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log (JcIk0) = pa" + pr(<r+ - a") (2) 

This equation is based on the use of separate p and pr param­
eters for polar and resonance effects, respectively, as suggested 
earlier by Taft and others,3'5'6,8-1' but preserves the simplicity 
of the Yukawa-Tsuno approach.13 The principal advantage 
in the use of eq 2 is that pr is a direct measure of the contri­
bution of resonance effects to a particular reaction, in the same 
sense that p is a measure of polar effects, whereas r+, which 
is equal to the ratio pr/p, is a measure of the relative contri­
butions of polar and resonance effects. The value of r+, 
therefore, can vary in magnitude, and even in sign, for a series 
of reactions with a constant resonance contribution if p varies 
independently of pr; such variation is known to occur.8 Fur­
thermore, the values of p and pr (in contrast to values of r+) 
are additive for the equilibrium and rate constants of a reaction 
in the forward and reverse directions according to 

Peq = Pfwd — Prev 

and 

P eq — P fwd P rev 
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because per" and pr(cr+ — a") are measures of Gibbs free en­
ergy differences. An analogous equation 

Table I. Rate and Equilibrium Constants for the Reaction of 
Bisulfite with Substituted Acetophenones" 

log (k/k0) = pa" + Pr(c~ ~ c") (3) 

may be written for reactions with significant electron with­
drawal by resonance. Correlations according to eq 2 and 3 are 
particularly useful for comparing resonance effects in different 
reactions and for describing reactions in which resonance and 
polar effects act in opposite directions, as will be described 
here. 

The cleavage of carbonyl-bisulfite addition compounds 
(a-hydroxysulfonic acids) is subject to both acid and base 
catalysis. I4~16 The breakdown of bisulfite addition compounds 
of substituted acetophenones is catalyzed by hydroxide ion 
through an equilibrium ionization of the a-hydroxysulfonic 
acid, followed by expulsion of sulfite from the dianionic ad­
dition intermediate.15 The rate constants for this reaction are 
unusual in that a negative value of r+ = —0.75 is required to 
correlate the experimental data according to eq 1, although 
the reaction is aided by electron donation by resonance from 
para substituents. 

Experimental Section 

Materials. Reagent grade inorganic salts were used without further 
purification. Organic compounds were purified by recrystallization 
or distillation. Glass-distilled water was used throughout. 

Stock solutions of the carbonyl bisulfites were prepared by dis­
solving a sufficient amount of the carbonyl compound in 1-4 M po­
tassium bisulfite solution to give a final concentration of about 0.01 
M and were stored at 4 0 C under a nitrogen or argon atmosphere. 
Aliquots (10-20 nL) were diluted into thermostated spectropho­
tometer cells containing 3.0 mL of the desired buffer solution and 
sufficient hydrogen peroxide (10 fiL of a 31% solution) to oxidize the 
excess sulfite to sulfate, thereby driving the reaction to completion.15 

Addition of excess hydrogen peroxide gave no detectable change in 
the observed rate constant. The oxidation of sulfite under the condi­
tions used was much faster than the breakdown of the ketone bisulfites, 
being complete in the mixing time. 

Kinetic Measurements. The rates of dissociation of the carbonyl 
bisulfites were followed by measuring the increase in carbonyl ab-
sorbance as previously described.15-16 Reaction rates were followed 
using a Zeiss PM6KS spectrophotometer equipped with an automatic 
cell changer and a digital printout. Constant temperature was main­
tained at 25 0 C by the use of a thermostated cell compartment; the 
ionic strength was maintained at 1.0 with potassium chloride. First-
order rate constants were determined from semilogarithmic plots of 
(/loo — At) against time and were typically linear for over 3-4 half-
times. The pH of each solution was determined at the completion of 
the experiment using a Radiometer PHM-26 pH meter equipped with 
a combined glass electrode. Rate constants for the breakdown of 
carbonyl bisulfites were determined in acetate, formate, or chloro-
acetate buffers in the pH range 2.5-5.0. Typically, eight buffer dilu­
tions covering the concentration range 0.1 -1.0 M were examined. Rate 
constants for the buffer-independent breakdown of the carbonyl bi­
sulfites (ko) were obtained by extrapolation of observed rate constants 
to zero buffer concentration. Rate constants for the specific-base-
catalyzed breakdown of the carbonyl bisulfites, £OH, were calculated 
from*0H = A : 0 / 1 0 ( P H - | 4 > . 

