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C6H6
+ or C6H4D

+, and that at 79 to C6H5^C13)+ or C6H6(IC
13)+ 

or C6H5D
+. The deuterium in the two deuterated samples of hy-

drocinnamic acid cited above is therefore present solely at the 
benzylic position. 

MethylethylphenyIbenzyl-7-C14-phosphonium Iodide. To 25 ml 
of tetrahydrofuran, distilled from lithium aluminum hydride after 
first having been treated with sodium hydroxide pellets, was added 
2.59 g of inactive methylethylphenylbenzylphosphonium iodide.16 

A nitrogen atmosphere was maintained over the stirred mixture as 
0.50 g of lithium aluminum hydride was added, and the new mixture 
was stirred and refluxed for 4 hr. Most of the tetrahydrofuran 
was removed by distillation, and 20 ml of 20% sodium potassium 
tartrate solution was added to the residue. The mixture was ex
tracted with two 50-ml portions of ether. The ether solution of 
methylethylphenylphosphine (III) was dried briefly over anhydrous 
magnesium sulfate, and then a solution of 1.53 g of benzyl-7-C14 

iodide having a specific activity of 39.1 mpcuries/mg of C in 15 ml 
of ether was added. The solution was allowed to stand overnight 
in the refrigerator, and then 0.8516 g of crude methylethylphenyl-
benzyl-7-C14-phosphonium iodide which had crystallized was 
collected by filtration. This salt was contaminated with methyl
ethylphenylphosphine oxide which had resulted by partial air oxida
tion of methylethylphenylphosphine during the manipulations 
cited above, even though the mixture had been protected by a 
nitrogen atmosphere as much as possible during the various opera
tions. Therefore, the crude salt was added to 8.8255 g of inactive 
methylethylphenylbenzylphosphonium iodide and recrystallized 
several times from acetone containing about 5% of methanol. 
The melting point of the completely purified salt was 170-171° 
(lit.16 mp 170-171°). 

Anal. Found activity for Ci6H20PI: 1.38 m/icuries/mg of C. 
Reaction of MethylethylphenyIbenzylidene-7-C14-phosphorane with 

Styrene Oxide. By the usual procedure, 7.0964 g of methyl-
ethylphenylbenzyl-7-C14-phosphonium iodide was converted to 
the ylide and condensed with styrene oxide. Pyrolysis of the 
adduct in decalin and the work-up described previously afforded 
1.16 g of crude, labeled benzylacetophenone. After several re-
crystallizations from ethanol, 0.4591 g of pure material, mp 71-72°, 
was obtained. This was diluted to 4.7700 g with inactive benzyl
acetophenone and recrystallized again from ethanol to give 3.1687 
g of the ketone. 

Anal. Calcd activity for Ci5H14O: 0.142 m/jcurie/mg of C. 
Found: 0.145 mjucurie/mg of C. 

In a previous paper4 we offered proof that the main 
intermediate in the oxidation of cyclohexanone is 

2-hydroxycyclohexanone. This study is concerned with 
the mechanism of its formation. 
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Schmidt Reaction of the Active Benzylacetophenone. This was 
carried out as described previously, and, from 2.9490 g of the 
labeled ketone, there was obtained 0.2661 g of highly purified, 
active hydrocinnamanilide, mp 96-97°. 

Anal. Calcd activity for Ci5Hi6NO: 0.142 mucurie/mg of C. 
Found: 0.139 mMCurie/mg of C. 

Hydrolysis and Degradation of Active Hydrocinnamanilide. 
This was carried out as described previously on the 0.2661 g of 
the active anilide, and there was obtained 0.18 g of crude, active 
hydrocinnamic acid. Several recrystallizations from hexane af
forded 0.0321 g of pure acid, mp 47-48°. This was diluted to 
4.3815 g with inactive hydrocinnamic acid and crystallized again 
from hexane. 

