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difficulties will not be insuperable and that the
vector method will provide a means of determin-
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ing molecular geometry in such complex systems.
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The hydrolysis of p-nitrobenzhydryl bromide in aqueous acetone is accelerated and the activation enthalpy changed when

part of the acetone is replaced by hexane or by aromatic compounds.

complex formation is proposed.

Although certain macroscopic properties of the
solvent, as for example the dielectric constant, are
of importance in determining the effect of solvent
changes on reaction rates, such macroscopic prop-
erties are quite inadequate for any complete ex-
planation of solvent effects. This is especially
noticeable in the case of mixed solvents! or when
an attempt is made to explain the effect of solvent
changes on activation parameters as well as on
rates.? One of the special solvent effects that must
be considered is the formation of molecular com-
plexes. Another is the tendency of solvent in the
vicinity of a solute molecule to have a different
composition from that in the bulk of the solvent
in the case of mixed solvents.

The partial positive charge on the central carbon
atom of the transition state for p-nitrobenzhydryl
bromide hydrolysis should confer an enhanced sta-
bility on w-complexes formed by the transition
state as compared to those formed by the ground
state. As a result the free energy of activation of
the hydrolysis should be lower in the presence of
appropriate complexing agents even though the
addition of the complexing agent may lower the
dielectric constant of the solvent. We have carried
out the indicated experiments and find a rate effect
in the predicted direction. The effect is a small
one, however, and seems to be superimposed on a
larger effect having nothing to do with the forma-
tion of w-complexes.

Table I shows the effect of replacing part of the
acetone in a standard aqueous acetone solvent with
various aromatic compounds and with hexane in
concentrations about 1 molar. The most conspicu-
ous result is the acceleration (14 to 399,) of the re-
action in any of the other mixtures as compared
with aqueous acetone. The null hypothesis for
these rate differences has a negligible probability.?
The difference in activation enthalpy for the reac-
tion in aqueous acetone and in aqueous acetone—p-
dimethoxybenzene has only a 159, probability of
being null while the differences in entropy of activa-
tion have a rather high probability of being null ex-
cept in the case of hexane. It is therefore reason-
able to seek explanations of the rate effect that pre-
dict it on the basis of a decrease in activation en-
thalpy. The next most conspicuous feature of Table

(1) N. Farinacci and I.. P. Hammett, Tuis JournaL, 89, 2542
(1937); 60, 3097 (1938).

(2) H. E. Cox, J. Chem. Soc., 119, 142 (1921).

(3) W.J. Youden, ““Statistical Methods for Chemists,’”’ John Wiley
and Sons, Inc., New York, N. Y., 1951,

An explanation in terms of preferential solvation and

I is the fact that hexane not only accelerates the
reaction but has a larger effect on the activation
parameters than any of the other addends. Since
m-complexing can be neglected in the case of hex-
ane, and since hexane certainly does not make the
reaction mixture more polar, at least one additional
factor must be at work.

In a three-component solvent system there is no
difficulty in finding explanations of the experimental
facts but only in defending a preferred explanation
selected from many. The explanation presented
here is by no means the only possible one but does
make use of the predicted effect of complexing by
aromatic compounds Large, relatively non-polar
organic molecules like p-nitrobenzhydryl bromide
and its transition state for hydrolysis will tend to
surround themselves preferentially with the or-
ganic components of a mixed solvent. Some, but
not all, of the organic solvent molecules must be
displaced to make room for water molecules in the
transition state. The most easily displaced solv-
ent component will be hexane. The solvent that
contains hexane in place of some of the acetone
therefore has a lower activation enthalpy. Acetone
and the aromatic compounds interact more than
hexane with the alkyl bromide and are less easily
ejected to make room for water molecules. Since
they are more firmly held, their release is attended
by an increase in entropy, hence the generally
higher activation enthalpies and less negative en-
tropies for acetone and the aromatic compounds.
In the case of the aromatic compounds those mole-
cules that remain in the aggregation about the
transition state partly counteract the general in-
crease in activation energy by complexing with the
transition state. Thus the aromatic molecules give
a lower activation energy than acetomne, an effect
which is greater with the substituted benzenes than
with benzene itself.