Results and Discussion 

Bisulfite-Acetophenone Reaction. Rate constants, kou, for 
the specific-base-catalyzed breakdown of the bisulfite addition 
compounds of a series of substituted acetophenones are given 
in Table I. The second-order rate constants, k\, for the attack 
of sulfite dianion on the acetophenones in the reverse direction 
were calculated from k\ = /coH^w^add/^s. in which K^ is 
the equilibrium constant for bisulfite addition 

_ [ > C ( O H ) S 0 3 - ] 
add [ > C = 0 ] [HSO3-] 

substituent 

P-OCH3 
P-CH3 
H 
p-Cl 
p-Br 
w-Br 
P-NO2 

K, dd/M- ' b 

V 
3 
5.5 
8 
9 

16 
44' 

/ t i / M - ' s - 1 ' 

23e 

46 
77 

192 
228 
384 

1900<" 

' I O - ^ O H / M " 1 

5.8 
3.8 
3.5 
6.2 
6.3 
6.2 

11 

I 5 - I d 

(most of these values have been reported previously12), Â s = 
10-6.61 -IS Jj16 0 b s e r v e c i dissociation constant of bisulfite at ionic 

0 Ionic strength maintained at 1.0 with KCl, 25 0C. b Equilibrium 
constant for the formation of ketone bisulfite.12 c Second-order rate 
constant for the attack of sulfite dianion on the carbonyl compounds. 
d Second-order rate constant for the specific-base-catalyzed break­
down of the ketone bisulfites, based on measurements of pH and taking 
/Cw = 10~14. e Approximate values. 

strength 1.0, 25 0 C, and Kw is the ion product of water (Table 
I). 

The data in Table I permit an evaluation of the polar and 
resonance contributions to the effects of substituents on the 
equilibrium constants and on the rate constants in the two di­
rections for the addition of sulfite to ring-substituted aceto­
phenones. The equilibrium constants for bisulfite addition, 
•^add, give a poor correlation with Hammett substituents3 a or 
a", with large negative deviations for the /?-CH3- and p-
OCH3-substituted compounds. These deviations presumably 
reflect a stabilization of the acetophenone carbonyl group 
through electron donation by resonance from these substitu­
ents. A better correlation is obtained using the c + scale (p + 

= 1.0, correlation coefficient = 0.998) and a still better fit is 
obtained with the Yukawa-Tsuno approach using substituent 
constants that vary between cr+ and a" (eq 1 and 2), giving p 
= 1.2, pr = 0.95, and r+ = 0.8 (correlation coefficient = 
0.999). 

The rate constants for sulfite addition, k\, give an almost 
linear correlation with a (p = 1.8, correlation coefficient = 
0.995) and an optimal correlation to eq 1 and 2, with p = 1.8, 
pr = 0.45, and r+ = 0.25 (correlation coefficient = 0.999). 

The rate constants for the specific-base-catalyzed cleavage 
reaction, &OH, are increased by both electron-withdrawing and 
electron-donating substituents and give a U-shaped curve in 
correlations against a or a", with a minimum at the unsub-
stituted compound and positive deviations for the p-Cl and 
p-Br compounds (Table I, Figure IA). This behavior suggests 
that the reaction is facilitated both by electron withdrawal 
through a polar effect and by electron donation through res­
onance. This behavior can be explained if the observed sub­
stituent effects reflect a stabilization of the transition state by 
electron withdrawal through a polar effect and an additional 
stabilization by p - C H 3 0 , p-CH3 , and p-halide substituents 
that can donate electrons by resonance to the developing car­
bonyl group. The rate constants for the /5-NO2, w-Br, and 
unsubstituted compounds form a linear series against a" with 
a value of p = 0.6. If it is assumed that this value of p = 0.6 is 
a measure of the polar effect of substituents, the resonance 
contribution of substituents may be evaluated from the de­
viations in the plot of log &OH against a" (Figure IA). A cor­
relation of these deviations against (<r+ — a"), according to eq 
2, gives a value of pr = —0.45 for the resonance contribution 
(Figure IC) and a plot of log &OH against a"+ (pr/p)(a+ — 
a") gives a linear correlation (Figure 1B, correlation coefficient 
= 0.998). The value of r+ = pr jp = —0.75 is negative. 

