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The kinetics of the oxidation of a-hydroxyacetophenone
by copper(Il) in buffered aqueous pyridine have been
studied spectrophotometrically. The reaction follows the
rate law v = kj[ketol] + kjfketol[Cut?. The first
term corresponds to the independently determined rate
of enolization and the second term is the major one at
Cu'l concentrations greater than 0.01 M. A kinetic
isotope effect, kulkp = 7.4, was observed, and the effect
of substituents correlated with a p of 1.24. The rate-
determining step for the second term appears to involve
the removal of a proton from the copper(Il) chelate of the
ketol. These results make the previously obtained data
for oxidations in aqueous solutions more intelligible.

Although the oxidation of ketols by alkaline solutions
of copper(ll) has been known for many years,? the
first kinetic study of the reaction was reported by
Weissberger and his students in 1930.2 They found
that the rate of oxidation of benzoin to benzil was
first order with respect to the concentrations of benzoin
and hydroxyl ion, but independent of the initial con-
centration of copper(Il). Further, the rate of oxida-
tion was equal to the rate of autoxidation or of racemi-
zation of benzoin under the same conditions. These
data, coupled with the observation that the effect of
substituents was the same for autoxidation as for oxida-
tion with Fehling’s solution, suggested that enolization
was the rate-determining step.

Parrod,* Singh,® and their co-workers have investi-
gated the kinetics of other a-hydroxycarbonyl com-
pounds. Unfortunately, these workers used reducing
sugars such as glucose and fructose as model com-
pounds. Under the conditions used for the oxidation,
these sugars undergo extensive epimerization. How-
ever, the rate of oxidation is still independent of the
concentration of Cu'® and remains approximately first
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order with respect to the concentrations of hydroxide
ion and reductant.

The most recent work is that of Marshall and Waters.®
The oxidations of acetoin and benzoin using Benedict’s
solution were found to follow the rate law previously
observed. The reaction has a short induction period,
and this could be almost entirely eliminated by removal
of dissolved oxygen before the reaction is initiated.
Even in the absence of oxygen, the oxidation was found
to exhibit a brief autocatalytic stage before becoming
zero order with respect to cupric ion. The effect could
be eliminated by the addition of copper powder or a
portion of a partly reacted mixture to the reaction
system.

These workers also reported that “oxidation occurs
much less rapidly than does enolization.” In order to
account for these observations, they proposed the
mechanism
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Here, the rate-determining step was assumed to be
that characterized by k;. The cuprous ion will be
present in solution in constant concentration once the
cuprous oxide begins to precipitate. Thus the rate of
reaction will be independent of the concentration of
cupric ion used.

In order to test this ingenious explanation, we have
investigated the oxidation of a ketol, a-hydroxyaceto-

(6) B. A. Marshall and W. A, Waters, J. Chem. Soc., 2392 (1960);
1579 (1961).
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Figure 1. Typical first-order plot of oxidation of a-hydroxyaceto-
phenone in unbuffered aqueous pyridine at 25°,
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Figure 2. Typical first-order plot of oxidation of «-hydroxyaceto-
phenone in buffered aqueous pyridine at 25°.

phenone, by copper(Il) in aqueous pyridine solution.
Under these conditions, cuprous ion remains in solu-
tion because of the good complexing ability of pyridine
towards this ion. The oxidation leads to phenylglyoxal
as the product which is only slowly oxidized to other
products. Although the nature of the reaction medium
is such that it is difficult to isolate the phenylglyoxal
in good yield, the fact that the stoichiometry was found
to involve two copper(Il) for each ketol consumed
makes it reasonably certain that the reaction may be
adequately described by

2Cu*? 4+ CH;COCH,0H + 2HO~ —>
2Cu+ 4 C¢H;COCHO + 2H;O

The rate of the oxidation was followed spectrophoto-
metrically (650-850 mu) under pseudo-first-order condi-
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Figure 3. The effect of pyridinium acetate on the rate of oxida-
tion of a-hydroxyacetophenone at 25°,

tions. The copper(Il) solution was isolated from the
reductant solution during the process of degassing using
the cells described previously” The solutions were
brought to the reaction temperature in the evacuated
cell which was then inverted to mix the solutions.
Unless otherwise stated the following data will refer to
a 50 mole 77 pyridine-water mixture and a temperature
of 25.0°.

