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be that the oxidation takes place in a coordination
complex in which the lower reactivity of the ether is
more likely due to steric reasons than to the require-
ment of a readily replaceable hydroxyl hydrogen atom.
A mechanism which is consistent with all the ob-
servations discussed above could then contain a rapid
reversible formation of a complex and its rate-limiting
decomposition (eq 32). The radical then can undergo

OH OH

R\ /\H)| , R\. | :

/C\ /Cr“ /c Crlt (32)
PII |

further oxidation or react with a second radical. It
is possible that the existence of the radical in the form
of a chromium(III) complex adds to its earlier discussed
stability.

The value of the reaction constant p* is also in agree-
ment with the proposed mechanism; hydrogen ab-
straction reactions generally exhibit?44?* p values in
the range from —0.5to —1.5.

(42) (a) C. Walling and B. B, Jacknow, J, Amer. Chem, Soc., 82,6113

It should be emphasized that this mechanism is
proposed only for alcohols not undergoing cleavage.
For example, in cyclobutanol carbon-carbon rather
than carbon-hydrogen bond cleavage is observed, and
the rate-limiting step of the chromium(IV) oxidation
probably involves step 33.  The high reactivity of cyclo-

i i
OH ‘CH, C==0 (33)
o —

butanol (it reacts 21 times faster than isopropyl alcohol
with chromium(1V), but ~3 times faster*® with chro-
mium(V1)) is in accord with the assumption of a differ-
ent mechanism.%’
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Abstract:

leads to the formation of polymers and a considerable reduction in the yield of acetone.
sistent with a mechanism involving a rapid one-electron oxidation of the alcohol by chromium(IV).
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The presence of acrylonitrile or acrylamide in the oxidation of isopropyl alcohol by chromic acid

The observations are con-
The mecha-

nism often preferred involving the reaction Cr¥t 4- Cr!v — 2CrV is shown to be inconsistent both with the findings of
this work and with electrochemical data which lead for this reaction to an estimated equilibrium constant of 4 X
10-!4,  The results thus support conclusions drawn earlier from the investigation of chromium(IV) generated from

chromium(VI) and vanadium(IV).

Ithough the mechanism of chromic acid oxidation
of alcohols has been the subject of numerous
studies during the past 25 years, only the rate-limiting
step (which is responsible for only 339, of the total
products) is well understood. It is generally agreed
that it involves a direct two-electron oxidation to a
carbonyl compound with the concomitant formation
of a chromium(IV) species? (reactions 1 and 2). There

R‘ZCHOH "+' HQCI'OA "+' H* : RzCHOCr03H2+ "+' HQO (1)
R:CHOCrOsH;* —> R,CO + Crt¥ 2
is much less agreement on the next step of the reaction.
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The unstable chromium(1V) compound may either

reduce a molecule of chromic acid (reaction 3) or

CrlV 4 CrVl —> 2CrV 3)

oxidize an organic substrate in a one- or two-electron

oxidation (reaction 4 or 5) where S and R- represent

CrlV 4+ § —> Crlll 4 R. @)

CriV 4+ § —> Cr1I + product (5)

the organic substrate and a free radical inter-mediate,

respectively. The expected step following either re-

action 4 or 5 is the formation of a chromium(V) com-
pound? (reaction 6 or 7).

CrVt + R. —> Cr¥ 4 product (6)

CrV1 + Crll —> CrV 4 Crill ©)

(3) Since chromium(V) may be formed from either of the above
reactions, the direct observation of this species?® offers unfortunately no
clue to the understanding of the role of chromium(I1V) in chromic acid
oxidations,
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It is also generally agreed that a chromium(V) spe-
cies will react as a two-electron oxidant* (reaction 8).

CrV 4 S —> Cr!! + product 8)

Therefore, the formation of free radicals is expected
only if chromium(lV) reacts directly with the sub-
strate in a one-electron oxidation (reaction 4).

The formation of free radicals has been observed
in reactions in which carbon-carbon bond cleavage
takes place,* and indirect evidence for free radical
formation was also obtained for the oxidation of aro-
matic aldehydes.®* However, attempts to observe free
radical formation in the oxidation of simple aliphatic
alcohols such as isopropyl alcohol were unsuccessful,s.?
thus strengthening the belief that reaction 3 rather
than reaction 4 takes place unless especially favorable
conditions for a one-electron oxidation by chromium-
(IV) are created.

An investigation of the properties of chromium(1V)
generated in a stepwise reduction of chromium(VI)
by vanadium(1V) led us to conclude!'®:!! that chro-
mium(1V) is extremely reactive toward alcohols whereas
chromium(V) seems to possess a rather low reactivity.