This correlation illustrates one advantage of the use of pr 

rather than r+ as a measure of the importance of electron 
donation by resonance. The value of pr and the appropriate 
substituent constant (<r+ — a") provide a direct measure of the 
Gibbs free energy change caused by electron donation through 
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a' 

Figure 1. (A) Dependence upon <r" of kon for the specific-base-catalyzed 
breakdown of acetophenone bisulfites. (B) Dependence of fcoH upon <r" 
+ (Pr/p) (f+ _ "")• (C) Correlation of the deviations of the points from 
the solid line in (A) against (<r+ — <r"). 

resonance, whereas the coefficient r+ is the ratio of the p values 
for resonance and for polar effects, pr/p. The coefficient r+ 

is an unsatisfactory measure of the importance of electron 
donation by resonance in this reaction because it is negative, 
although the expulsion of bisulfite is certainly aided by electron 
donation through resonance. The parameter pr = —0.45 has 
the negative sign that is expected for electron donation and 
provides an unambiguous measure of this resonance contri­
bution. The negative value of r+ is a consequence of the positive 
sign of p, which is itself a consequence of the requirement for 
the loss of a proton from the addition compound in the elimi­
nation reaction. 

The relationship between the substituent effects on the 
equilibrium constants and on the rate constants in the two di­
rections may be seen most clearly if the ionization and elimi­
nation steps of the breakdown reaction are separated, as shown 
in eq 4. 

/ 
C = O + HSO; H O — C - S O , 

Ks ±H* 

;c=o + so,2- — 

*A ±H 

"0 — C —SO;,-

(4) 

The value of p for ^ i = k \j k _i, the equilibrium constant 
for the addition of sulfite to form the dianion of the addition 
compound, may be taken as 2.3, based on values of p = 1.2 for 
Â dd and p = 1.1 for KA. The value of p = 1.1 for KA is based 
on the dissociation constants of substituted trifluoroaceto-
phenone hydrates.17 The value of p for k~\ is —0.5, fromp = 
0.6 for koH and p = 1.1 for KA- The values of p — —0.5 for 
k-\, p = 1.8 for k], and p = 2.3 for Â 1 satisfy the required 
additivity of p values for rate and equilibrium constants ac­
cording tO peq = Pfwd - Prev 

The resonance contribution to the substituent effect on K\, 
pr = 0.95, may be taken as essentially the same as that on K&dd, 
since there is no change in conjugation with the benzene ring 
in the ATA step. The value of pr for k\ is 0.45, andp ' for A:OH 
and for k- \ is —0.45. These values show the expected additivity 
according to p r

e q = Prfwd — Prrev. within experimental error. 

However, the values of r+ for the rate and equilibrium con­
stants are not additive, because they represent ratios of p val­
ues, and cannot be used to compare directly the resonance 
contributions to substituent effects in the two directions of a 
reaction. 

The reason for the opposite effects on koH of substituents 
that act through resonance and through polar effects, as 
manifested in the opposite signs of pr and p, is that polar 
substituents affect both proton removal and sulfite expulsion, 
but in opposite directions, whereas electron donation by reso­
nance into the developing carbonyl group favors only sulfite 
expulsion. Since the polar effect on proton removal (p = 1.1) 
is larger than that on k-\ for sulfite expulsion from the dianion 
(p = —0.45), the observed sign of p is opposite to that of p r . 

The equal numerical values of pr = +0.45 and -0.45 for the 
rate constants in the forward and reverse directions suggest 
that the transition state is approximately midway between 
reactants and products with respect to the development of 
resonance. However, the values of p = 1.8 for k\ andp = —0.5 
for k-\ suggest that the charge development on the central 
carbon atom in the transition state more closely resembles that 
in the dianionic addition compound than that in acetophenone; 
in terms of the change in charge that is "seen" by the substit­
uent the addition reaction has proceeded some 1.8/2.3 = 80% 
toward the addition compound in the transition state. This is 
an example of imbalance of the extent to which polar and 
resonance effects are manifested in the transition state. This 
behavior is the opposite of what has been observed for the de­
hydration of benzaldehyde carbinolamines18 and the ionization 
of nitroalkanes,19'20 for which the development of resonance 
stabilization lags behind other processes in the transition 
state. 