The initial absorbance of the reaction mixture, ob-
tained by extrapolation of the kinetic data, agreed with
the absorbance of a solution identical with it in every way
except that the ketol was not present. This indicates
that there was no mixing of the solutions before initi-
ation of the reaction. In most cases, the rate con-
stants were determined in duplicate or quadruplicate
runs. The average deviation between these runs varied
from =0.5to =3.4%; typical data are shown in TableI.

Table I. Reproducibility of the Rate of Oxidation
of a~-Hydroxyacetophenone by Copper(Il) in
50 Mole %, Pyridine-Water at 25.0°

Run no. ki X 104, sec.mle
134 2.26)
135 2.221
136 2.22, 2.23 £ 0.01
137 2.23)
283 2.271
294 2.26
295 5 1] 2.27 = 0.03
286 2.34
« [Cull] = 0.014 M, [ketol] = 0.70 M, [PyH*] = 0.020 M, =

0.25 M.

The oxidation of a-hydroxyacetophenone (0.20 M)
by cupric acetate (0.014 M) exhibited an initial self-
retardation (Figure 1), but became first order with
respect to the concentration of copper after 507
reaction. This is expected since the stoichiometric
relation indicates that acetic acid is formed in the
reaction. Since the aqueous pyridine solution is
essentially unbuffered, the basicity of the medium will
decrease and this should result in a decrease in rate.
The effect could be eliminated by the addition of
pyridinium acetate (0.020 M) and the reaction gave a
good, first-order kinetic plot (Figure 2). The effect of

(7) K. B. Wiberg and P. A, Lepse, J. Am. Chem. Soc., 86, 2612 (1964).
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pyridinium acetate addition on the rate of reaction was
determined over a range of concentrations giving the
data shown in Figure 3. The linear portion of the
kinetic curve decreased to 409 reaction when the
pyridinium acetate concentration was raised to 0.20 M.

The rate law was determined by measuring the effect
of varying the concentrations of the reactants on the
rate constants. The effect of copper(1l) concentration
is summarized in Table II. Except at very low con-

Table II.  Effect of Initial Copper(II) Concentration on the
Rate of Oxidation of a-Hydroxyacetophenone®

103, 1.

[Cull] mole~! sec.”t

0.002 (8.2 %+ 0.1 X 10-%)

0.007 2.80 = 0.03

0.014 2.03 + 0.01

0.024 1.77 = 0.01

0.035 1.61 = 0.01

0.050 1.53 + 0.01

0.065 1.54 + 0.01 -,
0.080 1.59 = 0,02 [ 1-69 % 0.11 X 10
0.100 1.65 = 0.01

0.125 1.75 + 0.01

0.140 1.72 = 0.01

« Each rate constant is based on a duplicate determination.
[ketol] = 0.70 M, [PyH*] = 0.20 M, p = 0.50 M. °* First-order
rate constant (sec.”!), i.e., the zero-order rate constant for the dis-
appearance of copper(II) divided by the ketol concentration.

centrations, the reaction shows a first-order dependence
on the concentration of oxidant. The effect of a-
hydroxyacetophenone at a copper(Il) concentration of
0.014 M is shown in Figure 4. Here, a good linear
dependence is found indicating a first-order dependence
on the concentration of ketol. It was not possible to
determine the effect of hydroxyl ion concentration on
the rate of reaction for even low concentrations resul-
ted in precipitation of cupric hydroxide. This occurred
even in the presence of the better complexing agent, bi-
pyridyl.