Table II shows the effect of increasing the water
content on the rates in aqueous acetone. Since
added water seems to accelerate the reaction almost
entirely by an entropy effect, the activation enthal-
pies being unchanged within their probable errors,
it is unlikely that the non-polar solvents produce
their acceleration by releasing water, for example
from an acetone-water complex. Any purely en-
tropy effect on changing the concentration of a
reagent can be described either as a medium effect
or as a concentration effect. If the effect of adding
water to these solutions is merely that of changing
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TaBLE I
REPLACEMENT OF ACETONE WITH OTHER SOLVENTS
Rate const. AHF, ASF,
Solvent ¢ Temp., °C. min. ~t keal./mole cal./mole deg.

RBr 0.0321 49.99 £ 0.02 1.61 X 104
H,0 4.61 49.99 1.63 X 104
Acetone 12.48 75.68 1.78 X 10~ 20.13 £ 0.07 -21,82 & 0.21%

75.68 1.83 X 103

92.47 = .03 7.01 X 102

92.47 6.95 X 10~
RBr 0.0322 50.01 = .02 2.22 X 10¢
H;0 4.62 50.02 2.11 X 10—
Acetone 10.77 75.61 2.06 X 103 19.34 £+ 0.09 —-23.71 = 0.27
Hexane 0.973 75.71 2.15 X 103

92.45 = .03 8.03 X 10~

92.56 &.00 X 10—

92.56 8.42 X 103
RBr 0.0321 49.98 = .02 2.09 X 10+
H,0 4.64 49.98 2.06 X 10—+
Acetone 10.87 75.53 2.24 X 10~ 19.90 £+ 0.07 -22.05 = 0.19
p-Dimethoxybenzene 0.990 75.57 2.16 X 103

92.33 = .03 8.43 X 103

92.35 8.57 X 10~
RBr 0.0321 50.00 = .02 2.26 X 10~¢
H;0 4.61 50.00 2.25 X 10+
Acetone 10.79 75.68 2.40 X 10~ 19.94 £ 0.08 —21.75 = 0.23
m-Dimethoxybenzene 0.944 75.72 2.51 X 103

92.56 = .03 9.55 X 103

92.62 9.37 X 1073
RBr 0.0321 50.00 = .02 2.19 X 10~¢
H;0 4.61 50.00 2.21 X 10~¢
Acetone 10.79 75.60 2.45 X 10~ 20.07 &= 0.08 —21.41 = 0.23
Nitrobenzene 1.230 75.67 2.42 X 10~

92.45 = .03 9.37 X 103

92,47 9.29 X 103
RBr 0.0321 49.98 = .02 1.86 X 10—+
H,0 4.61 49.98 1.89 X 10~*
Acetone 10.79 75.59 2.06 X 10-3 20.09 = 0.06 -~21.65 = 0.18
Benzene 1.399 75.59 2.07 X 103

02.38 = .03 7.91 X 103

02.43 8.05 X 10~

@ Figures in this colum represent molarity of p-nitrobenzhydryl bromide, water, acetone and added substance. * Prob-
able error.

TABLE 11
INCREASE 1IN WATER CONCENTRATION
Temp., Rate const, AH :t, AS :3:,
Solvent? °C. min, 7t kcal./mole cal./mole deg.
RBr 0.0321 49.99 &= 0.02 3.80 X 10—¢
H,0 6.00 50.01 3.60 X 10~¢
Acetone 12.08 50.02 3.64 X 10~¢ 20.07 £+ 0.14° -20.39 £ 0.42°
75.72 3.83 X 103
75.74 3.75 X 103
75.71 4.26 X 10~
92.50 £ .03 1.562 X 10~?
92.55 1.64 X 1072
RBr 0.0321 49.89 2.44 X 10—¢
H,0 5.32 49,89 2.39 X 10—
Acetone 12.25 74.99 2.40 X 103 20.25 & .12 —20.68 = 0.37
74.99 2.47 X 103
74.99 2.50 X 10-3
92.55 1.13 X 102
92,58 1.06 X 102

e Molarities p-nitrobenzhydryl bromide, water and acetone. ° See also Table I for 4.61 M H;0O. ¢ Probable error.
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the concentration of a reagent, then the molecular-
ity of the reaction with respect to water is about 2
to 4.