The apparent imbalance in the sulfite reaction may be at­
tributed, at least in large part, to a simple electrostatic effect 
that is caused by the proximity of the sulfite dianion to the 
substituent in the transition state. The transition state contains 
two additional negative charges provided by the sulfite dianion 
that will be stabilized by electron-withdrawing substituents 
on the acetophenone and will, therefore, increase the observed 
value of p. To a first approximation, this direct electrostatic 
effect will be independent of small differences in the amount 
of C-S bond formation and loss of conjugation with the car­
bonyl group. If we assume that the transition state is midway 
between reactants and products with respect to polar as well 
as resonance effects of substituents, then the values of p, in the 
absence of the electrostatic effect, are 0.5 and —0.5 for k{ and 
k-\, respectively. The rate constant k\ is a first-order rate 
constant for the addition reaction starting with an encounter 
complex or "reaction complex"21 in which the electrostatic 
effect has already been manifested. 

\ K.„ 
SO,,2" + ^ C = O =*= so,; */ C=O = ^ " O 3 S - C - O -

Since k \ (obsd) = k \ /K^, the value of p for the electrostatic 
effect on K&% for the formation of this complex is 1.8 — 0.5 = 
1.3. This is not an unreasonable value for the effect of two 
negative charges in view of the values of p = 1.1 and 0.49 for 
the ionization of substituted trifluoroacetophenone hydrates17 

and phenylacetic acids,22 respectively. 
Benzyl Halides. There is no reason that polar and resonance 

effects cannot act in opposite directions in one-step as well as 
in two-step reactions.8 The open circles in Figure 2 show 
Hammett plots, based on a" and the rate constants determined 
by Hudson and Klopman,23 for the reactions of p-MeO, H, and 
p-MeCO benzenethiolate anions with substituted benzyl 
bromides in methanol. U-Shaped curves of this kind, with a 
minimum at the unsubstituted compound, are commonly ob-
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served for the reactions of benzyl halides with anionic nucle­
ophiles;23"27 the rate minimum is, of course, also present in 
correlations with a or CT+. There are three explanations for this 
behavior and for the curvature that is observed in almost all 
Hammett correlations of the reactions of benzyl ha­
lides.2"7"41 

(1) There is a change in mechanism from SN2 to SNI or an 
ion-pair mechanism on going from electron-withdrawing to 
electron-donating substituents.28,29-39 

(2) There is a change in the structure of the transition state 
for a single mechanism with a differing balance of bond for­
mation and cleavage, such that electron-donating substituents 
cause a shift to a transition state with more positive charge 
development on the central carbon atom.23-27'30*39'41 

(3) Different substituents act to stabilize the transition state 
with a differing balance of polar and resonance effects (a 
two-interaction mechanism1'). 

It is probable that all three of these mechanisms contribute 
to the observed behavior of some reactions of benzyl halides 
under some conditions, but most workers have favored expla­
nations 1 and 2. We wish to examine the hypothesis that much, 
or most, of the curvature in structure-reactivity correlations 
for these reactions may be accounted for by explanation 3. The 
solid circles in Figure 2 show that a linear rather than a U-
shaped correlation is obtained if the rate constants are plotted 
according to eq 2 with p = 1.35 (p-MeOPhS-), 1.06(PhS-), 
and 0.86 (/7-MeCOPhS-), and p r = -1.3. The value of pr was 
determined from a plot against (er+ — a") of the deviations 
from correlations with pa" (analogous to Figure IC). We 
conclude that, although some contribution of explanations 1 
and 2 cannot be excluded, the data can be satisfactorily ac­
counted for by explanation 3 with opposite signs of p and pr. 
Again, the values of r+ = pr/p are negative, although electron 
donation by resonance certainly stabilizes the transition 
state. 

The fact that qualitatively similar behavior is observed for 
a large number of different reactions of benzyl halides with 
nucleophiles of a given charge type in different solvents is 
consistent with explanation 3 and is difficult to explain ac­
cording to (1) and (2), because it would be expected that a 
change in mechanism or transition-state structure would occur 
at a different point or not at all with different reactions and 
conditions. In most cases substituents that act only by a polar 
effect exhibit a positive p with anionic nucleophiles and a 
negative p with uncharged nucleophiles and in solvolysis, 
whereas substituents that donate electrons by resonance exhibit 
a positive deviation from the correlation line for polar sub­
stituents that gives rise to upward curvature for the />-CH3 and 
P-CH3O substituents. In particular, the reactions of 4-sub-
stituted benzyl chlorides with thiosulfate in 60% acetone follow 
two different U-shaped Hammett plots for the 3-H and 3-NO2 
series of compounds, rather than the single smooth curve that 
would be expected from a gradually changing transition-state 
structure.25 The rising left limbs of both curves are caused by 
the faster rates for thep-CH30 andp-CH3 substituents that 
provide electron donation by resonance. 