A portion of the active hydrocinnamic acid was subjected to the 
Schmidt reaction, and the carbon dioxide which was collected was 
found to be inactive. 

A 1.000-g portion of the active hydrocinnamic acid was added to 
50 ml of 0.1 M sodium hydroxide solution containing 4.75 g of 
potassium permanganate, and the mixture was heated at a bath 
temperature of 130° for 4.5 hr until the purple color had faded. 
The mixture was acidified with sulfuric acid, 1 ml of ethanol was 
added, and the mixture heated on the steam bath for 2 hr. A small 
amount of sodium bisulfite was then added to complete the reduc
tion of the manganese dioxide present. The clear solution, when 
cooled in an ice bath, gave 0.70 g of benzoic acid. This was re
crystallized from distilled water to give pure, active acid of mp 
121-122°. A portion of this acid was subjected to the Schmidt 
reaction and the carbon dioxide which was evolved was collected. 

Anal. Calcd activity for CO2: 0.0156 m/icurie/mg of C. 
Found: 0.0150 myucurie/mg of C. 

Acknowledgment. This work was supported in part 
by a grant from the Petroleum Research Fund ad
ministered by the American Chemical Society. Grate
ful acknowledgment is hereby made to the donors of 
the fund. It was also supported in part by the U. S. 
Atomic Energy Commission. The authors also wish 
to thank Dr. David R. Christman for the radioanalyses, 
Miss C. Redvanly for carrying out the Schmidt reac
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In an oxidation reaction a ketone can react with the 
oxidant either directly or in its enol form. Direct oxi
dations, demonstrated by an oxidation rate exceeding 
the rate of enolization, have been found for cobaltic6'6 

and eerie6,7 salts and for manganic sulfate6 as oxidants. 
AU of them undergo a one-electron reduction, and the 
reactions seem to have a free-radical mechanism. 

(4) J. Rocek and A. Riehl, / . Org. Chem., 32, 3569 (1967). 
(5) D. G. Hoare and W. A. Waters, J. Chem. Soc., 971 (1962). 
(6) J. S. Littler, ibid., 832 (1962). 
(7) S. Venkatakrishnan and M. Santhappa, Z. Physik. Chem. (Frank

furt), 16, 73 (1958). 

Mechanism of the Chromic Acid Oxidation of Ketones1,2 

Jan Rocek3 and Sr. Agatha Riehl 

Contribution from the Department of Chemistry, The Catholic University of 
America, Washington, D. C. 20017. Received July 14, 1967 

Abstract: The chromic acid oxidation of isobutyrophenone in acetic acid and of 2-chlorocyclohexanone in water 
undergoes, with increasing concentration of chromic acid, a change from first- to zero-order dependence in the 
oxidant. The limiting rate is close to the rate of enolization as determined by bromination measurements. This 
demonstrates that the oxidation of ketones proceeds through the enol intermediates. No direct oxidation of the 
keto form could be observed. 
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Examples of oxidations proceeding via an enol inter
mediate have been found for thallic, mercuric, and 
permanganate salts8 and for manganic pyrophosphate.9 

In all these reactions the formation of the enol is rate 
limiting, and the reactions are therefore of zero order 
in the ketone with the rates of oxidations and enoliza-
tions being equal. 

The only serious attempt to discuss the mechanism 
of the chromic acid oxidation of ketones has been made 
in two recent papers, both concerned with the oxidation 
of cyclohexanone, and both proposing a mechanism 
involving an enol intermediate.10 Umeda and Tarama12 

base their claim on certain similarities existing between 
the oxidation of cyclohexanone and cyclohexene, partic
ularly on changes of the acidity of the system in the first 
minutes of the reaction.13 Best, Littler, and Waters14 

found that the oxidation of cyclohexanone follows the 
rate law (1). Further, they observed a primary isotope 

o = fc[ketone][HCr04-][H+] (1) 

effect in the oxidation of cyclohexanone-2,2,6,6-c?4 
(^H/^D = 4.0:5.5) and a rather large solvent isotope 
effect Ĉ Dso/̂ HsO = 3.7:5.2); none of these observa
tions can be readily interpreted to give a clear conclusion 
about the reaction mechanism. 