The effect of solvent composition on the rate of re-
action was determined giving the data in Table III.
The effect is quite small. In view of the lack of data

Table ITI. Effect of Pyridine Concentration on the Rate of
Oxidation of a=-Hydroxyacetophenone at 25.0°

Mole &% ke X 103, 1

C:H:N mole~! sec.”1e
5 8.39 = 0.02
10 7.23 4 0.00
20 4.73 = 0.02
30 3.36 = 0.00
40 2.77 = 0.08
50 2,63 = 0.02
60 3.00 = 0.02
80 5.02 % 0.02

@ Average of duplicate determinations; the error is the observed
average deviation. [Cull] = 0.014 M, [ketol] = 0.20 M, [PyH*] =
0.020 M, u = 0.062 M.

for analogous reactions in this solvent system, it is not
possible to make any interpretations from these data,
The effect of ionic strength on the rate of reaction was
also determined giving the data in Table IV. Here
again, the effect is quite small. The rate constant for
the oxidation was determined at 15.0, 25.0, and 35.0°
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1 1 1 — 1 .
.0 0.1 02 .3 0.4 0.5 06 o7

CONC. 2:HYDROXYACETOPHENONE {mols/l)

Figure 4. The effect of the concentration of «-hydroxyaceto-
phenone on the rate of Cu(II) reduction.

(k = (0.95 = 0.02) X 10~3; (2.97 = 0.02) X 103, and
(8.69 = 0.15) X 10-3 sec.”1, respectively) giving the
activation parameters AH* = 189 =+ 0.4 kcal./mole
and AS* = —6e.u.

Table IV, Effect of Ionic Strength on the Rate of Oxidation
of e=Hydroxyacetophenone in 50 Mole & Pyridine-Water

ke X 108, 1

mole™}

u, M sec.~1e
0.062 2.97 £ 0.02
0.187 2.98 £ 0.02
0.250 2.97 &= 0.02
0.375 3.09 = 0.03
0.500 3.16 &= 0.05
0.717 3.17 £ 0.01

@ Average of quadruplicate determinations except the last which
was run in duplicate. The errors given are the observed average
deviations. [Cull] = 0.014 M, [ketol] = 0.20 M, [PyH*] = 0.020
M.

The above data indicate that the rate law is v =
K[CuJketol] when the copper(II) concentration is
greater than 0.01 M., A base is probably involved at
some step in the reaction, but the order with respect
to it cannot easily be defined since the solvent would be
the base. At very low concentrations of copper(Il)
the rate law becomes v = k[ketol] and is independent
of the copper(Il) concentration. The cuprous ion
which is formed in the reaction has no effect on the
rate even though it remains in solution.

It is possible that the rate observed at low copper(IT)
concentrations corresponds to enolization of the ketol.
The rate of enolization was determined in the reaction
solvent by following the rate of hydrogen-deuterium
exchange using the disappearance of the  5.12 meth-
ylene band in the n.m.r. as the analytical tool. The
reaction involves two hydrogens and is an example of
consecutive, first-order reactions which may be sym-

0O O~ O

% ks I fast (J.l
ArCCH:OD —> ArC=CHOD ;(—)) ArCCHDOD

2

O O~ 0O

}I: ke é_ fast “
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2
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Figure 5. First-order plot of deuteration of a-hydroxyaceto-
phenone at 25°.

bolized as

k1 ke
A—B—>C
The concentrations of A and B as a function of time are
given by

[A] = [Aloe ™"

(B] = k[ZAﬁ,k;ﬁ(e_w _

e—kzl)

Since A contains two enolizable hydrogens whereas B
contains only one, the rate of proton removal from A
will be twice that from B (neglecting a presumably
small secondary isotope effect).

k1 = 2k2

Similarly, A will contribute twice as much to the
5.12 signal as B. The relationship between the con-
centrations of A and B and the observed peak area, D,
will be

2[A] + [B] = aD

where « is a proportionality constant.
A combination of the previous equations gives

aD = [Alf2e™ 4 0 ek —

—kat
s e™™)]

or

aD = 2[Ale™*
Taking logarithms, we obtain

InD = —kit+c

A typical plot for the data obtained is shown in Figure
5. The values of ki(2k;) which were obtained are
summarized in Table V. The value of the Hammett
reaction constant, p, based on the three compounds
studied, was +1.6.
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Figure 6. The effect of the concentration of cupric acetate on the
initial rate of Cu(II) reduction at 25°.