The positive p value for the reactions of benzyl halides with 
anionic nucleophiles, which is responsible for the U-shaped 
curves that are usually observed for these reactions, has been 
attributed to a later transition state with more bond formation 
for such nucleophiles.27 However, it can also be accounted for 
by a simple electrostatic effect resulting from the addition of 
a net negative charge to the transition state that is "seen" by 
polar substituents, as suggested above for the addition of sulfite 
to substituted acetophenones and elsewhere for a number of 
nucleophilic reactions.20,34,42,43 J]1 6 observed p values are 
comparable to the value of p = 1.1 for the development of a 
negative charge upon the ionization of trifluoroacetophenone 
hydrates.17 Positive p values have also been found for the re-

Figure 2. Hammett correlations of the rates of reactions of substituted 
benzyl bromides with p-CHaOPhS" (top line), PhS- (center line), and 
/J-CHsCOPhS- (bottom line).23 Open circles: correlation with a". Closed 
circles: correlation with a" + pr/p (a+ - a"). 

Table II. Substituent Effects for the Attack of Substituted Anilines 
on Substituted Benzyl Chlorides" 

-Pb 

0.2 
0.3 
0.5 
0.6 
0.8 

-pr-

1.8 
1.9 
1.8 
1.9 
2.0 

/•+ = pr/p 

9 
6.3 
3.6 
3.2 
2.5 

" In ethanol, from ref 35. b Based on data for benzyl chloride and 
p-nitrobenzyl chloride. c Based on the deviation of the point for p-
methoxybenzyl chloride from the line defined by benzyl chloride and 
p-nitrobenzyl chloride. 

actions of ArCH2CH2Cl with I",44 and of 4-substituted 1-
bicyclo[2.2.2]octamethyl tosylates with benzenethiolate anion, 
in which the reaction center is well insulated from the sub­
stituent, and were attributed to a simple electrostatic effect in 
the latter reaction.43 

The advantage of using pr (eq 2) rather than r+ (eq 1) as 
a measure of electron donation by resonance is illustrated in 
a different way by the reactions of substituted anilines with a 
series of substituted benzyl chlorides in ethanol.35 The positive 
deviations in a plot against a" of the points for thep-CH30, 
P-CH3, andp-Cl compounds (Figure 3) may be attributed to 
resonance stabilization of the transition state. Values of r+ 

ranging from 2.5 to 9 are required to account for the positive 
deviations of the points for the p-CH30 compound according 
to eq 1, whereas the deviations are accounted for by a single 
value of p r = —1.9 ± 0.1 (Table II, Figure 3, inset). This value 
of p r implies an almost constant amount of resonance stabili­
zation in the series, whereas the use of r+ as a measure of res­
onance stabilization would lead to the unlikely conclusion that 
there is more than a threefold variation in the amount of 
electron donation by resonance as the structure of the aniline 
is varied. The second-order kinetics of these reactions, the 
regular decrease in p for substituted anilines with electron 
donation on the benzyl chlorides (including thep-CH30 and 



3292 Journal of the American Chemical Society / 101:12 / June 6,1979 

1.0 

2 
« 0 

-1.0 

P-OCH 

P-CHj 

Aniline 

m-CI 

A r N H 2 C H 2 C I 
I 
Ar 

l\ 

ArNH2CH2CI 

Ar 

A r N H 2 C H 2 C I " 
I 
Ar 

^ X ) 
~~—^^ 

X V 
\ 
\ 
\ 

A r N H 2 C H 2 C r 

Ar 

Figure 4. Reaction coordinate-energy contour diagram for the reaction 
of substituted benzylchlorides with substituted anilines, with separate axes 
for C-N and C-Cl bond cleavage and formation. The arrows show how 
the transition state might be expected to move to the left with electron-
donating substituents that increase the energy of the aniline, as the re­
sultant of motions parallel and perpendicular to the reaction coordi­
nate. 
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Figure 3. Dependence of the rate of aminolysis of substituted benzyl 
chlorides by a series of substituted anilines upon r/".35 Inset: correlation 
with ((T+ - a") of the deviation of the points in the <r" plots. 