We felt, therefore, that the mechanism of the forma
tion of the a-hydroxy ketone in the chromic acid oxida
tion of ketones has not been established and that the 
problem should be reinvestigated. Since the direct 
ketone oxidation and the oxidation by way of an enol 
intermediate cannot be kinetically distinguished as long 
as the oxidation is low compared to enolization, our 
efforts were directed toward finding a system where the 
oxidation and enolization would be of a comparable 
rate. 

Experimental Section 
Materials. Glacial acetic acid (Fisher reagent) was analyzed for 

its water content by the Karl Fischer method;16 water was added 
to prepare a 99.0% w/w solution. The solution was tested for its 
stability toward chromic acid under standard reaction conditions 
and it was found to react with chromic acid at a rate too slow to 
affect any of the kinetic measurements. Cyclohexyl phenyl ketone 
was obtained from Aceto Chemical Co., mp 54-55°. The ketones 
listed below were tested for purity by glpc; where more than a 
single peak was obtained, the compound was further purified by 
glpc. Isobutyrophenone, propiophenone, 3-methylcyclohexanone, 
and 3-methyl-2-butanone were all Eastman products. 2-Methyl-
cyclohexanone, 2-cyclohexen-l-one, and 2-chlorocyclohexanone 
(stabilized with 1% MgO-CaCO3) were products of the Aldrich 
Chemical Co. The last ketone was distilled under reduced pressure 
before use; a constant boiling fraction (54-55° (7.5 mm)) was used 
in the kinetic studies. Other materials were the same as used in the 
preceding paper.4 

(8) J. S. Littler, J. Chem. Soc, 827 (1962). 
(9) A. Y. Drummond and W. A. Waters, ibid., 497 (1955). 
(10) Prior to that, Wenkert and Jackson11 assumed intuitively that 

the chromic acid oxidation of a ketone proceeds by way of an enol 
intermediate without, however, offering any experimental support for 
their assumption. 

(11) E. Wenkert and B. G. Jackson, /. Am. Chem. Soc, 80,211 (1958). 
(12) K. Umeda and K. Tarama, Nippon Kagaku Zasshi, 83, 1216 

(1962). 
(13) As the oxidations were carried out in rather strongly acid solu

tions (0.4 M HCl), these changes in themselves are surprising. The 
reason for the observed changes in the glass electrode potentials is not 
clear. 

(14) P. A. Best, J. S. Littler, and W. A. Waters, / . Chem. Soc, 822 
(1962). 

(15) J. A. Riddik and E. E. Toops, Jr., in "Techniques of Organic 
Chemistry," Vol. Ill, A. Weissberger, Ed., 2nd ed, Interscience Publishers 
Inc., New York, N. Y., 1956, Chapter 5. 

Kinetic Measurements. Reaction rates were measured spectro-
photometrically in a thermostated cell holder of a Carl Zeiss PMQ 
II spectrophotometer at 350 m/a for chromic acid oxidations and at 
398 or 450 m/u for bromination experiments; the latter wavelength 
was used in 99% acetic acid and represents the isosbestic point for 
bromine-tribromide ion.16 Quartz inserts were used for measure
ments at high concentrations. Calibration curves were used to 
correct for deviations from the Lambert-Beer law. 

Rate constants were determined graphically as zero- or first-
order rate constants extrapolated to zero time in cases of nonlinear 
plots. First-order dependence on ketone concentration was as
sumed for all reactions and was verified experimentally in several 
cases. 