Experimental

p-Nitrobenzhydrol* was made from p-nitrobenzophenone.®
It is crystallized by adding petroleum ether to the chilled
benzene solution over a period of several hours. The chief
impurity is unreduced ketone. Four crystallizations are
usually needed to give alcohol of sufficient purity melting
at 73.0-75.5°.

p-Nitrobenzhydryl bromide® is made by adding purified
p-nitrobenzhydrol (17 g.) to a stirred mixture of 60 cc. of
coned. sulfuric acid and 160 cc. of 489, hydrobromic acid.
After 20 hours of stirring at room temperature the solution
is poured into a slurry of ice and water and extracted with
ether. The ether solution, washed with water, dried over
sodium sulfate and evaporated leaves a brown oil. The
oil is distillable in a Hickman molecular still, boiling in the
neighborhood of 155-165° at 10-3 to 10~* mm. The prod-
uct is 15 g. of a light yellow oil. It usually assays about
98.2 to 99.09%, p-nitrobenzhydryl bromide as estimated by
treating an acetone solution of the bromide with aqueous
silver nitrate and weighing the silver bromide. Further
distillations do not raise the assay and the infrared spectrum
indicates that the impurity is the innocuous p-nitrobenzo-
phenone.

Anal. Caled. for C3HyyNO,Br: C, 53.44; H, 3.45; Br,
27.35. Caled. for 98.89, C1aH1yNO;Br and 1.29, C;sH,NO;:
C, 53.62; H, 3.89; Br, 27.03. Found: C, 54.09; H, 3.77;
Br, 27.09.7

Solvents.—Acetone (Baker and Adamson Technical) was
dried over calcium chloride for one week, then distilled
through a 19-plate bubble-cap column, b.p. §6.5°, Water
was distilled and redistilled from alkaline permanganate.
p-Dimethoxybenzene and m-dimethoxybenzene were East-
man White Label grades. Benzene, nitrobenzene and hex-
ane were reagent grade materials dried and distilled from cal-
cium hydride through a one-meter helix-packed column.

Kinetic Runs.—Sealed ampoules were withdrawn from
the thermostat at noted times and quenched in ice-water,

(4) Directions for the reduction of benzophenone itself were fol-
lowed. A. L, Wilds, **Organic Reactions,’” Vol. II, John Wiley and
Sons, Inc., 1944, p, 205,

(5) We wish to thank Dr, Don Carroll for synthesizing some of the
#-nitrobenzophenone.

(6) Several people working in our laboratory reported a severe
dermatitis on the fingers, arms or face while working with the bromide
and Its precursors. Experiments with mice confirmed the irritant
nature of these compounds.

(7) Carbon-hydrogen analysis by Clark Microanalytical Labora-
tory.

HyDROLYSIS OF p-NITROBENZHYDRYL BROMIDE

2511

In the case of solutions containing hexane it was found
necessary to freeze the evacuated ampoules in liquid nitrogen
while sealing them. Hexane vapor evidently decomposes
in contact with the hot glass and prevents a good seal. A
5-ml. aliquot was removed from each ampoule after quench-
ing, poured into about 15 cc. of acetone and titrated with
0.02 to 0.04 N sodium hydroxide using one drop of a 29,
solution of methyl red in 849, acetone as the indicator.

Calculations.—Zero time was the time of withdrawal of
the first ampoule, usually after about five minutes to allow
thermal equilibration. The reactions were followed to
over 809, of completion. Acid titers were converted to
concentrations of alkyl bromide treating the infinity titer
as a parameter adjustable to give the best first-order ki-
netics. In all cases the value used was close to the theoreti-
cal value but slightly higher than the experimental one,
There appears to be a very slow acid-consuming side reac-
tion. Calculations were made using the weighed least
squares formula

k = 2.303% log Cgc—‘f C/E(t 7))

in which C is the infinity acid titer minus the titer at time 2.
Activation parameters and their probable errors were cal-
culated by the method of least squares to give the best fit
to the equation®

AH¥ as#*

BT AHT ASH
Te RT ¢ R

k

Effect of Dimethoxybenzene on the Spectrum.—The ad-
dition of p-dimethoxybenzene to acetone solutions of p-
nitrobenzhydryl bromide produces a yellow color. This
is not, however, due to the charge-transfer band of a molecu-
lar complex but is merely the result of a moderate shift
in wave length of one of the p-nitrobenzhydryl bromide
bands from a position almost entirely in the ultraviolet to a
position partly in the visible region. The shift in wave
length takes place without change in shape of the band.
Because of the opacity of acetone to shorter wave lengths
and the irrelevance of results in other solvents, no further
search was made for a band assignable to a complexed
ground state.
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