The rate of disappearance of copper(Il) is twice the
rate of ketol consumption, and thus the rate of oxida-
tion must be divided by two to give the rate of disap-
pearance of the ketol. In Figure 6 are shown the

Table V. Rates of Enolization of «-Hydroxyacetophenones
in 50 Mole % Pyridine-Deuterium Oxide at 25°

Concn., Kk X 107,
Compd. M sec.—la
p-CH,0CHCOCH,OH 0.700 3.4+0.1
CH:COCH:OH 0.700 14.8 &= 0.1
m-BrC¢H ,COCH:0H 0.400 56.0+ 0.2

« The error is the average deviation of duplicate determinations.
Each solution contained 0.020 M pyridinium acetate.

initial rates of oxidation of a-hydroxyacetophenone
using difterent copper(Il) concentrations. The inter-
cept using either 0.020 or 0.20 M pyridinium ion was
(0.4 = 0.1) X 10~® mole 1.-! sec.~L. In terms of dis-
appearance of ketol, the rate constant is 2 X 10-¢
mole 1.-! sec.—L. In Table VI it is shown that the re-

Table VI. Kinetic Hydrogen Isotope Effects in the
Oxidation of a~-Hydroxyacetophenone by Copper(11)

[CeH s 10%ks, 1. mole=!
COCH:;0OH] Solvent sec.”1¢
0.200 H,O 2.97 £0.02
0.200 D;0O 2.44 £ 0.06
0.700 H:0 3.19 £ 0.01
0.700 DO 2.96 = 0.02
0.700° H.0 0.434 £ 0.004
0.700¢ DO 0.375 £ 0.010

e Each solution contained 0.014 M cupric acetate and 0.020 M
pyridinium acetate, u = 0.25 M. ° The ketol contained deuterium
in the methylene position.

placement of water by deuterium oxide causes a re-
duction in rate of oxidation by a factor of 1.2. In

Journal of the American Chemical Society | 87:17 | September 5, 1965



T T
3.0k o {p-CHy0) 8
2.9
2.8F

2.7

2.3

2.2

a.1pF -
{m-Br)
I

1 L 1 1 1
-0.3 -0.2 -0.1 0.0 O. [X] 0.3 04
SUBSTITUENT CONSTANT

Figure 7. Hammett plot for the oxidation of e-hydroxyaceto-
phenones by Cu(II).

deuterium oxide-pyridine, the initial rate of ketol dis-
appearance would then be (1.7 = 0.5) X 10-% mole 1.-!
sec.” L

The rate constant for enolization was found to be
1.5 X 10-% sec.—L. For a ketol concentration of 0.700
M as used in the experiments described above, the
initial rate would be (1.1 = 0.1) X 10~% mole 1.-1
sec."!, In view of the uncertainty in the extrapolation
to zero copper(Il) concentration in Figure 6, the initial
rates of oxidation and enolization are in good accord,
and we conclude that the term of the rate law which is
independent of copper(Il) concentration corresponds
to the rate of enolization.

The kinetic hydrogen isotope effect for the reaction
was determined. The ketol was labeled at the meth-
ylene position via acid-catalyzed exchange with deu-
terium oxide. The exchange could easily be followed
using the n.m.r. spectrum. The rate constants given
in Table VI show that ky/kp = 7.4.

The predominant reaction, under conditions used
for most of the experiments, occurred more rapidly
than enolization, showed a kinetic dependence on
copper(Il) concentration and had a kinetic isotope
effect. These data suggest the initial formation of a
ketol-copper(Il) chelate followed by a rate-determining
proton abstraction by pyridine. In the proton-

’,Cu+
0 79
RCCH0H + Cu? R—C—CH;
Cu',
u' \? I
R—C—C)H Hw, R—C—CHOH + Cut
H
Py:.]

f
R(O=)CCHOH + Cut*? —as—; R(O=)CC(=0)H + Cu* + H*

removal step, which is formally a Lewis acid catalyzed
enolization, the copper(Il) would presumably be re-

3.6

3.4

32

w
O

n
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Figure 8. The effect of bipyridine on the rate of a-hydroxyaceto-
phenone oxidation at 25°,

duced to copper(I). The radical formed would then
be oxidized by an additional copper(II) to the observed
product. It is known that radicals are rapidly oxidized
by copper(I).8

Several observations support this mechanistic hy-
pothesis. First, it is known that copper(ll) catalyzes
the enolization of compounds such as acetoacetic
ester.? Second, the effect of substituents on the rate of
oxidation (p = 1.24, Figure 7) is close to the effect of
substituents on the rate of enolization (p = 1.6).
Third, the oxidation of «-methoxyacetophenone (see
below) is much slower than that of «-hydroxyaceto-
phenone. An electron or hydrogen atom abstraction
from the substrate by copper(Il) would be expected to
operate about equally well with the ketol and its
methyl ether. The formation of the copper chelate
would be markedly disfavored by going from the ketol
to the methyl ether.