Determination of the Products Formed in the Oxidation of 2-
Chlorocyclohexanone. According to glpc analysis,4 the oxidation 
products of 2-chlorocyclohexanone are 77% adipic, 14% a-chlorc-
adipic, 5% glutaric, and 4% succinic acids. a-Chloroadipic acid 
(as dimethyl ester) was observed as a new peak of longer retention 
time (compared with the oxidation products of cyclohexanone4) 
and identified by infrared (spectrum closely related to that of di
methyl adipate) and by chlorine analysis (calcd: 17%; found: 
very approximately 20%, the analytical result is very crude be
cause only a minute amount of the compound (0.679 mg) was avail
able). 

Results 
Effects of Solvent Composition. Best, Littler, and 

Waters14 have studied the effect of chromic acid concen
tration on the rate of the oxidation of cyclohexanone in 
an aqueous solution. Their data show the reaction rate 
to increase with increasing chromic acid concentration 
throughout the whole range which they investigated 
(0.005 to 0.05 M CrO8). The reaction is less than first 
order in chromic acid, a finding which Waters and co
workers rationalized by assuming that only the mono-
meric chromium species can participate in the oxidation 
reaction.17 On the other hand, the relatively slow 
increase of reaction rate with increasing chromic acid 
concentration could also indicate a gradual change from 
a first-order to a zero-order dependence in chromic acid 
as would be required by an oxidation mechanism pro
ceeding through enolization. However, no decision 
can be reached on the basis of Waters' data: even the 
highest oxidation rate which he could measure was still 
about ten times slower than the rate of enolization under 
the same reaction conditions. 

This situation is not changed significantly when the 
solvent is changed from water to acetic acid (Table I) in 

Table I. Chromic Acid Oxidation of Cyclohexanone 
in 90% Acetic Acid at 30.0°; 0.50 M HClO4 

Cyclohex
anone, 

M 

0.0030 
0.0755 
0.0791 
0.0755 
0.0765 
0.0760 
0.156 
0.171 

CrO3, 
M 

0.00050 
0.00094 
0.0019 
0.0056 
0.0098 
0.020 
0.039 
0.079 

fa, 
M - 1 min-1 

0.607 
0.564 
0.436 
0.251 
0.214 
0.180 
0.167 
0.116 

Pordtn/ 

Eenolztn0 

0.0064 
0.011 
0.017 
0.028 
0.049 
0.075 
0.14 
0.19 

" The first-order rate constant for bromination of cyclohexanone 
under these reaction conditions is 7.1 X 10-2 min-1. 

(16) R. F. Cieciuch, Ph.D. Thesis, Harvard University, 1960. 
(17) This interpretation is similar to that invoked earlier by West-

heimer and co-workers18 in the case of the chromic acid oxidation of 
alcohols. 

(18) F. H. Westheimer and A. Novick, /. Chem. Phys., 11, 506 (1943). 

Journal of the American Chemical Society / 89:25 / December 6, 1967 



6693 

spite of the frequent observations that acetic acid solu
tions specifically accelerate chromic acid oxidations. 19~21 

Further, the oxidation rates of cyclohexanone do not 
increase with increasing concentration of acetic acid 
significantly more than does the H0 acidity (Table II). 

Table II. Effect of Solvent Composition on the Rate of 
Oxidation and Bromination of Cyclohexanone at 30° 

Table IV. Oxidation and Bromination Rates of Ketones in 
0.10 MHClO 4 in 99% Acetic Acid at 30°« 

Solvent 

H2O 
90% AcOH 
99% AcOH 

HClO4 

1.0 
0.50 
0.10 

H0 

-0.22» 
- 0 . 9 6 

- 1 . 6 ' 

Oxida
tion 

/t, M"1 

min-1 

0.151 
0.61 
3.06 

Bromi
nation 
10!&, 

min-1 

1.37 
7.1 

14.6 

Ho + 
log 

ftoxdtn 

- 1 . 0 
- l . i 
- l . i 

- From M. A. Long and F. A. Paul, Chem. Rev.^ 57, 1 (1957). 
b (Ho)i for 2-nitraniline as reference indicator [J. Rocek, Collection 
Czech. Chem. Commun., 22, 1 (1957)]. * Estimated from the value 
of —1.44 given by Cieciuch" for 98 % acetic acid. 

