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The Kinetics of the Benzilic Acid Rearrangement

By F. H. WESTHEIMER!

Introduction

In 1932 Whitmore? advanced a general theory
which postulated a positive ion as the inter-
mediate in all molecular rearrangements. Not
only a large amount of qualitative evidence, but
also the quantitative work of Meerwein,?® support
this hypothesis, at least for the Wagner—-Meerwein
(retropinacol) rearrangement. Ingold,* in 1928,
put forth another general theory of rearrange-
ments in which a negative ion was assumed as
the intermediate; later® he pointed out that it is
difficult to reconcile Whitmore’s views with the
facts of the benzilic acid rearrangement. The
present work, a quantitative study of the benzilic
acid rearrangement, supports Ingold’s conten-
tion that the intermediate is the negative ion

o—
CGHE—C‘I—C—CaHs.
HO O
presented elsewhere, deals with the rearrange-
ment of benzil o-carboxylic acid, especially as con-
cerns the salt effect.
Method

Lachman,® in 1924, showed that there are
three reactions which take place when benzil, in
aqueous alcoholic solution, is treated with alkali

CeH;COCOCH; + KOH —> (C:H;);COHCOOK
CeH:;COCOCsH; + KOH —> C:H;COOK + CeH;CHO

2C5H5COCOC5H5 + CgHgOH —_— C30H2404

The second of these three reactions, a cleavage,
goes on only in the presence of alcohol, and to the
extent of only a few per cent. when the alcohol is
less than half of the total solvent. The third
reaction, the production of ‘‘ethyl dibenzil,”
also a minor reaction, again occurs only in the
presence of alcohol. The structure of ‘‘ethyl
dibenzil”? is unknown. The first reaction, the
rearrangement of benzil to benzilic acid, is quan-
titative in aqueous solution; in aqueous alcohol
yields of 90-959, are obtained. Since benzil,

(1) National Research Fellow in Chemistry,

(2) Whitmore, THIS JoURNAL, B4, 3274 (1932).

(3) Meerwein and van Emster, Ber., 53, 1815 (1920); ibid., 88,
2500 (1922).

(4) Ingold, Ann. Rep. Chem. Soc., 38, 124 (1928).

(5) Ingold, ibid., 80, 177 (1933).

(8) Lachman, TE1S JOURNAL, 46, 779 (1924).

(7) Jena, Ann , 188, 77 (1870); Owens and Japp, Am. Chem. J.,
7, 16 (1885-86).

Another study, which will be

even in the absence of salt, is 'soluble only to the
extent of 0.3 g./1. at 100°, it was necessary to
employ 329, alcohol in this kinetic study. The
secondary reactions interfered but slightly with
the results obtained.

The rate of rearrangement of benzil was meas-
ured at 100° in 329 alcoholic solutions of potas-
sium and barium hydroxides, and in phenol-
phenolate ion and o-chlorophenol-o-chlorophenol-
ate ion buffers. While many studies have been
made of the pK of phenol and chlorophenol at
room temperature,® the value of these constants at
100° was unknown. In order to ascertain the
hydroxyl ion concentrations of the buffer solu-
tions, the hydrolysis constants of phenolate and of
o-chlorophenolate ions were measured at 100°
in 32% alcohol by conductivity.

Ampoules, filled with the reacting solution,
were removed from the thermostat at stated times
for analysis. Since it would have been difficult
if not impossible to determine the concentration
of benzilic acid, acidimetrically, by difference, es-
pecially in the buffered solutions, an extraction
method was employed. The contents of the
ampoules were acidified and the organic matter
brought into ether using a continuous extractor.
Subsequently the ether was distilled off, the
benzilic acid taken up in alcohol-water and
titrated with 0.01 M carbonate-free alkali, using
thymol blue as the indicator. When buffered
solutions were employed, they were neutralized,
bicarbonate solution added, and the mixture
extracted. This removed the phenol or o-
chlorophenol; after acidifying again, the benzilic
acid was obtained by a second extraction.

A difficulty, encountered in connection with
the buffers, was the air oxidation of the alkaline
phenol solution. This produced a red indicator-
type dye which effectively obscured the thymol
blue end-point. It was impossible to obtain con-
sistent results until the ampoules were evacuated
and filled with nitrogen before sealing. The
ampoules were of a type which prevented mixing
of the phenol with the alkali until they were in-
verted.

