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Phenyl-t-butylcarbinol is oxidized by chromic acid in 86.5%, acetic acid solution to phenyl {-butyl ketone and cleaved to
t-butyl alcohol and benzaldehyde. The yields of cleavage products approach 60-709% in dilute solutions of chromic acid
containing sodium acetate, but fall to a low value in concentrated solutions of chromic acid or in dilute solutions of chromic
acid in the presence of manganous or cerous salts. The corresponding deuterated carbinol, 1-deutero-1-phenyl-2,2-dimethyl-
propanol-1, is oxidized to ketone, #-butyl alcohol and deuterobenzaldehyde; the yield of cleavage products approaches the
same maximum limit but is generally higher than with the ordinary carbinol. The rate of oxidation and cleavage for the
deuterated carbinol is only about 1/10 that for the ordinary carbinol. These facts, together with those from earlier investi-
gations, suggest that the carbinol is oxidized directly to ketone in the rate controlling step of the over-all reaction. The
cleavage is caused by an unstable intermediate containing either tetravalent or pentavalent chromium, which isformed as a
result of the primary oxidation step. A mechanism is postulated to account for the kinetics, the cleavage yields and isotope

effects.

Mosher and Whitmore? discovered that the
chromic acid oxidation of methyl-f-amylcarbinol
yields #-amyl aleohol in addition to the expected ke-
tone. Additional examples of this cleavage reac-
tion have been discovered and investigated by
Mosher and his collaborators.? The present re-
search was undertaken to elucidate the mechanism
of the cleavage process, and to correlate it with the
mechanism of the chromic acid oxidation of isopro-
pyl alcohol.*

Chromic acid in 86.5%, acetic acid has now been
shown to oxidize and cleave phenyl-f-butylcarbinol
and 1-deutero-1-phenyl-2,2-dimethylpropanol-1 ac-
cording to equations 1 and 2.

3CeH;CHOHC(CHy); + 2HCrO,~ + 8H*+ —> 3C;H;COC(CHy); + 2Cr++* + 8H,0 (la)

3C¢H;CDOHC(CH,); + 2HCrO;,~ + 8H+ —> 3CeH;COC(CHs); + 2Cr*** 4 5H,0 + 3HDO

after standing for a month at room temperature to 42-
44.5°. A sample of the carbinol was converted to its acid
phthalate,® m.p. 142-143°, and then regenerated; it melted
at 44-45°. Another sample, prepared by the lithium alumi-
num hydride reduction of pivalophenone (see the preparation
of the deuterocarbinol below) also melted at 44-45°.
1-Deutero-1-phenyl-2,2-dimethylpropanol-1.—Pivalo-
phenone’” was converted to its oxime,® m.p. 165-166°, and
then regenerated by refluxing the oxime for 8 hours with 8
N hydrochloric acid. The ketone boiled at 105.7-106.3°
(13 mm.). A solution of 9.4 g. of this ketone in 100 cc. of
anhydrous ether was added to a solution of 1.2 g. of LiAID,
(Metal Hydrides Co; 1009, isotopic purity) in 200 cc. of
anhydrous ether. The resultant slurry was decomposed
with wet ether, with water and then with dilute sulfuric acid.
The ether solution was washed with aqueous bicarbonate
solution, with water, and then dried with anhydrous sodium

sulfate. After the ether had been removed, the deutero-
3CsH;CHO + 3(CH;);COH + 2Cr+++ 4 5H,0 (1b)
(2a)
L———> 3C¢H;CDO -+ 3(CHy)sCOH + 2Cr+++ + 5H,0 (2b)

The yields of cleavage products depend on the con-
centrations of the reagents, the acidity of the me-
dium, the presence or absence of Mn++ or Cet+tt,
and on isotopic substitution. The rate of decrease
of the chromic acid concentration in reactions la
and 1b exceeds that in reactions 2a and 2b by a fac-
tor of about 10. The quantitative data have led
to the formulation of a mechanism for the cleavage
reaction involving an unstable intermediate which
probably contains pentavalent chromium.

Experimental
Materials

Phenyl-t-butylcarbinol, prepared from benzaldehyde and
t-butylmagnesium chloride,® was vacuum fractionated at
121.7-123° (22 mm.) through an 18" Podbielniak column.
The melting point of the product was initially low, but rose
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carbinol boiled at 110-112° (18 mm.) (m.p. 44-44.9°) and
weighed 7.2 g. (75%, yield).

Anal. Caled. for CyH;sDO: atom % D. 6.25. Found:
atom % D, 6.1, 6.3.

Chromic acid, acetic acid and sodium perchlorate were
purified by the methods used by Cohen and Westheimer.4e
Other materials were reagent grade.

Identification of Products

Benzaldehyde and Benzoic Acid.—A solution of 13 g. of
chromic oxide in 8 cc. of water and 15 cc. of glacial acetic
acid was added at 30° drop by drop over a three-hour period
to a solution of 38.6 g. of phenyl-f-butylcarbinol in 15 cc. of
glacial acetic acid. The mixture was then diluted with 170
ce. of water and extracted with three 50-cc. portions of ether.
The ether solution was washed with a small portion of satu-
rated aqueous bicarbonate solution. On acidification of the
bicarbonate solution, benzoic acid crystallized out; after
recrystallization from hot water, it weighed 1.5 g. (5.2%
yield). The ether extract was then shaken with saturated
aqueous bisulfite solution and filtered. The solid bisulfite
compound was decomposed with sulfuric acid, and the re-
sulting benzaldehyde was isolated as the 2,4-dinitrophenyl-
hydrazone, m.p. 193-194°; the derivative weighed 7.9 g.
(13.8% yield).