In this respect cyclohexanone resembles aldehydes.22 

The rate of bromination changed in the same direction 
as the rate of oxidation even though the total increase in 
the rate of bromination from an aqueous solution to 
99 % acetic acid was only about half as large as the in
crease in the oxidation rate. 

Effect of Structure on the Rates of Oxidation and 
Enolization of Ketones. Tables III and IV summarize 

Table III. Rates of Bromination and Chromic Acid Oxidation 
for Several Ketones in Aqueous 1.0 MHClO 4 at 30° 

Ketone 

a° 
Cf 
a0 
C H I C O C H ( C H I ) ! 

Enoliza
tion 
102£, 
min"1 

1.37 

1.26 

0.0443 

0.162 

Oxidation 
CrO3, K M-i 
10s M min-1 

0.54 0.151 

0.54 0.496 

0.50 0.39 

0.54 0.238 

Voxitnl 

Cenolztn 

0.0064 

0.021 

0.43 

0.080 

the oxidation and bromination rates of several ketones 
in aqueous and 99% acetic acid solution, respectively. 
The use of water as solvent is severely limited by the 
low solubility of ketones of high molecular weight; 
therefore, a considerably larger number of ketones was 
investigated in acetic acid. 

The results given in the two tables show that although 
the introduction of methyl groups into the cyclohexa
none molecule generally leads to a decrease in enoliza
tion rates, a-methylcyclohexanones are oxidized faster 
than the parent compound. The introduction of a 
chlorine atom next to the carbonyl has a definite rate-
retarding effect for both enolization and oxidation in 
acetic acid, the effect on the former being, however, 

(19) M. Cohen and F. H. Westheimer, / . Am. Chem. Soc, 74, 4387 
(1952). 

(20) J. Rocek and F. H. Westheimer, ibid., 84, 2241 (1962). 
(21) J. Rocek, Collection Czech. Chem. Commun., 22, 1509 (1957). 
(22) The reason for the different behavior of aldehydes has recently 

been discussed in detail: J. Rocek in "The Chemistry of the Carbonyl 
Group," S. Patai, Ed., Interscience Publishers Ltd., London, 1966, p474. 

Ketone 
Bromination Oxidation p0*W 
102^, min - 1 ^j1M - 1HiJn1 iwi.tn 

a° 
ex 
Cf 

CH3 

CH1, CH1 

^ - C H 3 

a: 
CHJCOCH(CHJ)! 

CH1CO^l 

14.6 

9.34 

2.38 

8.54 

0.098 

0.55 

8.99 

4.50 

0.536 

1.24 

3.29 

0.84 

0.083 

0.44 

0.92 

1.55 0.50 0.19 

0.49 0.0856 0.020 

Q-CO-CH(CHJ2 0.038 0.049 0.78 

» Concentrations: ketone 0.01 to 0.07 M, chromium trioxide 
0.006 M, and bromine 0.005 M. b CrO3 = 1.2 X 10~a M. 

much stronger. In aqueous solution chlorocyclohexa-
none is oxidized faster than cyclohexanone. The least 
reactive compound of those investigated is clearly iso-
butyrophenone. Its oxidation rate is about 50 times 
lower than that of cyclohexanone; however, the rate of 
enolization is depressed by a factor of almost 500. 