(8) Murray and Gordon, THiS JoURNAL, 57, 110 (1935), and refer-
ences contained therein.
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TABLE I
TyPICAL VELOCITY DETERMINATION

pc. stands for the number of cc. of 9.01 M potassium hydroxide used in titration, x, for the concentration of benzilic
acid, ¢ — x the concentration of benzil, b — x the concentration of potassium hydroxide present at any time: #is quoted

in minutes. The standard equation, employing natural logarithms, was used for the calculation.
a (b — x)

Qc. x e =z b—x Logb(a—x) D kR X 10 Dev,
2.72 0.00149 0.00505 0.0485 0.099 )
4.06 .00222 .00432 .0478 .160 0.061 15.2 2.13 0.18
5.00 .00274 00380 .0473 211 112 33.3 1.78 .17
5.91 .00323 .00331 .0468 .267 .168 45.7 1.94 .01
6.62 .00362 .00292 .0464 .319 .220 61.3 1.89 .06
7.48 .00409 .00245 .0459 .389 .290 76.8 2.00 .05

Average 1.95 0.09 or 5%,

Since the analyses proved accurate to 19,
velocity constants could be obtained.

Experimental

The thermostat is a large copper tank designed as in
Fig. 1. A hot plate boils water in the lower compart-
ment. Steam fills the boiler, heats the wells (which are
filled with paraffin) and the condensate is returned from
the reflux to the lower compartment. The cold end of the
condenser is attached to a pressure regulator, of the type
designed by Coffin,® with picein. By maintaining constant
pressure, constant temperature was assured. The thermo-
stat, which required no attention whatsoever, operated at
100.04 = 0.03° for a period of five months. The absolute
temperature was determined with a Bureau of Standards
calibrated thermometer.
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Fig. 1.—The thermostat.

Conductivity Apparatus.—The conductivity cell was a
Washburn!® type B cell, made of Jena glass, with 1.3-cm.
smooth platinum electrodes 8 cm. apart. The conduc-
tivity apparatus was of the standard Washburn type.

- Extractors were designed as in Fig. 2. They were
constructed entirely of .glass, using interchangeable
ground-glass joints. Blanks showed that benzilic acid, in-
troduced with alcohol as in the actual experimental con-

(9) Coffin, Tris JoUurNaL, 55, 3646 (1933); Crist and Roehling,
thid., 87, 2196 (1935).

(10) Washburn, ibid., 88, 2431 (1916); . Washburn and Parker,
ibid., 89, 235 (1917).

ditions, could be removed quantitatively in one hour.
The precision was 19,. When buffers were used, the solu-
tion was brought to the methyl orange end-point, and 10
cc. of 0.1 M sodium bicarbonate solution added. The
solution was extracted for two hours in the case of phenol,
three hours in the case of o-chlorophenol. Three cc. of
1 M hydrochloric acid was
then added through the AN
funnel and the solution ex-
tracted for ome hour after
the acid had permeated the
entire aqueous layer (as =L
shown by the methy! orange
color). Blanks showed that \
this method removed the
benzilic acid from phenol ethew
with an accuracy of 19%,. fager - s
Materials.—The benzil ¢ H

solution ---

was an Eastman chemical, .. ether
recrystallized twice from

carbon tetrachloride, twice glass

from alcohol. The cor- Spire! "’CE

rected m. p. was 944°. '\‘)

Eastmal.a chlorophenol was Fig. 2.—Continuous extrac-
three times vacuum dis- tor.

tilled from an ordinary

Claisen flask; the corrected freezing point was 9.1° over
a few hundredths of a degree range. After five vacuum
distillations and subsequent fraction freezing, Eastman re-
crystallized phenol froze at 40.5° over 0.1° range. The
alcohol was freed of aldehyde by the method of Dunlap.!!
All salts were recrystallized from water. Only carbonate-
free alkali was employed.

Results

The reaction between benzil and OH™ ion is
bimolecular. This conclusion is based not only
on the fact that a constant is obtained with a
bimolecular equation, but also on the fact that
the constant remains sensibly the same while the
concentrations of the reactants are varied tenfold.
The small deviations observed which are outside
the possible experimental error may be due to the
fact that the side reactions, referred to above,

(11) Dunlap, ibid., 38, 395 (1906)
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are more prominent in one case then in the other.
A typical run, in which the average deviation
is of the usual magnitude, is recorded.