Pivalophenone.—The ether extract from the above ex-
periment was washed with water and dried. The ether was
evaporated, and the residue vacuum distilled, yielding 16.2
g. (47%) of pivalophenone, b.p. 118-119° (18 mm.). The
ketone was identified as its oxime.?

&-Butyl Alcohol.—Phenyl-~-butylcarbinol (8.9 g.) in 32
cc. of acetic acid was oxidized over a 4-hour period with 9.36
g. of CrO; in 48 cc. of 67%, acetic acid at 50°. The resulting
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solution was neutralized with aqueous sodium hydroxide and
70 cc. of liquid distilled from the mixture. (Subsequently,
2.7 g. (83% yield) of benzoic acid was isolated from the alka-
line solution.) The distillate, which contained water,
pivalophenone and #-butyl alcohol, was heated on a steam-
bath for 18 hours with 10 cc. of concd. hydrochloric acid
and 3.2 g. of thioglycolic acid. The mixture was extracted
with ether; the ether layer was washed with water, and then
extracted with 59, sodium hydroxide solution. Pivalo-
phenone was isolated from the ethereal residue and identi-
fied as its oxime. The aqueous sodium hydroxide solution,
containing the anion of S-t-butylthioglycolic acid, was con-
verted, »a the acid, to the corresponding anilide,®»! m.p.
80-80.9°. The melting point was not depressed when the
sample was mixed with authentic anilide of S-t-butylthio-
glycolic acid.

Deuterobenzaldehyde.—A 0.50-g. sample of the deutero-
carbinol was oxidized with 0.30 g. of CrO; in 20 cc. of 86.5%,
acetic acid plus 2.3 g. of sodium acetate. The resulting
solution was diluted with 100 cc. of water, saturated with
salt and extracted with ether. The ether layer was washed
with bicarbonate solution, dried and the ether evaporated.
The residue, which contained unreacted carbinol as well as
the oxidation and cleavage products, was heated on a steam-
bath for 5 minutes with a drop of piperidine and a solution
of 0.42 g. of methone in 8 cc. of 509 ethanol. The mixture
was cooled and filtered; the solid filter-cake was extracted
with petroleum ether to remove ketone and unreacted car-
binol from the benzaldehyde-methone. The crude deriva-
tive was recrystallized from aqueous methanol to yield pure
benz:sﬂdehyde—methone, m.p. 191.5-193° (lit.! m.p. 194
195°).

Anal. Caled. for CoysHyDOy: atom 9%, D, 3.57. Found:
atom % D, 38.50.

Determination of Cleavage Yield

High Chromic Acid Concentrations.—An excess of chro-
mic acid was used to oxidize all the benzaldehyde to benzoic
acid. Control experiments showed that pivalophenone is
stable under the experimental conditions employed. The
reaction mixture was made up in accordance with the con-
centrations shown in Table III, and with a total of 3 g. of
carbinol. After the oxidation was complete, the solutions
were diluted with about five volumes of water, saturated with
salt and extracted with ether. The ether layer was then ex-
tracted with aqueous bicarbonate solution, and dried. Pi-
valophenone was isolated from the ether as its oxime. The
aqueous bicarbonate extract was acidified, saturated with
salt and extracted with ether. The ether was washed
several times with ice-water to remove residual acetic acid
and then evaporated; the resulting benzoic acid was recrys-
tallized from hot water, filtered, dried and weighed. The
yield of benzoic acid varied from a few milligrams to about
a gram. When comparable amounts of benzoic acid were
subjected to this isolation procedure, the recovery was about
95%,.

Low Chromic Acid Concentrations.—A large excess of
carbinol was used to suppress the oxidation of benzaldehyde
to benzoic acid. The amount of benzaldehyde formed was
estimated by an isotopic dilution technique, and the fraction
cleavage calculated on the basis of the stoichiometry of
equations la and 1b.

For example, in experiment E;, 40 cc. of a reaction mix-
ture was prepared containing 0.05 M deuterocarbinol, 0.02
M HCIO,, 0.005 M CrO; and 0.100 M sodium perchlorate.
After the mixture had stood for 72 hours at 25°, 0.85 cc. of
an 0.883 M solution of benzaldehyde in 86.5% acetic acid
was added to 19 cc. of the reaction mixture, which was then
diluted with 100 cc. of water, saturated with salt and ex-
tracted with ether., The methone derivative of benzalde-
hyde was prepared from the ethereal solution and purified
in the manner already described in the section on ‘‘Deutero-
benzaldehyde.”’ After two recrystallizations from methanol,
the methone derivative melted at 193.5-194.5°, On analy-
sis, it was found to contain 0.342 atom 9}, deuterium. This
value has already been corrected by 0.026 atom 9, for the
background value, or ‘‘natural abundance’” of deuterium.
Since the methone derivative contains 28 hydrogen atoms
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Fig. 1.—Second-order rate constant (1. mole~! min, 1) for
the oxidation of phenyl-fbutylcarbinol as a function of
hydrogen ion concentration (mole/1.).

(or rather hydrogen plus deuterium atoms), the isotopically
mixed methone must have been formed from 0.75 mmole
C¢H;CHO (added) and 0.0794 mmole CeH;CDO. Assuming
the stoichiometry of equation la and 1b, 0.142 mmole of
oxidation products was formed from 19 cec. of 0.005 M
chromic acid; the yield of deuterobenzaldehyde was thus
56%. The other calculations were carried out in a similar
fashion.

