions to occur in separate steps rather than by concerted

Some specific ideas which bear on this question have appeared in the recent literature
With respect to the deprotonation of arylnitroalkanes, Kreagel8 has suggested that the frac-
tion of negative charge shifted to the oxygens of the nitro groups in the transition state may
be related (proportional?) to the m-order of the C—N bond Since the m-order in turn may
depend on the fraction of negative charge which has been transferred from the base to the
nitroalkane, the charge on the oxygens will only be a fraction of a fraction and hence quite
small For example, if the fraction of transferred negative charge and with it the n-order 18
equal to ﬁn =0 56,12a and the shift of negative charge to the oxygen is proportional to the
m-orxder, we have ~0 56 * 0 56 ~ 0 31 for the charge on the oxygens

The nitroalkanes have also been discussed in the context of the valence bond configura-
tion mixing model developed by Shaik and Pross 4 In their terminology the product configura-
tion (negative charge on oxygen) is a diexcited configuration which is of high energy in the
early phases of the reaction In contrast, the intermediate configuration (negative charge on
carbon) is monoexcited and of lesser energy in the early phases of the reaction Hence the
intermediate configuration makes a larger contribution to the transition state than the pro-
duct confagurataon In the late phases of the reaction coordinate the relative energies of
intermediate and product configurations are reversed and the product configuration becomes
dominant

Kresge's view, and Pross and Shaik's proposal are really quite similar However, the
latter treatment offers a more detailed rationale as to why the shift of the negative charge
to the oxygen is delayed

It 18 interesting that the picture which ewerges from the valence bond model is that the
mixing of the intermediate configuration into the transition state actually lowexs its energy
and hence reduces the intrinsic barrier In other words, if the intermediate configuration
did not exist, or were of higher energy than the product configuration even in the early
phases of the rxeaction, the intrinsic barrier would be even higher This seems to be a con-
tradiction of the premise of the PIS which states that the intrinsic barrier is increased by
the delayed development of the resonance (the "product configuration”)

The contradiction is only an apparent one, though 1t arises from the use of different
reference states In formulating the PIS we implicitly assume that the transition state has
its optimal configuration as determined by the laws of quantum mechanics We then use this
transition atate as our reference in dealing with how the intrinsic barrier is affected by
changes in the energy levels of reactants and products In the valence bond approach the
reference state is a hypothetical high energy transition state which does not have the inter—
mediate configuration mixed in

How can we understand the lag in the solvation of the products or the early desolvation
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of reactanta? The lag in the solvation of w-acceptors used either as the Y-group or as remote
substituents must of course, in part, be a direct consequence of the lag in the development of
resonance, and thus of the lag in the shift of the negative charge to the peripheral atoms of
these groups But the fact that solvation of the developing positive charge on Bl!‘ is also
retarded, or that dasolvation of B is ahead of proton transfer, suggests that there is an
additional lack of synchronization which has nothing to do with the delayed shift of the

charge

A likely factor is the entropy loss (gain) which accompanies solvation (desolvation)
Oonce a charge is being solvated, the restriction of the solvent molecules, and with it the
entropy, may remain relatively independent of the amount of charge on the solute Oon the
other hand, the enthalpy should strongly depend on the amount of charge Because of these
different sensitivities of entropy and enthalpy to the amount of charge, the gain in Gihbs
free energy from the solvation of a partial charge will therefore be disproportionately small
compared to that of a full charge, since essentially all of the entropy has to be paid while

only a fraction of the enthalpy 13 being released 42
This state of affairs may have either of two consequences (a) The solvent molecules

fail to arrange themselves around the developing charge in the transition state, 1 e , there
18 a "physical lag” in the solvation (b) The solvent wmolecules do arrange themselves around
the developaing charge but the benefit in free energy is minimal, i e, there is an "energy
lag " It should be noted that the notions developed above are quite similar to suggestions
made by Richard and Jencks®> in a different context

An additional factor which might contribute to non-synchronous solvation or desolvation
is a dynamic solvent effect caused by a certain "inertia” of the solvent in its response to
shifts in charges or dipole moments which occur along the reaction coordinate "

Effects on Transition States and Intermediates All effects discussed so far are factors
which are predominantly present in the reactants or products (resonance and solvation) and
only poorly developed in the transition state There are factors, however, which operate
predominantly or exclusively in the transition state and have nothing to do with the PIS
They also affect the intrinsic rate They are now briefly discussed

A. Steric and Electrostatic Effects. Both of these effects operate in the transition
state only Steric effects always lead to rate reductions (0log k:t < 0); the size of the

steric effect is relatively easily evaluated from reaction series involving bases of varying
bulk 264, 45

Electrostatic offocts“ may lead to rate enhancements if there is Coulombic attraction
(with neutral B), or to rate reductions if there is repulsion (with anionic B) The size of
the electrostatic effects (08log x:]‘) is more difficult to assess than steric effects because
the different base charge types have also different PIS effects for desolvation of B and sol-
vation of BH‘, respectively An example where a separation between electrostatic and solva-
tion effects was attempted has been reported recently 46b