The rate constants obtained using varying
initial concentrations of benzil and of hydroxylion
(but a constant ionic strength of 0.3) are shown in
Table II.

TaBLE II
"BIMOLECULAR RATE CONSTANT FOR THE BENzILIC AcCID
REARRANGEMENT
Conen, Concn. Concn,
of benzil of KOH of KCI k
0.008 0.15 0.150 2.17 X 1071
.006 .05 .250 1.95 X 1071
.006 .015 .285 1.79 X 101
.003 .005 .295 2.12 X 1071
.02 .05 .250 1.85 X 1071

While the variation is somewhat greater than
the experimental error, it is indeed small for a
tenfold change in the concentration of both re-
actants. Such variation as there is in the rate
constant with change in hydroxyl-ion concentra-
tion must be discounted in view of the evidence,
reported below, obtained with buffered solutions.
A small change in the extent of the side reactions
with increasing concentration of benzil would
account for that part of the variation in the con-
stant which exceeds the experimental error.
The effect of increased salt concentration upon
the reaction is small, but positive, as is shown in
Table III.

TaBLE III
THE SALT EFFECT IN THE REARRANGEMENT OF BENzIL
Conen. Concn. Concn.
of benzil of OH~- of KCl m k
0.008 0.05 0.05 1.89 X 107!
.006 .05 0.25 .30 1.97 X 107!
.007 .05 .70 .75 2.15 X 10t

If the reaction is truly a bimolecular one be-
tween benzil and hydroxyl ion, the rate should be
the same regardless of what metallic hydroxide is
employed. In solutions of low ionic strength, the
rate with barium hydroxide indeed proved ap-
proximately equal to that with potassium hy-
droxide; there is, however, a large positive salt
effect with increased concentration of barium

chloride. The results are tabulated below.
TABLE IV
THE SaLT EFFECT WITH BarRiUM CHLORIDE ON THE
REARRANGEMENT OF BENZIL
Concn. Concen. Concn.
of benzil of OH~ of BaCls “ k
0.006 0.0100 0.015 2.61 X 1071
.007 .0100 0.050 .165 3.69 X 1071
.007 .0100 .242 .740 5.13 X 10t
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In buffered solution, the pseudomonomolecular
rate constants drifted to lower values of 2 as the
run progressed. Some, at least, of this effect was
due to the fact that the buffer does not hold the
hydroxyl ion concentration constant, but this
concentration diminishes during the run. It is,
however, possible to separate this effect from any
real drift which may occur. The following ap-
proximation formula was developed to compen-
sate for the change in hydroxyl ion concentration
during the course of the reaction
Let x = concentration of benzilic acid
a = original concentration of benzil
b = original concentration of phenolate ion

¢ = original concentration of phenol
K1 = hydrolysis constant of phenolate ion

dx . _ oo (Phenolate ion)
T k(Benzil)(OH-) and (OH-) = K (Phenol)
d
Sog = kKu(a — )Ebh’:))

Since b and ¢ are large compared with x, little

error is introduced by replacing (b — x)/(c + x)
1

¢l 4+ [(d+ c)fbcle

this substitution, and integrating the resultant

equation, we obtain

¢ a) log e __

a—x be
Here the left side of the equation embodies the
correction; the product (b/c)kK, can be con-
sidered a new constant 2. The results obtained
with this equation still have, on the average, some-
what of a drift, although this hardly exceeds the
experimental error. Typical values for k', ob-
tained over about 509, reaction, are 1.70, 1.31,
1.46, 1.45, 1.38. The values of %' in various buf-
fer solutions are recorded below.

by the expression -

Making

TABLE V
RATE OF REARRANGEMENT OF BENZIL IN BUFFERED
SOLUTIONS
Ratio of
Concn, of phenolate
Concn. Concn, phenolate = ion to
of benzil of KCl ion phenol k!
0.012 0.185 0.115 2.00 4,71 X 104
.010 .250 .050 1.00 2.40 X 10 4
.01 .118 .182 1.00 2.32 X 10
.009 .300 1.00 2.44 X 10 ¢
.009 .268 .032 0.50 1.40 X 10
.009 .108 .192 .50 1.46 X 10 ¢

Using o-chlorophenol and o-chlorophenolate ion,
the results given in Table VI were obtained.