In the oxidation of a ketone to a hydroxy ketone three 
molecules of a ketone undergo oxidation for every two 
molecules of chromic acid being reduced. Hence, the 
rate of oxidation which is customarily expressed in 
terms of changes in the concentration of chromic acid 
will be 1.5 times lower than the rate of enolization ex
pressed in terms of ketone concentration. In the oxida
tion of a ketone which does not proceed beyond the 
hydroxy ketone, the relative rate of chromic acid oxida
tion to enolization (i.e., bromination)23 should reach a 
limiting value of 0.67. On the other hand, if the oxida
tion proceeds further, a higher value of the relative 
rates has to be expected. For example, the oxidation 
of cyclohexanone4 leads to a mixture of products among 
which adipic and glutaric acid predominate; an average 
of four molecules of oxygen is being used for each 
molecule of cyclohexanone. The limiting value in this 
case then should be about four times as high or approxi
mately 2.7. Therefore, one cannot expect a simple 
integer relative rate. On the other hand, it is clear that 
the highest possible relative rate of oxidation with 
respect to enolization is desirable. Table IV clearly 
shows isobutyrophenone to be the most promising 
ketone of this group. 

The Oxidation of Isobutyrophenone. The results 
of a study of the dependence of oxidation rates of 
isobutyrophenone on the initial concentration of 
chromic acid are given in Table V. While the second-

(23) Green, Kemp, Littler, and Waters24 have recently shown that 
only the monobromo compound is formed in the bromination of cyclo
hexanone under kinetic conditions in aqueous solutions. It is not 
known whether the same is true for the other ketones in acetic acid, but 
it is reasonable to assume it. The bromination rates then measure 
directly the rate of the enolization of the ketone. 

(24) A. J. Green, T. J. Kemp, J. S. Littler, and W. A. Waters, J. 
Chem. Soc, 2722 (1964). 
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Table V. Effect of Chromic Acid Concentration on the Rate of 
the Oxidation of Isobutyrophenone in 99% Acetic Acid at 30°; 
HClO4 = 0.50 M 

Ketone, 
M 

0.0532 
0.0551 
0.0532 
0.0531 
0.0563 
0.0808 
0.133 

[CrO3]O," 
1 0 3 M 

2.16 
4.32 
8.62 

12.9 
17.2 
21.6 
33.6 

W 
M~l min - 1 

0.72 
0.40 
0.19 
0.13 
0.09 
0.08 
0.06 

103Ar1," 
min - 1 

1.05 
1.42 
1.54 
1.46 
1.51 
1.51 
1.49 

"oid to/ 

"enolztn 

0.43 
0.62 
0.67 
0.63 
0.66 
0.66 
0.65 

0 Total concentration of chromium(VI) at zero time. 6 — (1/ 
[ketone])[d(log [Cr03])/d/] at zero time. ° -(l/[ketone]Xd[CrO„]/ 
d?) at zero time. * /̂fcbromnui; k bromntn — 2.30 X 10~3 min-1. 

order rate constants (column 3) decrease by a factor of 
more than ten over an abou t 15-fold concentra t ion 
range of chromic acid, the first-order rate constants 
(first order in the ketone, zero order in chromic acid) 
(column 4) reach a practically constant value for con
centrat ions of chromic acid from abou t 0.002 M up 
ward. The limiting rat io of oxidation to bromina t ion 
rate is 0.67 as predicted for an oxidation in which only 
one oxygen a tom is used for each ketone molecule. 
Al though we have no t isolated the oxidation product in 
this case, we assume from this rate ratio tha t the main 
oxidation product is the corresponding a-hydroxy ke
tone. 

€>-° !OCH(CH3)., < ^ COC(CHs)2 

OH 

Oxidation of 2-Chlorocyclohexanone. 2-Chlorocy-
cylohexanone is sufficiently water soluble to permit 
an investigation of its oxidation in an aqueous solution. 
The results of a series of rate measurements in which 
the initial chromic acid concentrat ion was changed 
over more than two orders of magnitude are given in 
Table VI. The second-order rate constants decrease 

Table VI. Effect of Chromic Acid Concentration on the Rate of 
the Oxidation of 2-Chlorocyclohexanone in Aqueous 1.0 M 
Perchloric Acid at 30° 