If a ketol-copper(lI) chelate were the intermediate,
it seemed of interest to determine the effect of copper
complexing agents other than pyridine on the rate of
oxidation. It is known that 2,2'-bipyridine is a better
complexing agent for copper(Il) than is pyridine®;
the effect of adding bipyridine to the reaction solutions
is indicated in Figure 8. It can be seen that the rate
of oxidation initially rises. The maximum rate is
found at about a 1:1 ratio of bipyridine to copper(II).
The rate then decreases with a shoulder on the curve
at a 2:1 ratio of bipyridine to copper(II) and a sug-
gestion of another shoulder at a 3:1 ratio. This be-
havior is easily interpreted in terms of the mechanism
given above. The first bipyridine does not significantly
restrict the formation of a ketol-copper(Il) chelate,
but it does increase the electrode potential of the cop-
per(Il}-copper(I) couple. Therefore, an increase in

(8) J. K. Kochi, B. M. Graybill, and M. Kurz, J. 4m. Chem. Soc., 86,
5257 (1964).

(9) K.J. Pedersen, Acta Chem. Scand., 2, 253 (1948); 2, 385 (1948).

(10) B. R. James and R. J. P. Williams, J. Chem. Soc., 2007 (1961).
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Figure 9. Typical zero-order plot of oxidation of «-methoxy-
acetophenone in buffered aqueous pyridine at 35°,

rate is observed. As additional bipyridine is added,
the formation of a ketol-copper(1I) chelate becomes less
favorable and the rate of oxidation decreases. When
enough bipyridine is added to effectively compete for
all six coordination sites about copper(Il), the rate of
oxidation of ketol approaches the value corresponding
to the rate of enolization.

In order to gain a better understanding of the ketol
oxidation, the reaction of a-methoxyacetophenone with
copper(Il) was studied. The data are presented in
Table VII. At low concentrations of copper(1l)

Table VII. Rate of Oxidation of a~-Methoxyacetophenone
by Cu(Il)in 50 Mole % Pyridine-Water

u, Temp., 108 &y,
[Cull] [Ether] [PyHY] M °C. sec.”!
0.0020¢ 0.700 0.020 0.03 25.0 0.99 = 0.01
0.0065 1.000 0.200 0.50 35.0 8.22 = 0.03
0.0140 0.200 0.200 0.50 35.0 14.0 = 0.1
0.0140 0.700 0.020 0.25 25.0 3.27 = 0.07
0.0140 0.700 0.020 0.25 35.0 8.97 = 0.05
0.0140 0.700 0.200 0.50 25.0 4.51 = 0.08
0.0140 1.000 0.200 0.50 35.0 10.2 £ 0.1
0.0350 1.000 0.200 0.50 35.0 12.8 = 0.1
0.0650 1.000 0.200 0.50 35.0 18.5 = 2.1

» Deuterium oxide was used in the solvent in this case.

(0.0065 and 0.0020 M), the data gave good, zero-
order plots up to 50%; reaction or better (Figure 9).
As the initial concentration of copper(Il) was raised to
about 0.065 M, the data would fit a first-order plot
about equally well. The first-order rate constants in
Table VII were obtained by dividing the zero-order
rate constants by the concentration of the ether.