In experiment Gj, 100 cc. of a reaction mixture was pre-
pared containing 0.100 M ordinary phenyl-f-butylcarbinol,
0.050 M sodium acetate, 0.010 M chromie acid and 0.065 M/
sodium perchlorate. After 61 hours, 8.0 cc. of reaction mix-
ture Es (containing 0.0334 mmole of deuterobenzaldehyde)
was added, and the methone derivative of benzaldehyde was
isolated and purified as before. The atom % deuterium
found in the methone derivative was 0.155; the cleavage
yield was calculated as 49%,. When the entire extraction
procedure was carried through, approximately 6 mg. of ben-
zoic acid was isolated. Accordingly, the total cleavage was
approximately 53%.

Competitive Experiments.—A solution of 20 mmoles of
phenyl--butylcarbinol, 1.33 mmoles of the deuterocarbinol
and 25.7 mmoles of sodium acetate in 80 cc. of 86.5%
acetic acid was oxidized with 1.0 mmole of chromic acid at
0° for 50 hours. The benzaldehyde methone derivative was
isolated as before, and showed on analysis 0.252 atom 9
deuterium. If benzaldehyde and deuterobenzaldehyde had
been formed in the same ratio as that of the initial concen-
trations of the carbinols, the deuterium content of the
methone derivative would have been 0.223 atom 9. When
the extraction procedure was carried through on this solu-
tion, about 8 mg. of benzoic acid was obtained. Apparently
very little, if any, isotopic fractionation occurs in a competi-
tive oxidation. When an appropriate correction is made
for the benzoic acid formed by the oxidation of benzaldehyde
(assuming a kr/kp factor of 7), even the slight difference in
isotopic composition between starting materials and products
can be accounted for.

Deuterium analyses were conducted by burning the
samples to water, converting the water to a mixture of H,
and HD, and analyzing the gas with a Consolidated-Nier
Isotope Ratio Mass Spectrometer.12

Rate Determinations
Spectrophotometric Method.—The chromic acid concen-
tration, as a function of time, was usually obtained spectro-
photometrically® at 3500 A. with a Beckman model DU
quartz spectrophotometer. The spectrophotometric read-
ings were corrected for the small optical absorption at 3500

(12) R. B. Alfin-Slater, S. Rock and M. Swislocki, Anal. Chem., 22,
421 (1950); J. Graff and D. Rittenberg, 7bid., 24, 878 (1952).
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A. of the Cr*** formed during the reaction. In some of the
slow reactions, the entire absorption curve from 3500 to
6250 A. was followed as a function of time. The family of
curves so obtained passed through a single point at 5200 A.
The results at this wave length then supply no evidence for
any appreciable quantity of a metastable intermediate.
The rate constants were reproducible to about #29%,.

Titrimetric Method.—The chromic acid concentration
was followed by titration.t® In contrast to the spectro-
photometric method, titration could also be employed in
the presence of cerous and ceric ions.

TABLE I

VALUES OF Hj 1N 86,59, AcETIC ACID AT 0°
u = 0.125 (with sodium perchlorate)

HCIO04 NaOAc
added, added, H+*9 Indica-
mole/l. mole/l. H, mole/l. torb
0.100 0.17 0.100 A
.075 .30 .075 A
.050 .49 .0502 A
.025 .79 .0254 A
.010 1.13 .0109 A
.005 1.36 .00643 A
.005 1.32 .00643 B
1.66 00303 A
AN 1.68 00303 B
0.005 2.02 00143 B
.010 2.26 8.45 X 104 B
.025 2.65 3.62 X 10— B
.050 3.01 1.83 X 104 B
.075 3.26 1.23 X 10—+ B
.100 3.48 0.92 X 10— B

e Calculated from K = (H*)(~0Ac¢) = 0.92 X 1075
(mole/1.)? in approximate agreement with the experimental

Joun HaMPTON, ALBERT LEO AND F. H. WESTHEIMER
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Results

The yields!® of cleavage products from the ordi-
nary and from the deuterated carbinol are recorded
in Table II. The experiments where the chromic
acid was added slowly to a solution of carbinol in
86.59, acetic acid are shown in Table III. A con-

TABLE II1

CLEAVAGE OF PHENYL-/~BUTYLCARBINOL IN 86.5%, ACETIC
Acip BY SLOW ADDITION OF A SoLuTioN oF CrO;

Piva- Mn- %
Carbi- lophe- CrOs, Na-  (Cl0s)1® Cleav-
nol, none, mole/ HCIOs, OAc, or Ce~ age
mole/ mole/ T, 1., mole/ mole/ (ClOs)sd (CeHs
1. 1. °C. total 1. 1. mole/l. CO:H)
0.550 .. 0 0.654 ... 22.4
.589 .. 0 .881 ... 0.809 22 4
.229 ‘. 0 620 ... 0.370° 3¢
.397 .. 0 595 ... .184b 3.5
.167 .. B0-55 .260 0.25 19.7
.905 .. 50-55 1.61 ... 334
.606 .. 50-55 0.795 30.3
.435 0.309 B0-55 .917 e 29,5°
567 ... bO-55 .945 ,750 e 22.2
.339 ... BO-85 790 ... .514¢ 16/
.. L1756 50-55  .686 .575¢ 18.87
.249 50-55  .479 0.5