B. Intermsdiate Configuration. As discussed earlier, one can view the imbalanced transi-
tion states as arising from a strong contribution of the "intexrmediate ¢=on!’.i.quxat:ion,"‘1 which
has the negative charge localized on carbon Hence, any factor which stabilizes this confa-
guration should also stabilize the transition state, thereby lowering the aintrinsic barrier or

increasing ko

The polar effect of remote substituents on ko can be viewed in this light, as suggested
earlier The intermediate configuration is alsq likely to have different solvation charac-
teristics than the product configuration This may lead to solvent effects which are on top
of the P18 effects discussed before Por example, the transition state may be subject to spe-
cial stabilization or destabilization by dipolar non-hydroxylic solvents, as has been sug-

gested for certain s“,z :oactions.zg or by special solvent reorientation effects as envisioned
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by Ritchie 3 We believe, though, that these transition state solvent effects are relatively
small compared to the PIS effects

Pinally, if there is a discrete hydrogen-bonded intermediate (3) along the reaction coor-
dinate, the stabilization of 3 which arises from such hydrogen bonding is likely to be
reflected in sowme stabilization of the transition state, too

A Numerical Example The following example illustrates how some of the formalism
developed 1in this paper may be used quantitatively, or at least semiquantitatively The exam—
ple refers to the solvent effect on k in the deprotonation of acetylacetone by carboxylate
ions and pramary amines 'rhe effect of changing the solvent from water to 90% agueous Me SO
can be described by

8log'X) = 8log"Ko(Y) * Blog'ko(B7) * Blog'ko(BE') * 8log"ko(TS) (33)

The first term is given by eq 23, the second by eq 26 (only important for carboxylate
ions), the third by eq 27 (only important for amines), while the fourth term includes all pos-
7
sible transition state solvent effects Experimentally known quantities include BB -0 83‘

and 8log k = 2 38 for RCOO , 6 =0 534 and blog"k = 1 01 for mmz Estimates of solvent

activity ooefficient:s can be taken from Table IV log 1Y ~ 45, loq'7:-~s 5, log 738*
£-2 8
Por the carboxylate reactions eq 33 becomes
4. N.D B~ W D w. D
2 38 = (a " - By X log vg) * (ag - BB)log 75~ * Olog X (TS)
v -
~(a, - 083)-45)" (a: - 083)6 5 ¢ Moq")tz(‘rs) (34)
’
while for the amine reactions we have
N D BH* W D
101 = (a 8 = Bp)Tlogiyy) v (a - A= 109" 'r“‘) *+ Blog X (TS)
Y . D
~(a, S - 053)(-45)* (a:“ - 053)(40) * 6109""0('1‘5) (35)

How can we estimate the various unknown parameters in eqs 34 and 35? 1In the case of the
cax‘boxylate ion reactions we can take advantage of the fact that 38 = 0 83 is so high that the
choice of ad 18 quite restricted Assuming the maximum possible value for ag_ (1 0) and

Y
assuming that blog'k (TS) is neqligible, affords a, .8
a: a seems quite reasonable it meets the expectation that there should be less

synchronization in the solvation (coupled with resonance ) of the Y group than in the desolva-

B- Y 2
BBI > lad - Bal), and that @ 8 < (ﬂn) =0 69

~0 55 via eq 34 A value of 0 55 for

tion of the base (Da .8
(xresge'sle assumption)

1
Note that the assumption of a @3 < 1 O would lower a, |5 Vhile the usu-ptxon of

L/ Y
dlog kD('l‘S) > 0 would increase @, For example, if a: - 0 83 = ,8 (and 81og k (‘l'S) = 0)

Y - h §
one obtains a g ~0 30 both of theu a: and a, o values seem unrealistic Or, if
8log k ('rs) =0 7 (amd ad = 1 0) one calculates ar s ~0 70 which seems much too high

D
Por the amine reactions we again assume that Dlog"k (TS) is negligible As with the car-
.<(ﬂ) 'uthﬂ-osawehave(ﬂ)-ozs on
~0 20; solving eq 35 for aBa then affords a value of 0 36

Y

boxylate ion reactions one expects a,
Y

this basis we may assume Q

r,s
+
for a:ﬂ This is a "reasonable" value since it is lower than BB = 0 53

At this point it is difficult to assess how much physical reality should be associated
with the numbers obtained in these calculations As more quantitative expsrimental data
become available, a test for the validity of these calculations and concomitant assumptions
will be the emergence, or absence, of internal consistency of the conclusions drawn from a

large number of systems
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conclusions We have discussed a number a factors which affect the intrinsic rates of
proton transfers They can be put into two main categories: PIS effects and transition state
effects

The PIS effects associated with delayed development of resonance stabilization by the Y-
group and the concomitant lag in solvation of the negative charge are the dominant factors
which determine the rank order in ko for the different carbon acids (Table I) Other PIS
effects i1nclude delayed resonance and solvation of 7-acceptors used as remote substituents,
delayed solvation of the positive charge on the base (neutral bases) and advanced desolvation
of the base (anionic bases)

In other types of reactions, e g , nucleophilic addition to olefins, many of the same PIS
effects are operative as well as additional ones, as discussed elsewhere 48 It would appear

The mathematical formalism used to describe the various PIS effects 13 most directly
applicable to polar substituent and solvent effects on ko Por substituent effects (eq 29)

the three quantities a and Olog xf(x) are all experimentally accessible and thus

. B
CH B
dlog kz(x) 18 easily obtained Por solvent effects (eq 33, coupled with eqs 23, 26, 27) the

uantities "yo, By , %P
q Ty: Vg-¢ Tage

assumptions about the relationship of a

OIog'kD and BB are experimentally accessible By making some

B- BH* W.D
.8 % and @ to BB, and/or about 0log ko('l‘S).

various parameters can be estimated as illustrated with an example in the previous section
The other equations (eqgs 8, 11-13, 20, 21) are mainly useful in a qualitatave sense
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