[CrO3]O," 
10 3 M 

0.522 
1.07 
2.92 
5.65 

12.1 
24.5 
35.5 
45.1 

Ketone, 
10 2 M 

1.66 
6.51 
7.14 
7.09 
7.18 
7.74 
6.98 

23.6 

\0iku
h 

min - 1 

1.81 
2.69 
5.15 
6.15 
8.09 
9.42 
9.80 

10.0 

kt,° 
M - 1 min - 1 

0.347 
0.252 
0.176 
0.109 
0.067 
0.038 
0.028 
0.022 

Uoxdtn/ 

"enolztn 

0.41 
0.61 
1.16 
1.39 
1.84 
2.12 
2.21 
2.26 

" Total concentration of chromium(VI) at zero time. b —(1/ 
[ketone)](d[CrO3]/d0 at zero time. ' ki = fci/[CrO3]0.

 d ki/kb,omvtn; 
fcbromntn = 4 . 4 3 X 1 0 " 4 mUT" 1 . 

sharply with increasing chromic acid concentrat ion. 
By interpolation it can be estimated that a change in 
chromic acid concentrat ion from 0.005 to 0.05 will cause 
a decrease in Zc2 by a factor of more than five. Best, 
Littler, and Waters investigated the oxidation of cyclo-
hexanone under comparable condit ions and found the 
rate constant to decrease by about 2 0 % for the same 
change in the chromic acid concentrat ion. The first-

order rate constants , though no t as invariable as in the 
previously discussed example of the oxidation of iso
butyrophenone, increase by a factor of less than two 
over the same concentrat ion range of chromic acid. 

2-Chlorocyclohexanone is oxidized to a mixture of 
adipic acid (77%), 2-chloroadipic acid (14%), glutaric 
acid (5 % ) , and succinic acid (4%) . To form this prod
uct composit ion requires an average of 2.5 molecules 
of oxygen or 1.7 molecules of chromic acid to be con
sumed for each molecule of chloro ketone. The limit
ing value of 0oxdtn/"enoiztn should therefore be 1.7. The 
fact tha t this value is somewhat exceeded may indicate 
tha t further degradative processes beyond the dicar-
boxylic acid stage are taking place and consuming 
addit ional amounts of chromic acid. 

Discussion 
The Enol Intermediate. The rate equation for the 

oxidation of a ketone through an enol intermediate is 
eq2. 

fcE C r O i 
ketone t * enol —>• product 

*K k 

d[Cr03] &E/c[ketone][Cr03] 
dt kK + Zc[CrO3] 

(2) 

The experimentally determined rate constants Zci and 
ki are defined by eq 3 and are related to the rate con
stants of enolization (kE), ketonization (kK), and oxida
tion of the enol (Zc) through eq 4 and 5. 

v = — 
djCrOj = /cifketone] = /c2[Cr03][ketone] (3) 

or 

Jc1 = ZcE/c[Cr03]/(ZcK + Zc[CrO3]) (4) 

Zc2 = kEk/(kK + Zc[CrO3]) 

(5) 

1_ = ^ K + [CrO3] 
Zc2 kEk /CE 

Kinetically, the above rate equation can be tested 
only if /cK and Zc[CrO3] are of a comparable magni tude. 
Then, at low chromic acid concentrat ion the oxidation 
of the enol will be the rate-limiting step and the reaction 
will be first order in bo th the ketone and chromic acid; 
(5) will simplify to (6). A t high chromic acid concen-

ki = (kkE/kK) (6) 

t rat ions (for Zc[CrO3] » /cK), enolization will become 
rate limiting and the reaction will be of zero order in 
chromic acid. Equat ion 4 will simplify to (7). 