3 Mn(ClOy);. ?Ce(ClO4);. © An 889, yield of pivalo-
phenone was isolated as the 2,4-dinitrophenylhydrazone.
4 A 259, yield of t-butyl alcohol was isolated as S-f-butyl-
thioglycolic acid anilide. ¢ Based on carbinol. A 399,
yield of pivalophenone was isolated as the 2,4-dinitrophenyl-
hydrazone. ¢ Based on ketone.

sideration of the rate of the reaction (Table IV)
and the rate of addition suggested that the average
chromic acid concentration, during ‘‘slow addition”

values of Hy. ? A = p-nitroaniline; B = benzeneazodi-
phenylamine. was around 0.002 }/, despite the fact that a large
TABLE 11
CLEAVAGE OF PHENYL-{-BUTYLCARBINOL WITH CrO; IN 86.5%, AcETIC AcID!?

Carbinol, T, CrOs, HCI10,, NaOAg, Mn(ClO4)s, % Cleavage

mole/l. Isotope °C. mole/l. mole/l. mole/1. mole/l. Benzaldehyde Benzoic acid Total

0.443 H 0 0.88 3.0 3.0
.231 H 0 .276 8.0 8.0
.378 H 0 .348 14.8°% 14.8
.262 H 0 .402 0.23 Trace® ..
.170 H 0 .364 - .605 None detected
.215 H 0 .314 0.572 22.8&° 22.8
.100 H 25 .200 .20 22.3 22.3
.100 H 25 .0100 0.050 . 32¢ . 32
.100 H 25 .0100 cos .050 49 ca. 4 53
.100 D 0 .0050 .020 58 58
.050 D 0 .0050 .020 56.6° 56.6
.100 D 0 .0050 .020 .030 8.5 8.5
.100 D 0 .0050 .020 .030 19¢f AN 12
.100 D 25 .200 .20 0.3 5.0 5.3
.100 D 25 .200 .20 29.9 9.1 39
.050 D 25 .0050 .050 53 53
.050 D 25 .0050 .020 . 70.6 70.6

e A 779, yield of pivalophenone was isolated as the 2,4-dinitrophenylhydrazone. * An approximately 909, yield of pivalo-

phenone was isolated as the 2,4-dinitrophenylhydrazone.
phenylhydrazone.
¢ These experiments were conducted <# vacuo.

¢ A 529, yield of pivalophenone was isolated as the 2,4-dinitro-
4 The chromic acid was added at such a rate as to keep the average Cr® concentration at 0.0015 /.
! The cleavage fraction was determined by estimating the amount of benz-

aldehyde formed and dividing by the initial amount of chromic acid. For these calculations it was assumed that all of the

Crt formed oxidized Mn? to Mn3,

Acidity.—The acidity of solutions of perchloric acid and
of sodium acetate in 86.5%, acetic acid was determined by
an indicator method with p-nitroaniline and benzeneazodi-
phenylamine.4¢ The data are presented in Table I. Neither
added manganous perchlorate nor added cerous perchlorate
had a marked effect on the acidity, even in the presence of
added sodium acetate.

amount of the oxidizing agent was eventually intro-
duced into a small volume. The experiments with
added perchloric acid were conducted at approxi-
mately constant hydrogen ion concentration by

(13) For additional data, see J. Hampton, Dissertation, Univer-
sity of Chicago, 1955.
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TaBLE IV
RATES OF CHROMIC ACID OXIDATION OF PHENVYL-/~-BUTYLCARBINOL IN 86. 5% AceTIC Acm

Carbinol,? T, CrO;, HCI0,, NaOAc,
mole/1. Isotope °C. mole/l. mole/l. mole/l.
0.0060 I 0 0.0020 0.030

.0500 H 0 .0010 .025

.0250 H 0 .00050 .025

.0250 H 0 .0010 .025

.0500 H 0 .0010 .010

.0500 H 0 .0010

.1330 H 0 .0010

.8320 H 0 .0020 e
.1330 H 0 .0010 0.025
.1330 H 0 .0010 Ces .050
.025 H 0 .0010 .025

.025 H 0 .0010 .025

.025 H 0 .0010 .025

.025 H 0 .0010 .025

.050 D 0 .0010 .050

.050 D 0 .0010 .025

.050 D 0 .0010 .025

.050 D 0 .0010 ..
.087 D 0 .0010 . .025
.025 H 25 .0010 .050

.025 H 25 .0010 .050

.050 H 25 .0010

.100 H 25 .0010

.400 H 25 .0010

8 Carbinol purified through the acid phthalate and subllmed except where otherwise noted.
LiAlH, reduction and recrystallization from petroleum ether,
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Initial H*, (mole/l ) -1 (mole/l ) bt

mole/l. " min, min. ku/kp
0.0521 0.125 2.14 41.1

.0264 .125 1.37 52

.0258 .125 1.42 55

.0264 125 1.31 49.68

.0118 125 0 55 46.8

.00358 .125 .166 46.5

.00358 .125 .159 44.5

.00369 .125 .154 41.8

.000377 125 .0178 47.2

.000187 .125 .00966 51.7

.0264 .026 3.04 115

.0264 .063 1.98 75

.0264 .125 1.31 50

.0264 .250 0.995 38

.0521 .125 .252 4.84 8.5

.0264 .125 .120 4.54 11.5

.0264 .125 .118 4.48

.00358 .125 .0114 3.18 14

.000377 .125 .00124 3.29 14.4

.0510% 125 17.5 343

.0510 .125 18.5 323

.00358 .125 1.00 279

.00358 .125 1.078° 301

.00358 125 0.898° 250

b Carbinol prepared by
¢ Carbinol prepared by LiAlH, reduction. 94 Approximate

hydrogen ion concentration at 25°, calculated using spectrophotometric data obtained at 0°,