/7-CH3 compounds),35 and the correlations shown in Figure 
3 support the interpretation of the structure-reactivity data 
according to eq 2, rather than a change in mechanism with 
changing substituents. 

Structure-Reactivity Interactions. Although a variable 
combination of polar and resonance effects, as described by 
p and pr, can account for the greater part of the observed 
curvature in structure-reactivity correlations of displacement 
reactions on benzyl halides, there is evidence that changes in 
transition-state structure also occur and can cause changes in 
the slopes of structure-reactivity correlations. 

It is evident in Figure 3 that there is a decreasing sensitivity 
of the reaction to polar substituents on the benzyl chloride as 
the aniline becomes more basic, with p changing from -0.8 
for m-chloroaniline to -0.2 forp-methoxyaniline (Table II). 
This is evidence for the operation of explanation 2 above, a 
change in transition-state structure, with a decrease in positive 
charge development on the central carbon atom in the transi­
tion state as the nucleophile becomes more basic. Similar be­
havior has been observed for other reactions of benzyl halides 
with nucleophiles.23'45 Theresult for the aniline reaction can 
be described according to20 

_ dph _ dpan 
Xy - d O a n -C)(Tb 

(5) 

and a plot of pb (for the benzyl chloride) against -ffan (for the 
aniline) is linear with a slope o(pxy> = 0.95. As required by eq 
5 there is also an increase in the sensitivity of the rate to the 
basicity of the aniline (/3nuc or -p a n) with electron-withdrawing 
substituents on the benzyl halide (increasing <rb).

35 The value 
of pan changes from -0.59 forp-CH3OPhCH2Cl to -1.55 for 
/J-NO2PhCH2Cl and a plot of pan against —ab gives a value 
of pXy' = 0.93. This coefficient may be normalized46 to an 
approximate value of pxy> = 0.045, using limiting values of pb 
= -4.95 for the solvolysis of a-methylbenzyl chlorides (in 80% 
aqueous acetone)47 and pan = -4.20 for the protonation of 
anilines (in ethanol).8 Some, but certainly not all, of this in­
teraction coefficient can be accounted for by a simple elec­
trostatic interaction between the substituents on the aniline 

and on the benzyl chloride; the maximum electrostatic con­
tribution to pxy' is <0.024.20-48 There must, therefore, be a 
change in transition-state structure with changing substituents 
on the reactants. 

It is convenient to illustrate these changes in transition-state 
structure on a reaction-coordinate-energy contour diagram 
with separate axes for N-C and C-Cl bond formation and 
cleavage and an energy surface in the third dimension (Figure 
4). Such diagrams were first used by Hughes, Ingold, and 
Shapiro to describe changes in transition-state structure in this 
type of reaction31 and have been utilized more recently for 
this27'33'38'39-49 and other20'-50 classes of reactions. An increase 
in basicity of the aniline increases the energy of the upper 
relative to the lower edge of the diagram. If the reaction 
coordinate is diagonal there will then be a tendency for the 
position of the transition state to slide downhill toward the 
lower left corner (perpendicular to the reaction coordinate, an 
"anti-Hammond" effect) and to shift uphill toward the upper 
left corner (parallel to the reaction coordinate, a "Hammond 
effect"), so that there is a net shift to the left and away from 
the carbenium ion intermediate in the upper right corner. This 
corresponds to the observed increase in pb. Conversely, an 
electron-withdrawing substituent on the benzyl chloride will 
increase the energy of the upper right relative to that of the 
lower left corner so that a transition state on a diagonal reaction 
coordinate will tend to slide downhill, perpendicular to the 
reaction coordinate, toward the lower left corner. This will give 
a shift in the direction of more N-C bond formation and a more 
negative pan, as observed. These two changes are comple­
mentary and are described by a positive interaction coefficient, 
pxy', ofeq5. 