A plot of ki against copper(Il) concentration for
entries 2, 7, 8, and 9 in Table VII gave the constants
shown in the expression v = 7.2 X 10-% + (1.8 X
10-9[Cut?]. Since these correspond to 1.0 M ether,
the second constant may be compared with the corre-
sponding value for the oxidation of the ketol at 35°,
8.7 X 10~31. mole—! sec.—!. Thus, methyl substitution
reduced the rate of oxidation by a factor of 50. The
rate of disappearance of the ether at 25° and 0.002 M
copper(Il) agrees with the rate of enolization measured
via deuterium uptake. The former is 0.5 X 10-¢
sec.~! (one-half the rate of disappearance of copper(II))
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and the latter is 1.2 X 10-¢ sec.~1. A dependence of
the first-order rate constants on the concentration of
ether may also be noted from the third and seventh en-
tries in Table VII. However, this may be a solvent
eftect resulting from the high concentration of ether
used in the latter experiment.

We may now ask what relationship exists between the
above data and those for aqueous solution. First, in
aqueous solution using citrate or tartrate as the com-
plexing agent, it is unlikely that a ketol could effectively
compete for two of the coordination sites about cop-
per(Il). The above results suggest that the reaction
should simply involve rate-determining enolization
and should give the observed, zero-order dependence
on copper(Il). A re-examination of the data of
Marshall and Waters® leads us to the conclusion that
considering the experimental errors in determining
hydroxyl ion concentrations in strongly basic solutions
in dioxane-water mixtures, especially at a high ionic
strength, the rates of oxidation and enolization ob-
served by them are the same within experimental
error.

In one study, we have found that copper(l) is very
easily oxidized by air to copper(Il). Only by thor-
oughly degassing our reaction solutions before mixing
them could we obtain good, first-order plots without
initial curvature. From this we conclude that the
initial curvature observed by Marshall and Waters was
probably due to the presence of a small amount of
residual oxygen. It appears to us that there is no
experimental support for the mechanism which they
proposed.

Experimental

Reagents. Pyridine (Fisher reagent grade) was
heated to reflux over barium oxide for 2 days and then
fractionally distilled through a 2.5 X 122 cm. Heli-
Pak column. The pyridine-water solutions were made
up by weight. Pyridinium acetate was prepared by
mixing equimolecular amounts of purified pyridine
and acetic acid (distilled from chromic acid under
vacuum).

Sodium perchlorate monohydrate (G. F. Smith,
reagent grade) was dried at 120°. Cupric acetate
(Fisher, reagent grade), cupric perchlorate (G. F.
Smith, reagent grade), deuterium oxide (99.7 %), and
bipyridine (Eastman White Label) were used as ob-
tained.

The 2-methoxyacetophenone (Aldrich) was purified
by preparative v.p.c. using an Aerograph Autoprep
A-700, and a Dow 710 silicone column. Phenylglyoxal
was prepared from acetophenone and selenium di-
oxide.!! It was converted to the hydrate with water
and recrystallized five times from water. Distillation
under reduced pressure gave the free aldehyde.

a-Hydroxyacetophenones. Approximately 2 moles of
diazomethane was generated in 3 1. of ether, from N-
methyl-N-nitrosourea and 4079 potassium hydroxide
solution.? The ether solution was dried over po-
tassium hydroxide pellets for 2 hr. To the cold solu-
tion was slowly added 0.27 mole of the acid chloride

(11) H. A. Riley and A. R. Gray, “Organic Syntheses,” Coll. Vol. II,
John Wiley and Sons, Inc., New York, N. Y., 1943, p. 519.

(12) F. Arndt, “Organic Syntheses,” Coll. Vol. II, John Wiley and
Sons, Inc., New York, N. Y., 1943, p. 165.
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with continuous stirring. The solution was allowed
to stand at room temperature for 1 hr. The ether and
excess diazomethane were removed by evaporation on
a steam bath. To the resultant red oil was added 2 1.
of 0.5 N sulfuric acid and the mixture was heated on a
steam bath for 2 hr. After cooling, the acid solution
was extracted with several portions of ether. The
ether solution was dried over sodium sulfate and
evaporated to give the crude ketol. The ketols were
purified by sublimation, recrystallization from n-
hexane (five times), and resublimation. In this way
were prepared a-hydroxyacetophenone-C'4, m.p. 85.5-
86.5°; p-methoxy-a-hydroxyacetophenone, m.p. 105.0~
105.5° (4997) (A4nal. Caled. for CoH;005: C, 65.1;
H, 6.1. Found: C, 65.0; H, 5.8); p-methyl-a-
hydroxyacetophenone, m.p. 93.0-93.5° (44 %) (A4nal.
Caled. for CyH,00,: C, 72.0; H, 6.7. Found: C,
72.3; H, 6.6); p-bromo-a-hydroxyacetophenone, m.p.
134-135° (39%) (Anal. Caled. for CsH;BrO,: C,
447, H, 3.3; Br, 37.2. Found: C, 44.8; H, 3.2;
Br, 37.0); and m-bromo-a-hydroxyacetophenone, m.p.
101-102° (209) (Anal. Caled. for CsH;BrO.: C,
447, H, 3.3; Br, 37.2. Found: C, 44.7; H, 3.1;
Br, 37.1).