adding perchloric acid in 86.5%, acetic acid simul-
taneously with the addition of the chromic acid
and at such a rate that about 4 moles of perchloric
acid was added for each mole of oxidizing agent.
M. Cohen!* had previously shown that this stoichi-
ometry is correct where the concentration of added
acid exceeds 0.1 M, in less strongly acid solution,
less hydrogen ion is consumed during the oxidation
process. Pivalophenone is unaffected by chromic
acid at 0° or at 25°, in the presence or the absence
of Mn++ or Cet*+. However, at 50-55° the ke-
tone is slowly attacked by the oxidizing agent in the
absence of these ions, and rapidly attacked in the
presence of Mn*+. The high yield of cleavage
products in the presence of Mn*+ at 50-55° is
therefore an artifact, and does not contradict the
generalization that Mn++ and Ce*++ sharply de-
crease the cleavage yield.

The rates'? of the chromic acid oxidation of the
ordinary and of the deuterated carbinol are re-
corded in Table IV. Under the experimental
conditions here recorded, the carbinol was always
present in large excess, so first-order constants
were obtained. The values of k; recorded in Table
IV are the quotients of the first-order constants by
the (initial) carbinol concentrations. The third-
order constants, k;, obtained by dividing k. by the
hydrogen ion concentrations, show no trend over a
1000-fold change in acidity; the reaction rate,
like that for the oxidation of isopropyl alcoholée
in 86.59, acetic acid, can be expressed by the equa-
tion

—d(Cr0s)/dt = ksy(Carbinol)(HCrO,~)(H*) (3)

(14) M. Cohen, Dissertation, University of Chicago, 1951.

Chromic acid is largely ionized in 86.59, acetic
acid,’ so that equation 3 is correct as written.
The observed decrease in rate with increasing ionic
strength is consistent with a reaction between op-
positely charged ions. In view of the equilibria
which obtain prior to the rate controlling step, the
temperature coefficient (2.3 per 10°) cannot yet be
interpreted. All the rates recorded in Table IV
were determined spectrophotometrically; similar
experiments conducted by titration gave the same
rate constants within a few per cent.

The rate of the chromic acid oxidation of the car-
binol in the presence of Mn+*+ is very hard to meas-
ure spectrophotometrically, since the product of
induced oxidation of Mn*+ is dark brown. Titra-
tion methods were unsuccessful, since the various
manganous salts obscured the end-point of an iodo-
metric titration (perhaps by catalyzing the air oxi-
dationof I-). A further complication is introduced
by the slow direct oxidation of Mn*+ by chromic
acid in the presence of sodium acetate (but not in
the presence of perchloric acid). Mn+*+ is not
oxidized by chromic acid in water solution; pre-
sumably Mn'V is tightly complexed by acetate
ion. However, whatever the reason for the direct
oxidation, it effectively obscures the induced reac-
tion. The best estimate!® suggests that Mn*+
has a small but positive effect on the reaction rate.

Experiments with Cet++ were more successful;
reasonable rate constants, recorded in Table V,
were obtained by the titration procedure. In the
presence of Ce(ClOy); and sodium acetate, the
oxidation of the carbinol led to a red solution which
had about 1/; of the oxidizing power of the original

(15) W. Watanabe, Dissertation, University of Chicago, 1948,
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chromic acid solution; clearly, cerous ion had been
oxidized to ceric ion with an induction factor of 1/,.
(Compare the induced oxidation of Mn+*+ in the
reaction of isopropyl alcohol with chromic acid in
water.*?) In the presence of added perchloric acid,
however, the ceric ion does not accumulate, but
(presumably) oxidizes carbinol; the oxidizing titer
of the solution finally fell to zero. The solution,
however, darkened perceptibly during the oxida-
tion process, so that a small concentration of
Cet+++ was, in fact, present during the reaction.

TABLE V

ErreEcT oF CEROUS NITRATE ON THE RATE oF OXIDATION
OF PHENYL-{-BUTYLCARBINOL® IN 86.59, AceTIC AcCID AT 0°

kH,
(molp/l.) ~!  kp, (mole/1.) !

Ce(NOg)s,
mole/l. u min, =} min, ~! kR/kD
0.00 0.125 1.29b 0.105° 11.6
.00 .250 0.935 0775 12.1
.015 .125 .85 796 10.7
.030 .250 712 .075° 9.5

20.025 M carbinol (mormal or deuterated), 0.025 M
HCIO, and 0.0020 M CrQO;. ? Average of two “‘runs.’”’

Discussion

As a result of these kinetic studies, considerable
control has been obtained over the preparation of
ketones by the action of chromic acid on secondary
alcohols. In particular, high yields of ketone can be
obtained by carrying out the reaction in the pres-
ence of manganous ion, or by using concentrated
chromic acid solutions; alternatively, moderately
high yields of cleavage products can be obtained in
the absence of manganous salts by carrying out the
oxidation with very dilute solutions of chromic acid.
The work has also provided data which contribute
toward an understanding of the mechanism of the
cleavage process.