However, the uncertainty about the actual nature
of the intermediate chromium species involved in the
reactions makes the generalization of the findings to
ordinary chromic acid oxidations open to questions. It
is not inconceivable that the chromium(IV) and chro-
mium(V) species produced in the chromium(VI)-vana-
dium(IV) reaction are sufficiently different in nature
from those produced from chromium(Vf) during the
reduction by an alcohol to exhibit different properties
in oxidation reactions. The purpose of this paper
is to examine whether our findings based on the study
of the chromium(VI)-vanadium(IV) system can indeed
be extended to normal chromic acid oxidations.

Experimental Section

The sources of the materials and the preparation of stock solu-
tions have been described in the preceding paper.!!

Products. The yields of acetone from the chromic acid oxida-
tion of isopropyl alcohol, in the presence and absence of acryloni-
trile or acrylamide as trapping agents, were determined by spectro-
photometric analysis of its 2,4-dinitrophenylhydrazone derivative
in alcoholic alkali according to the procedure of Lappin and Clark.!?
Prior to the analysis, the polymers formed during the reaction were
removed by centrifugation or filtration. Solutions containing
chromium(l1I), isopropyl alcohol, the monomers, and the DNP
reagent in concentrations equal to those in the analyzed samples
were used as references for the spectrophotometric analysis. In
the experiments with low perchloric acid concentrations the ionic
strength was maintained at 1.0 A7 by lithium perchlorate. 13

Kinetics. The rates of chromic acid oxidation of isopropyl
alcohol in the presence of the olefinic monomers as well as their
saturated analogs were measured by the procedure described pre-
viously.
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“chain branching’ (autocatalytic) reaction.?
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Results and Discussion

If the reaction proceeds according to Scheme I in

Scheme 1
CtV1 +S——>CrtV 4 P ¢
Crtv 4+ S —> Crlll 4 R. 4)
Crvi + R —>CrV + P (6)
Crv+S—Crill 4 P (10)

which chromium(1V) reacts as a one-electron oxidant,
then 339 of the product should be formed via a free
radical, while 67 % is formed by two-electron oxidations
involving chromium(VI) and chromium(V). In the
presence of a sufficiently reactive monomer, one can
expect: (a) polymer formation induced by the free
radical, and (b) reduction in the yield of the normal
product.®15

Table 1 shows that both acrylamide and acrylonitrile
form polymers during the chromic acid oxidation of
isopropyl alcohol in aqueous solutions. The yield

Table I. Effect of Free Radical Scavengers on Yields of
Acetone and PolymerFormation®
Polymer
Scavenger Concn, M Acetone, & formation
Acrylamide 0.0 100 No
0.1 93 Yes?
0.5 86 Yes?
1.0 72 Yes?
Acrylonitrile 0.0 100 No
1.5 94 Yes®

a[Cr¥l]y = 5 X 1072 M, [i-PrOH] = 0.5 M, [HCIO,] = 03 M
(for acrylamide), 0.5 M (for acrylonitrile}; reaction time, 24 hr at
room temp (254 1° in the dark under nitrogen atmosphere.
> The polymers remained in aqueous solutions but precipitated on
dilution with methanol. ¢ The polymer precipitated from the re-
action mixture within a few minutes.

of acetone decreases, approaching the limiting value
of 67 %, as the concentration of acrylamide is increased.
Acrylonitrile appears to be a less effective scavenger
than acrylamide. In control experiments chromic acid
did not induce polymerization of either acrylonitrile
or acrylamide under the same conditions. As it was
also demonstrated that chromium(1V), and chromium-
(V), formed in the chromium(VI)-vanadium(lV) sys-
tem, do not induce polymerization of the free radical
trapping agents,'! the polymer formation constitutes
strong evidence for free radical intermediates. !¢

The effectiveness of the free radical scavengers de-
creases with increasing acidity of the medium (Table
II). This may be well understood if one assumes that
the oxidation of the free radical to acetone by chro-
mium(V1) (reaction 6), like all other chromium(VI)
oxidations, is an acid-catalyzed reaction, whereas the
addition of the free radical to the monomer molecule

(14) 1. RoCek and Sr. A. Riehl, J. Amer. Chem. Soc., 89, 6691 (1967).

(15) G. Mino, S. Kaiserman, and E. Rasmussen, ibid., 81, 1494 (1959).

