2042

MANUEL BALLESTER AND PaurL D. BARTLETT

Vol. 75

[CoNTRIBUTION FROM THE CONVERSE MEMORIAL LABORATORY OF HARVARD UNIVERSITY]

The Kinetics of the Base-catalyzed Condensation of Benzaldehyde with Phenacyl
Chloride

By MANUEL BALLESTER* AND PAUL D. BARTLETT
REecEIVED DECEMBER 11, 1952

The rate of the base-catalyzed condeunsation between benzaldehyde and phenacyl chloride has been measured in dioxane-

water mixtures at 0° under conditions leading to a high yield of benzalacetophenone epoxide.
order, the rate-determining step involving benzaldehyde, phenacyl chloride and hydroxyl ion.

The reaction is of the third
This fact is interpreted as

indicating that enolization of phenacyl chloride and epoxide formation from the chlorohydrin are both much more rapid

than the attack of phenacyl chloride anion on benzaldehyde.

It is generally agreed! that condensation reac-
tions involving a hydrogen atom in the a-position to
the carbonyl group of an aldehyde, ketone or ester
have enolization of that carbonyl compound as an
essential first step. The enolization of this com-
pound, commonly called the B-component in an al-
dol reaction, may or may not be the rate-determin-
ing step in the reaction as observed. In the base-
catalyzed aldolization of acetaldehyde?® and in that
of glyceraldehyde with itself or with dihydroxyace-
tone? kinetic and tracer evidence indicates that the
A-component is so reactive toward the enolate ion
of the B-component that essentially every enoliza-
tion is followed immediately by attack of the eno-
late anion upon the carbonyl group of the A-compo-
nent. In other cases studied, including the espe-
cially carefully investigated aldolization of acetone*
the enolization step is found to be so much more
rapid than the attack upon the carbonyl group that
the B-component and its enol essentially establish
equilibrium during the reaction.

Aldolization is a highly reversible reaction; kin-
etic and mechanistic conclusions concerning the for-
ward reaction in the general case must be drawn
from a study of the reverse reaction and a knowl-
edge of the position of the equilibrium. In the
Darzens condensation and related reactions® the
primary product of aldolization is a halohydrin an-
ion which is converted irreversibly into an epoxide
by an intramolecular displacement. The Darzens
condensation accordingly appears to be a favorable
case for the observation of the kinetics of aldol con-
densation with active and inactive reactants alike.
For this reason we have undertaken to explore the
kinetics of the Darzens condensation and have
chosen as a first example the reaction of benzalde-
hyde with phenacyl chloride catalyzed by sodium
hydroxide. After ascertaining that this condensa-
tion could be carried out in dioxane-water mixtures
under the conditions projected for the kinetic study
with a yield of 94.5%, of the epoxide of benzalaceto-
phenone, an investigation was made of possible
ways of following the reaction.
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Experimental

Analytical Method.—In 50% aqueous dioxane even at 0°
the reaction between benzaldehyde and phenacyl chloride
in the presence of. equivalent concentrations of hydroxyl
ion was so rapid that it was necessary to find an analytical
method which permitted dilution of the phenacyl chloride
to concentrations between 5 X 107¢and 10~ molar. It was
found that self-condensation of phenacyl chloride® could be
rendered inappreciable by the use of a 9- to 20-fold excess of
benzaldehyde over phenacyl chloride. The use of this ex-
cess required that the benzaldehyde be exceptionally pure
with no detectable amount of benzoic acid and that the re-
action be protected completely from the possibility of atmos-
pheric oxidation. The benzaldehyde was accordingly
prepared for use by distillation and storage under nitrogen.
Storage vessels and reaction vessels were kept stoppered at
all times and all transfers of reagents and solutions were
made through stainless steel needles.

Attempts to titrate either the benzaldehyde? or the chlo-
ride ion® were abandoned because all the methods tried either
were too insensitive for the concentration required or, in
the case of chloride ion, were interfered with by either ben-
zaldehyde or dioxane. It was found possible to obtain
check analyses by the potentiometric titration of the chlo-
ride .on using silver and tungsten electrodes,® but the best
nmethod of following the reaction proved to be after all the
titration of the hydroxyl ion with standard acid. The
sodium hydroxide was always used in moderate excess over
the phenacyl chloride so that its concentration changed to
a conveniently measurable extent during the reaction.
In the early runs it was established that the amount of
phenacyl chloride initially taken, the amount of chloride ion
liberated, and the amount of hydroxyl ion consumed during
the course of a run were all identical. In the kinetic calcu-
lations the initial concentration of phenacyl chloride was
always taken as the difference between the initial hydroxyl
ion titer and that after the reaction solution had stood for
about two days.

Procedure.—The reaction was initiated by rapidly in-
jecting with a hypodermic syringe a small amount of con-
centrated solution of phenacyl chloride in dioxane into the
solution of the other components previously cooled to 0°.
At suitable intervals aliquot portions of the mixture were
pipetted out for analysis of the sodium hydroxide. FEach
aliquot was added to a convenient excess of standardized
sulfuric acid solution and the excess acid was back-titrated
with standard base.