Experimental Facts.—Any mechanism for the
chromic acid oxidation of phenyl-f-butylcarbinol in
86.5%, acetic acid must account for the following
experimental facts:

(A) The reaction kinetics accord with equation 3.

(B) The oxidation of the carbinol is accompanied
by cleavage to benzaldehyde and ¢-butyl alcohol;
1-deutero-1-phenyl-2,2-dimethylpropanol-1 yields
monodeuterobenzaldehyde.

(C) The maximum yield of cleavage products is
about 679,; the yield is sharply reduced by in-
creasing the chromic acid concentration or by add-
ing CeT++or Mn*+; the yield is somewhat greater
with deuterocarbinol than with ordinary phenyl-¢-
butylcarbinol.

(D) No isotopic fractionation occurs in the ben-
zaldehyde (plus deuterobenzaldehyde) formed in a
competitive oxidation of phenyl-t-butylcarbinol
and the deuterocarbinol.

(E) In the presence of Cet++ and sodium ace-
tate, one Cel!V is produced for each molecule of
chromic acid reduced; the rate of reduction of
chromic acid is slightly decreased by Ce+++,

(F) The ku/kp ratio is about 12 at 0° and about 9
at 25° (s.e., a C-H (or C-D) bond is broken in the
rate-controlling step of the oxidation-reduction
process, but the ratios are higher than those ordi-
narily observed).
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(G) The ky/kp ratio is somewhat smaller at
higher acidities, or in the presence of Ce T+,

Cleavage.—The cleavage cannot be caused by a
direct attack of chromic acid on phenyl-t-butyl-
carbinol, but must result from the action of some
unstable intermediate containing chromium in an
unusual valence state. The evidence for this
statement is threefold: TFirst, the rate ratio
ku/kp is about 10 (item F above). But, in dilute
solution, cleavage (which does not break the C-H
or C-D bond) accounts for almost ?/; of the chromic
acid consumed (item C). If chromic acid itself
were responsible for the cleavage, the value of ky/
kp would be only about 1.4. (This ratio was cal-
culated by assuming that the rates of the cleavage
reactions, 1b and 2b, are unaffected by isotopic sub-
stitution but the rates of direct oxidation, la and
2a, are decreased 10-fold.) Second, although iso-
topic substitution somewhat increases the cleavage
yield (item C above), the increase is much smaller
than that which would be calculated if cleavage
took place in the first step. Third, the cleavage
products are almost eliminated by the addition of
Mn+*+ or Cet++. Under the experimental condi-
tions used, these ions are not rapidly oxidized by
chromic acid itself. On the other hand, earlier
work*® showed that these ions react rapidly accord-
ing to equations 5a and 5b with the unstable inter-
mediate containing tetravalent chromium which
arises during chromic acid oxidations. Further-
more, an unstable intermediate containing penta-
valent chromium also occurs during chromic acid
oxidations,*® but arises only from tetravalent
chromium, probably by way of equation4c. There-
fore when Mn*+ or Ce*+* sweeps tetravalent
chromium from solution, it removes pentavalent
chromium as well. Since each of these metal ions
almost eliminates cleavage, the cause of cleavage
reaction probably lies in pentavalent chromium, or
tetravalent chromium, or both.

Although this argument fails to identify the par-
ticular ion responsible for cleavage, the fact that
the maximum cleavage for phenyl-f-butylearbinol
in 86.5%, acetic acid approaches 679, suggests that
pentavalent and not tetravalent, chromium is the
active oxidant (z.e., two-thirds of the oxidizing power
of hexavalent chromium is needed for cleavage).

Partial Mechanism.—Until the detailed chemical
mechanism and the stereochemistry for the cleav-
age are understood, any prediction from kinetics
alone 1is necessarily tentative. A mechanism
which ascribes the cleavage to pentavalent chro-
mium is consistent with the facts now known; it
is represented by equations 4a-4e, and 5a and 5b
below.

K
HCrO,~ + ROH + H;0* === ROCrOH + 2H:0 (4a)
b
ROCrO;H + H;0 —> HCrO,~ + ketone + H;O* (4b)
b
HCrO;~ + HCrO,~ + H,0 —> 2H,CrO;~ (4¢)

3
H:CrO:~ + ROH —>
Cr+++ + CH:;CHO -+ (CHy);COH  (4d)

ke
HCI'O4— + HzCrO4‘ + ROH —>
HCrO~ + Crt+* 4 ketone (4e)
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Here ROH represents phenyl-f-butylcarbinol, ‘‘ke-
tone” represents pivalophenone, and HCrO;~ and
H,CrO,~ are postulated, for the sake of definite-
ness, as the intermediates containing tetravalent
and pentavalent chromium, respectively.

In the presence of Mn*+ or Cet*+, reaction 5a
or 5b replaces 4c, 4d and 4e.

HCrO;— + Mn*+ ——> Cr+*+ 4+ Mn*++ (5a)
HCrO;~ + Ce*+t* —> Crt+++ 4 Cet*++ (5b)

Reactions 4a, 4b and 4c are the same as those pre-
viously* found for the chromic acid oxidation of iso-
propyl alcohol. Reaction 4d, like the reaction of
Cr with isopropyl alcohol, represents a two-elec-
tron change, but the reaction has here been assumed
to be cleavage rather than simple oxidation. Reac-
tion 4e is new; it probably should be regarded as a
reaction between a Cr5—Cr® complex and the car-
binol. Such a complex previously*¢ has been postu-
lated to account for the kinetics of the chromic acid
oxidation of ferrous ion.!®

Kinetics.—Application of the usual steady-state
assumption to the set of reactions 4a-4e leads to
equation 6

g = —d(Cr?)/d¢ = 2k, K(HCrO,~)(Carbinol)(H*) (6)

The mechanism is therefore in accord with equation
3 and with (A) above.