The results with phenol were easier to re-
produce than the very slow rates obtained with
o-chlorophenol.
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TaBLE VI
RATE OF REARRANGEMENT OF BENZIL IN BUFFERED
SOLUTIONS
Benzil concn. 0.008 0.010
o-Chlorophenolate ion concn. .026  .190
Ratio of o-chlorophenolate ion to o-chloro-
phenol 3.00 3.00
Potassium chloride concn. 0.274 0.110
kB’ X 104 .92 .72

It is at once obvious from these figures that the
rate is dependent upon the buffer ratio but not

F. H. WESTHEIMER
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of their separate conductivities, and that there is a
certain solvent effect due to the presence of un-
dissociated phenol or o-chlorophenol. Further-
more, these effects are magnified in solutions of
moderate concentration.!?

In the calculations using the data of Table VII
below, the conductivities of the phenolate and o-
chlorophenolate ions were corrected for the hy-
droxyl ions in the buffer solutions before calculat-
ing the percentage hydrolysis.

TasLE VII
HYDROLYSIS OF PHENOLATE AND 0-CHLOROPHENOLATE IONs AT 100° 1N 329, ALCOHOL

Compound Conen. Compound Conen. Resistance

KOH 0.01500 776.8

KOH .003106 3602.8
Phenolate .2620 Phenol 0.3640 120.46
Phenolate .2617 Excess KOH .00151 107.41
"0-Chlorophenolate .3055 0-Chlorophenol .1670 106.30
o-Chlorophenolate .3038 Excess KOH .00150 102.46

Phenolate ion is 7.3% hydrolyzed in the presence of 0.69%, excess potassium hydroxide.

o-Chlorophenolate ion is

1.79%, hydrolyzed in the presence of 0.5%, excess potassium hydroxide.

upon the concentration of the phenolate ion
present. That is to say, the reaction is not one
involving general base catalysis, for, if it were,
the rate would increase, at constant buffer ratio,
as the concentration of the phenolate ion increases.
Furthermore, the change in rate with change in
buffer ratio is approximately that which would
be predicted if the reaction is strictly between
benzil and OH~ ion.

The rates in buffered and unbuffered solutions
enable us to determine the hydrolysis constant
of phenolate and of o-chlorophenolate ions.
From Table V, the average value for phenol of
ck’'/b (which is equal to kKy) is 2.54 X 1074,
with an average deviation of 8%,. Likewise,
from Table I, the average value of the bimolecu-
lar constant k is 1.98 X 107!, with an average
deviation of 79%. The value for K from kinetic
measurements, then, is 1.28 X 10~% for phenol,
and likewise is 1.37 X 10~ {or o-chlorophenol.

The hydrolysis constant of a weak acid can be
determined independently by measuring, by
conductivity, the degree of hydrolysis of the potas-
sium salt. A difficulty arose here in the manner in
which the measurements should be made. For,
to be comparable to the kinetic data, the con-
ductivity measurements should be made at an
ionic strength of 0.3. While these were the
experimental conditions used, it is necessary to
bear in mind that the conductivities of two salts
in the same solution are not necessarily the sum

(Phenol) (OH™)/(Phenolateion = Ky. The final

results are, then, given in Table VIII

TasBLE VIII

HyproLysis CONSTANTS OF PHENOLATE AND o-CHLORO--
PHENOLATE IONS

Ky
Compound Kinetics Conductivity
Phenol 1.28 X 103 1.61 X 102
0-Chlorophenol 1.37 X 10 1.15 X 10—

Before the significance of these figures can be
appreciated, the possible errors must be evalu-
ated. The error in the quotient of the two.
velocity constants may well be 10 or 15%. An
error of 0.19, in the percentage hydrolysis of
phenolate ion would mean an error of about 3%
in the value of K, ; a similar error in the case of
o-chlorophenolate ion would represent an error
of a little more than 109,. If, then, there are no
errors introduced because of the divergence from
ideality of solutions as concentrated as 0.3 molar,
we would expect that the constants obtained by
the two different methods would agree within
about 209,. The disagreement, while a trifle
greater than this, is of this order of magnitude,
and the pK of phenol and chlorophenol deter-
mined by the two methods agree within 0.1 pK
unit.