Isolation Experiment.—Benzaldehyde (1.5 g., 0.014
mole), 0.2 g. (0.005 mole) of sodium hydroxide and 0.387 g.
(0.0025 mole) of phenacyl chloride were dissolved in 125 ml.
of dioxane and 125 ml. of water previously cooled to 0°.
Two hours later the solution was diluted with water to 1 liter
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and left at 0° for 12 hours. Then the mixture was rendered
slightly acid with acetic acid and salted out with sodium
chloride. After several more hours at 0°, filtration and dry-
ing yielded 0.531 g. of benzalacetophenone epoxide melting
at 88.5 to 89.0°. Thisis a 94.5% yield.

Other Preliminary Experiments.—It was ascertained by
titration of chloride jon that in 20 hours at 25° phenacyl
chloride liberated about 0.5%, of its chloride ion when pres-
ent alone in 509, aqueous dioxane, about 0.35% when present
with benzaldehyde, and not over 0.75%, in the presence of
benzaldehyde and 2 drops of concentrated sulfuric acid in
25 cc. of solution. In a buffer containing 0.1 N sodium
acetate and 0.1 N acetic acid in five days at 28° only 9%, of
the chloride ion was liberated. Considering the rapidity
with which the Darzens condensation takes place at 0°,
these experiments serve to establish the absence of appre-
ciable acid catalysis, of general basic catalysis from acetate
ion and of spontaneous or ‘‘water’’ reaction.

Results

All the runs were made at 0° since solubilities be-
came a limiting factor much below this tempera-
ture and the speed of the reaction precluded accu-
rate measurement above it. All runs were made in
the presence of 0.01 M sodium perchlorate to main-
tain a constant ionic strength. The benzaldehyde
concentrations varied from 4.77 X 1072 to 9.74 X
10—% the phenacyl chloride concentrations from
0.47 X 10~% to 1.04 X 1073, and the sodium hy-
droxide concentrations from 1.06 X 1073 to 1.54 X
10~3. In all these runs up to 70-80% the reaction
was of third order over-all, first order with respect
to aldehyde, first order with respect to phenacyl
chloride and first order with respect to hydroxyl
ion. Beyond 70-809, the curves showed a depar-
ture from third-order kinetics in the direction of a
slower reaction or a higher order. Table I summar-
izes the conditions of the runs and the values of the
third-order rate constants obtained.

TaBLE I
KiNeTic ExpeErRIMENTS AT 0°, Ionic StreNcTH, 0.01

Concentrations, moles per liter X 102 —_
Benz- Phenacyl Sodium

Run aldehyde chloride hydroxide kX 10-3

1 9.05 0.956 1.300 5.77

2% 9.54 0.474 1.064 5.81

3 9.74 1.041 1.540 5.81

4 9.08 0.522 1.544 6.08

5 4.77 0.521 1.544 6.16

Average B = 5.93 X 102 liters? moles—? min.—!

¢ The concentrations of the reactants reported in run 2
are those of the first aliquot.

Because of the excess of benzaldehyde the data
in any run are fitted almost as well by the equation
for a second-order reaction between phenacyl chlo-
ride and hydroxyl ion. The participation of benz-
aldehyde in the rate-determining step is shown by
the fact that the second-order rate constant in run 5
is only about half as great as in runs 1-4, containing
the larger concentration of benzaldehyde. Figure
1, showing the kinetic data for runs 2 and 5 plotted,
illustrates this point.
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Fig. 1.—Dependence of second-order rate constant (based
on phenacyl chloride and hydroxyl ion) upon benzaldehyde
concentration: @, run 2 (right-hand scale); O, run 5 (left-
hand scale). x = [OH™]; v = [CH;COCH,Cl].

Discussion

The kinetics as well as the qualitative course of
the haloform reaction!® shows that halogen in the a-
position to a carbonyl group has a powerful accel-
erating effect upon base-catalyzed enolization. At
the same time the anion of a chloroenolate must be
both less basic and less nucleophilic in the kinetic
sense than that derived from an unhalogenated ke-
tone. Since the base-catalyzed condensation be-
tween benzaldehyde and acetophenone involves
benzaldehyde in the rate-determining step,! it is
not surprising that such is also the case with phen-
acyl chloride, whose enolization should be faster
than that of acetophenone.l® It seems likely,
therefore, that the Darzens condensation will af-
ford no example in which enolization is the rate-
determining step of the condensation.

The kinetic facts are consistent with the reaction
sequence

rapid
CgHs(l'llCHzCl + OH- > H,0 4+ CeHC=CHCI
— 5
rate-determining
C¢HCHO + CH;C=CHC] —7m ————>

|
0- C6H5(|2HCHClﬁCsH5

O- (¢]
rapid
CeH:CH—CHCICC¢H; —» CH;,CH—CHCCsH; + Cl-
| I N
O- (¢]
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