The effects of Mn*+ and Ce**7 on the reaction
rate have not yet been fully explained. The rates
with Mn*+ are highly uncertain experimentally,
but in acid solution Ce*+*+ decreases the rate, prob-
ably by about 209,. The sequence of steps 4a, 4b,
4d leads to the prediction that the rate should drop
by 509,; a decrease almost as large as predicted
was actually observed*® for the effect of Mn*+ on
the rate of the chromic acid oxidation of isopropyl
alcohol. Qualitatively, the decrease should occur
because the sequence 4a-4e is a chain of length 2;
the chain is cut in half when Ce**+ (or Mn ++)
sweeps Cr!V from solution. But in 86.59, acetic
acid solution, with added HCIO,, Ce!V is produced
and then reacts with the carbinol; since the mech-
anism of this secondary reaction is unknown, no
firm prediction of rate effect can be made. The
yield of Ce!V obtained in the presence of sodium ace-
tate agrees with that predicted from the sequence
4a, 4b, 5b.

Quantitatively, the cleavage yield, f, calculated
from equations 4a-4e above and from the stoichiom-
etry of equations la and 1b, is given by equation 7

2 1
r=3lr= 7 ™

where » = ke/kq. The values of 7 can be calculated
from the cleavage yields or, conversely, values of #
can be assumed, and used to calculate the yields.
The value of » must of course be constant for any
particular acidity, but depends on the isotope
used; ru should be about 77p (or perhaps 107p,
see below) since k. should be sensitive to isotopic
substitution, whereas k4 is not. But 7 need not be
(and is not) independent of acidity. Equation 7
is qualitatively correct, in that it predicts a maxi-
mum cleavage yield for phenyl-t-butylecarbinol of

(16) C. Benson, J. Phys. Chem., T, 3566 (1903); R. Gortner, ¢bid.,

12, 632 (1908); C. Wagner and W, Preiss, Z, anorg. Chem., 168, 265
(1928).
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679, at low chromic acid concentrations, and ac-
counts for the fact that the cleavage yield is di-
minished as the chromic acid concentration is in-
creased. For each acidity, the value of 7 for the
ordinary (hydrogen) carbinol is a parameter,
chosen to fit the data at one particular chromic acid
concentration. The calculated and observed yields,
recorded in Table VI, show that equation 7 then
predicts, with reasonable precision, the variation
in f (the cleavage fraction) with chromic acid con-
centration and with isotopic substitution, but at
constant acidity.

TABLE VI
CALCULATED AND OBSERVED CLEAVAGE FRACTIONS

Approximate TH or T, Av.Crs Iso- —
acidity D °C. mole/l. tope Caled. Obsd.

0.1 MH™* 80)* 0 0.74 H 0.083 0.03
30 0 .53 H .04 .066
30 0 .34 H .06 .036

30 0 .195 H .097 .08
“Neutral” sol- (20)¢ 0 .28 H .10 .096
vent 20 0 195 H .136 .127
20 0 .22 H .123 .148
0.3 M AcO- (1)* 0 .24 H .196  .228
0.1 M H* (350)* 25 .167 H .01l .01l
350 25 .167 H .011 014
350 25 .333 H .006 .023

350 25 .0015 H .44 .32

0.05 M AcO- (200 25 167 H 155 .22
20 25 .0056 H .61 .53
0.1 MH* 50 25 .167 D .072 .073
50 25 167 D .072  .053

50 25 .0025 D .59 .53

50 25 .0025 D .59 .56

50 25 .0025 D .59 .60

0.05 M AcO~ $ 25 167 D .44 .39
3 25 .0025 D .67 .68

3 25 .0025 D .67 .71

3 25 .0025 D .67 67

¢ Assumed. °* Calculated as !/7 of rm.

Alternative but less satisfactory mechanisms
have been formulated which also involve pentava-
lent chromium as the cleavage intermediate.” No
completely satisfactory mechanism has been found
which ascribes the cleavage exclusively to tetrava-
lent chromium, although a suitable mechanism? is
available which will account for the observed facts

(17) Reaction 4e is certainly somewhat arbitrary, and can be re-
placed by at least one other termolecular reaction, 4f.

k
2Crt + ROH —> Cr3 + Cr® + ketone  (4f)

At low chromic acid concentrations, the combination of 4a, 4b, 4c,
4d and 4f leads to the correct reaction kinetics, and the calculated
cleavage yields agree with experimental about as well as those from
equation 7.

(18) The equations

C:I'4 + C5H5_CH_C<CH3)3‘% CeHﬁCH_C<CH3); + Cr3
OH .
CeHs—CI:H_C<CH3)3 —_— CgHﬁCHO -+ (CH3)3C
O-
Crs + (CHs)sC + H2O _— CI‘5 + (CHa)sCOH + H+
CI'5 + CeHsCI:H_C<CHs)3 _— CI':‘l + CaHsCOC(CH3)3
OH

account qualitatively for all the facts except the cleavage yields which
exceed 33%,.
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under those experimental conditions where the
fraction cleavage does not exceed 33%,. The valid-
ity of this mechanism, as a partial explanation of
the facts, has not yet been determined.