There is other evidence that substituents on the benzyl halide 
can shift the position of the transition state along the diagonal 
axis, toward or away from the carbenium ion intermediate, so 
that explanation 2 as well as explanation 3 can contribute to 
curvature in Hammett correlations.31-38'39 The reaction of 
pyridine with benzyl bromides in dry acetone follows a U-
shaped Hammett plot with a minimum rate for the p-nitro 
compound and a rate increase for 2,4-dinitrobenzyl bromide;30 

this upward curvature is not caused by electron donation by 
resonance.51 Similarly, the increasing chloride isotope effects 
in the series p-nitro, unsubstituted, and p-methoxybenzyl 
chlorides reacting with methoxide and with benzenethiolate 
anions suggest that there is a shift in transition-state structure 
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in the direction of increased C-Cl cleavage with electron-
donating substituents on the benzyl halide.26 

The solvolysis of benzyl compounds exhibits an increase in 
the a secondary deuterium isotope effect with electron-do­
nating substituents on the benzene ring that is evidence for a 
shift toward a transition state that more closely resembles the 
carbenium ion.5253 The observed Grunwald-Winstein mow 
values decrease with electron-withdrawing substituents for the 
solvolysis of benzyl brosylates in ethanol-water mixtures52 with 
a slope of —dwGw/dc = 0.17-0.21, but the mow values de­
crease much more sharply for the solvolysis of benzyl chlorides 
in trifluoroethanol-ethanol mixtures36'54 with a slope of 
—dwGw/d<r+ = 1.0-1.3. This result can be accounted for ac­
cording to the extended Grunwald-Winstein equation 

Table III. Calculated Values of the Grunwald-Winstein 
Parameters m and / for the Solvolysis of Benzyl Derivatives in 
Ethanol-Water and Trifluoroethanol-Ethanol Mixtures" 

1*0/ 
^mY+IN 

in which Y and N are the ionizing power and nucleophilicity 
of the medium, respectively, and m and / are parameters de­
scribing the sensitivity of a reaction to Y and N.37'55 The 
nucleophilicity of the solvent, N, changes much more rapidly 
than the ionizing power, Y, in trifluoroethanol-ethanol mix­
tures compared with ethanol-water mixtures and Kaspi and 
Rappoport have shown that the proportionality constant a in 
the relationship N = aY + b is —0.85 and -0.071, respectively, 
for these two solvent mixtures.36 The large change in the ob­
served mew values in trifluoroethanol-water mixtures 
therefore suggests that there is an increase in the amount of 
nucleophilic attack in the transition state with electron-with­
drawing substituents on the benzyl derivative. Kaspi and 
Rappoport's equation36 m = mew ~ al for the two solvent 
mixtures gives 

and 

/ = (mE - wT)/0.78 

m = niE + 0.071/ 

(6) 

(7) 

in which WE and mj are the observed Grunwald-Winstein 
values, WGW> in the two solvent mixtures. Solution of these 
equations gives values of m which decrease slightly and values 
of / which increase sharply with electron-withdrawing sub­
stituents (Table III). These values are far from exact, in view 
of the curvature in the Grunwald-Winstein plot for trifluo­
roethanol-ethanol mixtures and other approximations in the 
calculations, but they do suggest that there is a progressive 
increase in the amount of bond formation to the attacking 
solvent molecule in the transition state with electron-with­
drawing substituents. This, and the smaller decrease in m, 
corresponds to movement of the transition state toward the 
lower left corner in Figure 4. The observed increase in selec­
tivity for ethanol-trifluoroethanol in the series p-methyl-, 
unsubstituted, and w-fluorobenzyl chlorides, as measured by 
product analysis, provides further evidence for such a shift in 
the transition state.54 Harris and co-workers have reached a 
similar conclusion from a comparison of the solvolysis rates 
of benzyl chlorides in ethanol-water and in trifluoroethanol-
water mixtures.56 

There is conflicting evidence as to whether changes in 
transition-state structure occur in simple displacement reac­
tions on methyl compounds,38'57-59 but it is probable that such 
changes are smaller than in displacements on benzyl com­
pounds if they occur at all. Ingold et al. pointed out that when 
the carbenium ion intermediate in the upper right corner of the 
diagram of Figure 4 is of high energy, as in the case of a methyl 
compound, there will be a steep barrier perpendicular to the 
reaction coordinate.31 This imposes a sharp curvature per­
pendicular to the reaction coordinate that is expected to inhibit 
movement of the transition state on the energy surface, com­
pared with the shallower curvature of the surface for benzyl 

benzyl 
derivative 

P-CH3-
H-

/M-F-
m-CF-
P-NO2-

/ME 

0.48* 
0.42"* 
0.35* 
0.30d 

0.28^ 

/MT 

0.47c 

0.04<-
-0.30c 

-0.58* 
-0.86* 

/M 

0.47 
0.44 
0.41 
0.37 
0.38 

/ 
0 
0.48 
0.83 
1.1 
1.5 

a Calculated from eq 6 and 7. * Calculated from -d/ME/d<r = 0.19 
and —dmT/dcr+ = 1.15. c For benzyl chlorides.36'54 d For benzyl 
brosylates.52 Winstein et al. report values of /MG w = 0.425 for benzyl 
chloride and /MGW = 0.394 for benzyl tosylate.55 