Zc1 = k% (7) 

F o r the enolization mechanism it is therefore required 
that (i) individual runs at high chromic acid concentra
tion give a linear plot of concentrat ion of chromic acid 
vs. t ime, (ii) a plot of kx vs. [CrO3] gives a curve ap
proaching a constant value for Zci ( = ZcE) at high chromic 
acid concentrat ions, and (iii) a plot of l//c2 vs. [CrO3] 
gives a straight line. Figures 1, 2, and 3 show that all 
these requirements are indeed fulfilled and we therefore 
conclude that bo th the isobutyrophenone in acetic acid 
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Figure 1. Zero-order plots of absorbancy vs. time for the oxidation 
of ketones by chromic acid at 30 °: • , isobutyrophenone in 0.50 M 
perchloric acid in 99% acetic acid; X, 2-chlorocyclohexanone in 
1.0 M aqueous perchloric acid. 
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Figure 2. Effect of the initial concentration of chromic acid on the 
rate of oxidation at 30 °: • , isobutyrophenone in 0.50 M perchloric 
acid in 99 % acetic acid; • , 2-chlorocyclohexanone in 1.0 M aqueous 
perchloric acid. 

and chlorocyclohexanone in aqueous solution are oxi
dized in their respective enol forms.25 

Oxidation of Cyclohexanone and Other Ketones. 
No rigorous evidence can be adduced from the present 
study to other ketones. However, the similarity be
tween cyclohexanone and chlorocyclohexanone, in 
chemical structure, in the oxidation products, and 
in the response to changes in solvent composition, leads 
us to believe that the enolization mechanism holds also 
for the unsubstituted cyclohexanone. Further, the 
failure to find any ketones which under any conditions 
would undergo oxidation faster than enolization, and 
the fact that the enolization mechanism has been dem
onstrated for two ketones very different in nature and 
in two different solvents, seems to speak for its broad 
validity. 

Reactivity of the Enol. For the ketones which are 
oxidized only slowly relatively to their rate of enoliza
tion and for low chromic acid concentrations in general, 
eq 5 will be reduced to 

k2 = kk^/k^ = kKE (6) 

where KE is the equilibrium constant of enolization. 
If KE is known, the rate constant measuring the reac
tivity of the enol can be determined. Unfortunately, 
very few reliable data are available for simple ketones. 

The enol content in cyclohexanone has been deter
mined by Schwarzenbach and Wittwer26 and, more 
recently, by Bell and Smith.27 The value of KE = 
4.1 X 10-6 as determined by Bell and Smith leads to the 
value of k = 3.7 X 104 Af-1 min.-1 for the oxidation of 
the enol of cyclohexanone.28 

(25) If some direct oxidation of the ketone would take place be
sides the oxidation via enol, then the curves in Figure 2 would ap
proach straight lines with definite positive slopes. The observation 
that the slopes in both cases approach a slope of zero indicates then 
that no or only very little direct oxidation of the ketone takes place 
even at high chromic acid concentrations. 

(26) G, Schwarzenbach and C. Wittwer, HeIv. CMm. Acta, 30, 669 
(1947). 

(27) R. P. Bell and P. W. Smith, J. Chem. Soc, Sect. B, 241 (1966). 

Figure 3. Dependence of reciprocal second-order rate constants on 
the initial chromium(VI) concentration for the oxidation of ketones 
by chromic acid at 30 °: • , isobutyrophenone in 0.50 M perchloric 
acid in 99% acetic acid; A, 2-chlorocyclohexanones in 1.0 M 
aqueous perchloric acid. 
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(28) This enol is then about 18 times more reactive then the monoenol 
of 1,2-cyclohexanedione, the oxidation rate of which we could measure 
directly.* The rate retarding effect of the keto group is in keeping with 
the generally observed effect of electronegative groups on the chromic 
acid oxidation of organic compounds. 29~32 

(29) H. Kwart and P. S. Francis, /. Am. Chem. Soc, 77, 4907 (1955). 
(30) J. Rocek, Collection Czech. Chem. Commun., 25, 1025 (1960). 
(31) J. Rocek, Tetrahedron Letters, No. 5, 1 (1959). 
(32) K. B. Wiberg and R. J. Evans, Tetrahedron, 8, 313 (1960). 
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