a-Hydroxyacetophenone-a,a-ds.  a-Hydroxyaceto-
phenone (50 g., 0.37 mole) was heated to reflux with
99.7 % deuterium oxide (200 ml.) containing deuterio-
sulfuric acid (2.0 g., 0.02 mole) for 16 hr. with rapid
stirring. Upon cooling, the ketol crystallized from
solution. The air-dried solid was equilibrated with
another equal portion of deuterium oxide-deuterio-
sulfuric acid for 18 hr. The ketol was filtered, dried
over phosphorus pentoxide under vacuum, recrystal-

lized from n-heptane, and sublimed twice at 85°
(0.1 mm.). Before use, the ketol was recrystal-
lized five times from n-heptane and resublimed, m.p.
86.0 and 86.5°.

Kinetic Method. The solution of copper(Il) in
pyridine-water was placed in one arm of a U-tube
attached at its center to a spectrometer cell, and the
solution of the ketol in pyridine-water was placed in
the other arm. The solutions were degassed under a
good vacuum by successive freezing and melting. The
solutions were thermostated at the reaction tempera-
ture, and then mixed by inverting the tube. The
absorbance of the solution was determined as a func-
tion of time at a wave length in the range 650-850
mu. From two to eight runs were made for each
set of experimental conditions and the average values are
reported.

Rate of Enolization. Acetic acid-d was prepared by
heating an equimolar mixture of freshly distilled acetic
anhydride and deuterium oxide. It was distilled
through a Vigreux column at atmospheric pressure,
b.p. 115.5-116°, To a weighed amount of this acid
was added an equimolar amount of pyridine. The
preparation of the buffer was completed by the addi-
tion of 50 mole 97 pyridine-deuterium oxide.

An aliquot of a freshly prepared solution of the
enolizable compound in the deuterated solvent was
placed in an n.m.r. sample tube, degassed by the freeze—
melt process, and sealed under vacuum. The n.m.r.
spectrum was taken periodically to determine the rate
at which the methylene peak disappeared. The samples
were kept in a 25° thermostat between measurements
and at 25 = 2° while in the n.m.r. spectrometer.
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The rates of hydrolysis of diethyl acetylmalonate and di-
ethyl acetylethylmalonate to acetic acid and diethyl
malonate or diethyl ethylmalonate, respectively, have
been measured at pH values between 0 and 14. The pH-
rate profile of each shows two regions in which the rate of
hydrolysis is independent of pH and two regions in which
it is proportional to the concentration of hydroxide ion.
This dependence on pH has been interpreted in terms of
a change from rate-determining cleavage of the carbon-
carbon bond in a hydrated ketone intermediate at low pH
fo rate-determining formation of the intermediate at
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higher pH values. This interpretation is supported by the
observations that the reaction is catalyzed by carboxylic
acid buffers at pH 5 (slow hydration), whereas it shows
no such catalysis at pH 3 (slow carbon-carbon bond
cleavage), and that the catalytic constants for the buf-
fers decrease with increasing buffer concentration at pH
values- in the range 4.25-4.98, which is caused by the
(uncatalyzed) cleavage step becoming partially rate de-
termining at high buffer concentrations.

Introduction

Kinetic studies on the reaction of a number of nucleo-
philic reagents with carbonyl groups have provided
evidence for the initial formation of an adduct be-
tween the carbonyl group and the nucleophile (a
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