compounds. When this curvature is sufficiently steep, motion 
of the transition state perpendicular to the reaction coordinate 
may be neglected and the reaction may be described according 
to the two-dimensional reaction-coordinate-energy diagram 
that is usually used in applications of Hammond's postulate. 
When it is less steep and the transition state moves perpen­
dicular to the reaction coordinate, as in the reactions of benzyl 
compounds, the two-dimensional "Hammond postulate" de­
scription is an oversimplification and the reaction may be ad­
equately described only by a three-dimensional diagram such 
as Figure 4. 

It is commonly assumed that the total bond order to a central 
carbon atom remains constant during a reaction. When this 
is the case it may be reasonable to describe structure-reactivity 
behavior of displacement reactions on a methyl group in terms 
of only the bonds that are being formed and broken and with 
a two-dimensional reaction-coordinate diagram. However, in 
benzyl compounds account must be taken of electron donation 
to the central carbon atom from the benzene ring and its sub­
stituents, perpendicular to the bonds that are forming and 
breaking, so that the sum of the bond orders to the attacking 
and leaving atoms can change without changing the total bond 
order to the central carbon atom. Changes in this perpendicular 
bonding can be described by a diagram such as Figure 4, but 
not by a simple two-dimensional reaction coordinate-energy 
profile, and must be taken into account in considerations of the 
structure-reactivity behavior of these reactions. 

The rate constants on the right-hand side of Figure 2 show 
that for the more reactive thiol anions there is a larger selec­
tivity for substituents on the benzyl bromide and, conversely, 
for the more reactive benzyl bromides there is a larger sensi­
tivity toward the nucleophilicity of the attacking thiol anion.22 

There has been much discussion of the "reactivity-selectivity 
principle" (RSP)58'60 and these results might be taken as an 
example of a "failure" of this principle. 

In fact, the data are consistent with the behavior that is 
expected from the reaction-coordinate diagram of Figure 4 and 
the above discussion. The sign of the structure-reactivity 
coefficient/?*/ = dpb/—d<rnuc = dpnuc/ —d<7b and the direc­
tions of the shifts in the position of the transition state with 
changing structure are the same as for the aniline series, so that 
the properties of the transition state are very similar for these 
two related reactions according to these criteria. The different 
sign of p in the two reactions may be attributed to a simple, 
constant electrostatic effect resulting from the introduction 
of an additional negative charge into the transition state in the 
thiol anion reaction, as suggested above for other reactions of 
anionic nucleophiles. We suggest that the "reactivity-selec­
tivity principle" is an oversimplification because it takes into 
account only one of the several factors that influence changes 
in transition-state structure. 

It is also considered a failure of the RSP if no changes in 
structure-reactivity parameters and the position of the tran-
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sition state are observed when the reactivity of the reactants 
is changed. Such changes depend on the direction of the re­
action coordinate and the curvatures parallel and perpendicular 
to the reaction coordinate in the diagram of Figure 4, and no 
change will be observed if (a) there is a cancellation of the 
vectors for movement parallel and perpendicular to the reaction 
coordinate so as to produce no net movement in one direc-
tion20'33-39 or (b) the curvatures are sufficiently steep as to give 
no significant shift of the transition state with a given change 
in structure, as noted above. For example, the absence of a 
change in the value of /3nuc for the alkylation of pyridines over 
a range of 108 in reaction rate59 and the large shifts in transi­
tion-state structure in the benzyl halide series are consistent 
with the expected steep upward curvature perpendicular to the 
reaction coordinate in the direction of carbenium ion formation 
in the former reaction and a much smaller curvature that re­
flects the smaller barrier for formation of the carbenium ion 
in the latter reaction. 

Thus, we believe that all reactions should not be expected 
to follow the "RSP" and that the RSP should be abandoned 
as a general principle. Changes in structure-reactivity rela­
tionships that do not follow the RSP do not represent failures 
of reactions to follow rational structure-reactivity principles, 
but rather provide useful information from which differences 
in the properties of transition states and their surrounding 
energy surfaces may be inferred for different classes of reac­
tions. 
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