Since the values of the hydrolysis constants.
determined by the two methods agree as well as.

(12) Maclnnes, Shedlovsky and Longsworth, Chem. Rev., 18,
29 (1933).
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can be expected, we are justified in the assump-
tion, used in the calculation of the hydrolysis con-
stants from the kinetic data, that the bimolecular
rate constant holds throughout the entire range
of acidities studied. Essentially, the hydroxyl
ion concentration has been varied 425-fold with-
out changing the velocity constant by more than
the experimental error.

Peroxide Effect.—The work of Kharasch and
Foy'? on the oxygen catalysis of the Cannizzaro
reaction suggested that the effect might be pres-
ent in the benzilic acid rearrangement. Using
the same precautions with which the results of
Kharasch were repeated, no retardation was
noted in the rearrangement. If such a catalysis
exists, it levels off too rapidly to invalidate the
kinetic data recorded above.

Discussion of Results

In aqueous solution, benzil undoubtedly exists
in equilibrium with its hydrate, and with the
negative ion which results from the ionization of
the hydrate

CO—CO—
—c—co— —c—co—

Whitmore? suggested that the first reaction is
one between a positive ion and benzil, followed
by a shift of electrons to form a carbonium ion,
the true, unstable intermediate.

CC CC
0::0: (PO 60 )T
&)
[::: C :C :[:j
6: b,
& ]

However, regardless of whether this primary
addition is the slow step, or merely an equilibrium
supplying the starting product for some other
slow step, the theory would demand a strong
positive ion catalysis. Such does not exist,
and Whitmore’s hypothesis cannot possibly be
correct in this case. As a carbonium ion is the
most likely intermediate in the Wagner-Meerwein
rearrangement,® it is necessary to postulate more
than one type of ionic intermediate for molecular

rearrangements.
(13) Kharasch and Foy, THis Journ~atr, 87, 1510 (1935).
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Ingold* suggested that the negative ion which
results from the ionization of benzil hydrate is
the first intermediate; a shift of electrons so
that ten surround one C atom forms the true,

unstable intermediate.
: C

The kinetic data give no indication of whether
this second hypothesis is correct, but they do
very definitely point to this negative ion as the
intermediate.'* No other assumption would ex-
plain the fact that the rearrangement of benzil
is bimolecular over more than a four hundred-
fold change in hydroxyl ion concentration.

This ion could be formed by one of three
mechanisms, namely, by general base catalysis,
in which case a base would remove a hydrogen
ion from the hydrate, by addition of an hydroxylt
ion to benzil, or by direct ionization of the hy-
drate. The fact that the rate is independent of
the concentration of phenolate ion is definite
proof that the reaction is not an example of
general base catalysis. The kinetic data afford
no means of differentiating between the other two
possibilities.

Furthermore, the ionization cannot be ex-
tensive in any of the solutions studied. For,
if it were, a simple calculation shows that the
rate would vary with Jess than the first power of
the hydroxyl ion concentration; such is not the
case. Moreover, a doubly ionized benzil mole-
cule is also impossible, for if such an ion were
involved, the reaction would of necessity show
a large positive salt effect. Therefore, not only
can the reaction adequately be explained on the
basis of this ion as intermediate, but most other
likely hypotheses can be eliminated definitely.

:r.::o:o::c}:

(14) Dr. P. D, Bartlett has pointed out in discussion that the fact
that this migration occurs in a negative rather than a positive ion
is not so foreign to Whitmore’s generalization as might appear,
According to this viewpoint, the essential feature of rearrangements
is the migration of some group R: with an electron pair to a position
having electron-attracting character. In the pinacol rearrangement
such a position must be produced by the formation of a positive
ion. Benzil, on the other hand, has an electron-attracting center
permanently in the starred carbon atom of the carbonyl group:

The appearance of a negative charge on the other CO group facili-
tates the release of the adjacent pheny! group with its electron pair.
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Summary
1. The rate of the rearrangement of benzil to
benzilic acid has been measured in solutions of
hydroxyl ion and in phenol-phenolate and o-
chlorophenol-o-chlorophenolate ion buffers, all

F. A. LonG AND A. R. OLSON
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in 329, alcohol at 1009,
bimolecular.

2. The hydrolysis constants of phenolate
and of o-chlorophenolate ions have been measured,
in 329, alcohol at 100°, by conductivity.