Detailed Chemistry.—The kinetic analysis pre-
sented above does not permit a complete determina-
tion of the mechanism for the cleavage reaction.
However, equations 4a-4e suggest that the cleav-
age results from the oxidation of the carbinol to a
real or potential oxygen cation, which then under-
goes cleavage. The kinetic study must be sup-
plemented by stereochemical and other investiga-
tions before a detailed mechanism can be presented.

Isotope Effects.—Although the set of reactions
in equations 4a-4e explains the kinetics and the
cleavage yields satisfactorily, and accounts for the
effect of deuterium substitution on the reaction
rate, it nevertheless is true that the isotope effect
is somewhat larger than usual.!® Deuterium sub-
stitution decreases the rate of the oxidation of iso-
propyl alcohol by a factor of 8 at 0° in 86.5% acetic
acid‘t and by a factor of 6.9 in water® at 25°. Large
and unusual isotope effects have, however, occa-
sionally been reported.?® The usual ku/kp ratio is
the result of the zero-point energy difference which
arises when a C-H vibration, in the reacting mole-
cule, is converted, in the transition state, to transla-

(19) W. F. K. Wynne-Jones, J. Chem. Phys., 2, 381 (1934); C.
Reitz, Z, physik. Chem., A176, 363 (1936); C. Reitz and J. Kopp, tbid.,
A184,420 (1939); L. Melander. Arkiv Kemi, 8,211 (1950); K. Wiberg,
Tuis JourRNAL, 76, 5371 (1954); K. Wiberg, Chem. Rev., 58, 713
(1955).

(20) A. Leo, Dissertation, University of Chicago, 1951.

(21) W. H. Urry, Twelfth National Organic Chemistry Sym-
posium, Denver, June, 1951, p. 30; ¥L. C. Urey and D. Price, J.
Chem. Phys., 2, 300 (1934).
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tional motion. Possibly in the present example the
C-H bending vibrations have considerably lower
frequencies in the transition state than in the car-
binol; if so, the zero-point energy difference between
the hydrogen and the deuterium compounds will be
exceptionally large. Tunnelling also has been sug-
gested?® as a possible cause for large ku/kp ratios.
But although tliese explanations may be correct, au
alternative explanation is embodied in the sche-
matic equations 4g and 4h below.

Cr® + HsA —> Cr, + HA. (4g)
Cr* +HA- —>Cr% + A (4h)

Here HA. represents the free radical C;H;C(OH)C-
(CH;); and A represents CHz;COC(CHs)s.

These equations, together with the set of reac-
tions 4a-4e, lead by way of the usual steady-state
assumption to a kinetic equation which predicts
more chain branching for the hydrogen than for
the deuterium compound, and hence an abnorially
high ku/kp ratio. Although this mechanism is
highly speculative, it appears worthwhile to point
out that the high isotopic rate ratio here observed
may be caused by chemistry rather than physics.
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Thermodynamics of the Reaction between Benzenearsonic Acid-Azo-bovine Serum
Albumin and Rabbit Antibodies to Benzenearsonic Acid'~

By MEeLvIN C, Baker,? DaN H. CaMPBELL, SAMUEL . EPSTEIN AND S. J. SINGER
RECEIVED JuLy 23, 1955

Solutions of antigen (Ag)-antibody (Ab) complexes formed betwecn benzenearsonic acid-azo-bovine serum albumin as

Ag and antibodies to benzenearsonic acid, have been subjected to electrophoresis and ultracentrifugation.

Two different

Ab preparations exhibited some differences in behavior, but for one of these the following thermodynamic data have been
obtained. For the reaction Ag -+ AgAb =2 (Ag):AD, in veronal-NaCl buffer, pH 8.5, I'/2 0.3, at 0°: K = (7 & 3) X 10?

liters/mole, AF® = —4.8 = 0.2 keal./mole; AH® = 0 % 2 kcal./mole; AS* = + 18 = 8e.u.
to those obtained with natural protein antigen-antibody systems aud their significance is discussed.

of the effect of pH on the Ag-Ab equilibria is described.

In previous papers of this series,* general meth-
ods were developed which permit, for the first

(1) Presented at the meeting of the American Chemical Society.
New VYork City, September, 1954, The work was supported in part
by grants from the Rockefeller Foundation and the United States
Public Health Service.

(2) From the thesis submitted by Melvin C. Baker in partial fulfill.
ment of the requirements for the Ph.D. degree at Yale University,
June, 1955.

(3) Du Pont Predoctoral Fellow, 1954-1955.

(4) (a) S. J. Singer and D. H. Campbell, THIS JoUurRNAL, T4, 1794
(1952); (b) 76, 5577 (1953); (c) 77, 3499 (1955); (d) 77, 3504 (1955);
(e) 77, 4851 (1955); (f) S. J. Singer, L. Eggman and D. H. Campbell,
ibid., T7, 4855 (1955).

These data are very similar
A preliminary study

time, thermodynamic data to be obtained for the
reactions of natural protein antigens (Ag) and their
antibodies (Ab). The systems containing rabbit
antibodies to bovine serum albumin (BSA) and
ovalbumin‘¢ (OA) have been studied. We have
now investigated a system containing an artificial
antigen, benzenearsonic-acid—p-azo-bovine serum
albumin (RBSA) and antibodies to benzenearsonic
acid (anti-R). This investigation has several pur-
poses. Current concepts of the nature of the anti-
gen—antibody reaction have largely been derived
from studies with artificial antigens (usually pre-