3  The conclusion is drawn that the rearrange-
o-

The reaction is strictly

ment proceeds through the ion C,H;—CI—C—CSHE.

HO
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The Rate of Exchange between Chloride Ion and Chlorine in Aqueous Solution

By F. A. Lonc AND A. R. OLsON

Two investigations dealing with the rate of
exchange between halide ions and halogens have

been published recently. Grosse and Agruss®.

studied the exchange between bromine and
bromide ion and Hull, Shiflett and Lind? that be-
tween iodine and iodide ion. Both of these in-
vestigations employed radioactive indicators to
follow the reactions. We can conclude from the
results of these investigators that considerable
interchange takes place during the course of
several minutes, but no attempt was made in
either investigation to ascertain the order of
magnitude of the rate of the interchange reaction.

In studying the mechanism of the rearrange-
ment of chloroacetylaminobenzene, Olson, Porter,
Long and Halford?® found that it was necessary
to know whether such an interchange was fast
or slow compared to the rate at which chlorine
reacts with acetanilide in aqueous solution.
Since this latter reaction is itself extremely fast,
it is obvious that we could draw no inferences
from the published investigations which would be
valid in this work. We have therefore deter-
mined the relative speed of these two fast reac-
tions by passing non-radioactive chlorine into an
aqueous solution of acetanilide and radioactive
chloride ion, followed by an examination of the
distribution of the radioactivity in the products of
the reaction. Radioactivity in the resulting
chloroacetanilide will thus indicate that the
chlorine has interchanged with the chloride ions

(1) A.V. Grosse and M. S. Agruss, TH1s JoUrNAL, 87, 591 (1935).

(2) D. E. Hull, C. H. Shifiett and S. C. Lind, sbid.. 58, 535 (1936).

(3) A.R. Olson, C. W, Porter, F. A, Long and R. S. Halford, to be
published soon.

before chlorinating the acetanilide. Even though
the chlorination of acetanilide is immeasurably
fast, we found the exchange reaction to be com-
plete within the limits of experimental error.

Experimental

0.033 Mole of acetanilide was dissolved in 35 cc. of 959,
alcohol, 515 cc. of 1 N sulfuric acid added and 0.0825 mole
of radioactive sodium chloride was dissolved in this mix-
ture. The concentrations in the resulting 550 cc. of solu-
tion were thus 0.06 M acetanilide and 0.15 M chloride ion.
Fifty cc. of this solution was withdrawn for radioactive
analysis and, to the remaining 500 cc., 0.00617 mole of
chlorine was added with vigorous shaking. The chlorine
disappeared rapidly and a precipitate of chloroacetanilide
appeared almost immediately. The organic matter, chloro-
acetanilide and unreacted acetanilide, was then extracted
with two portions of ether, the ethereal solution evaporated
to dryness and the solid material fused with potassium hy-
droxide in a nickel crucible. The resulting fused mass was
dissolved in water and acidified with nitric acid. To this
solution, containing chloride ion from the chloroacetanilide
only, and to the 50-cc. initial sample, excess silver nitrate
solution was added. Weighed amounts of the dried silver
chloride precipitates were dissolved in ammonium hydrox-
ide and radioactive determinations were then made by the
method described by Olson, Libby, Long and Halford.*
The control sample was made by using 0.4 g. of silver
chloride. From the fusion we were able to obtain only
0.33 g. of silver chloride and so 0.07 g. of non-radioactive
silver chloride was added. In comparing the radioactive
analyses this factor must be taken into account.

In Fig. 1 we have plotted the time against the logarithm
of the net count times the dilution. The circles repre-
sent the observed data and the straight lines have been
drawn with a slope corresponding to the known half-life
of radioactive chlorine (thirty-seven minutes), Our
radioactive material exhibited some gamma radiation but

(4) A. R. Olson, W. F. Libby, F. A. Long and R. S. Halford, THi1s
Jourwar, 88, 1313 (1936).