(16) Implied in this argument is the assumption that the intermediate
chromium species formed during the reduction of chromic acid by
either an organic alcohol or by vanadium(IV) would react with acrylo-
nitrile or acrylamide in a similar manner. This assumption seems to be
reasonable and justified by the absence of any noticeable difference in
the reaction of chromium(IV) with organic alcohols regardless of its
origin, 0.1
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Figure 1. Rates of chromic acid oxidation: 1, -PrOH (e); 2,

i-PrOH and acrylonitrile (©); 3, i-PrOH and acetonitrile (X); 4,
acrylonitrile (A).

is not.'” This acid dependence may explain earlier
failures to observe free radical formations in chromic
acid oxidation of simple alcohols. '8

Table II.  Effect of Acidity on Scavenging®
Scavenger [HCIO4], Acetone, Polymer
(concn, M) M A formation
Acrylamide 0.2 88 Yes?
1.0 0.5 87 Yes¢
1.0 91 Yesd
2.5 92 Yes¢
Acrylonitrile 0.2 88 Yes (ca. 3 g)
(1.5 0.5 94 Yes (ca. 2 g)
1.0 96 Yes (ca. 1.3 g)
2. 100 Trace

a[CrV1], = 5 X 1073 M, [i-PrOH] = 0.5 M, room temp, dark,
under nitrogen, time varied from 20 to 32 hr (lowest acidity given
longest time). ®Based on 1009 yield without the scavengers.
cu = 1.0 M (LiClOy). ¢ The polymers remained in aqueous solu-
tions,

The presence of free radical scavengers has no pro-
nounced effect on the rate of consumption of chromium-
(V1) by isopropyl alcohol (Table 111, Figure 1).!°

In the absence of a scavenger, a second molecule
of chromium(VI) is reduced in a rapid step (reaction 6),
thus making the overall reaction rate twice that of
the rate-limiting step. The polymeric free radical RM, -
could either terminate in a bimolecular combination
or disproportionation reaction (reaction 11) or reduce a

2RM,+ —> products an
molecule of chromium(VI) (reaction 12). The bi-
RM,. + CrV! —— product + CrV (12)

(17) As pointed out by Professor W. S. Trahanovsky, Iowa State
University, an additional factor may be that a greater part of the oxida-
tions may be due to chromium(IV) at lower acidities, leading thus to
more free radical formation. The additional chromium(IV) could be
forlnaed by the disproportionation?: 1 of chromium(V): 2CrV —» CrV¥l +
CrlV,

(18) Mosher and coworkers observed some polymerization of acrylo-
nitrile in the oxidation of phenyl-tert-butylcarbinol® and the isopropyl
alcohol induced oxidation of benzaldehyde.?

(19) The rates of chromic acid consumption by acrylonitrile
(plot 4 in Figure 1) or acrylamide are immeasurably slow under the
conditions of alcohol oxidations.

Table III. Effect of Scavengers and Nonolefinic
Additives on Ratese

Concn, [HCIO:), [i-PrOH], kobeg X
Additive M M M 102 M~tsec!
None 1.0 0.08 1.0
Acrylonitrile 0.80 1.0 0.08 1.1
Acetonitrile 0.080 1.0 0.08 1.1
None 0.5 0.32 0.24
Acrylamide 3.2 0.5 0.32 0.27
e [CrV], = 5.0 X 107¢ M, temp 25.0 &= 0.05°,

molecular termination step should result in a reduction
of the reaction rate to one-half of the value in the
absence of scavengers. As no such reduction was ob-
served, we conclude that the termination step of the
polymerization reaction involves an oxidation of the
polymer radical by chromium(VI) and the formation
of chromium(V) (reaction 12).

All the data obtained in this study thus support
the mechanism given in Scheme 1. Therefore the
chromium(IV) species formed by vanadium(IV) and
by alcohol reduction of chromium(VI) either do not
differ dramatically or the equilibrium between the
various chromium(1V) species and the solvent must
be rapidly established. We thus feel that reaction 3,
the formation of chromium(V) from chromium(IV)
and chromium(VI), does not play any major role in
chromic acid oxidations.

The reactions taking place in the presence of a
monomer acting as a free radical scavenger can be
summarized by Scheme II in which M, RM,., and

Scheme 11
Cr¥! 4 (CH;3),CHOH —> Cr!V + (CH;)»CO

Cr!V + (CH;)%CHOH —> Cr!If + (CH,)%COH (R")
R- + M —> RM-
RM: + (x — )M —> RM, -
RM,- + CrVI —> RM,OH + Cr¥
Cr¥ + (CH;),CHOH ~—> Crl!l + (CH;»CO

RM_,OH represent a monomer, a polymeric radical,
and its oxidation product, respectively.

Our conclusion that chromium(lV) does not reduce a
molecule of chromium(V1) but rather oxidizes a mole-
cule of the organic substrate is in agreement with the
oxidation potentials of the unstable chromium species
in aqueous acidic medium.*»* The estimated reduc-
tion potential of the chromium(IV)-chromium(I1l) and
chromium(V)-chromium(IV) couples are +42.10 and
+1.34 V, respectively.? From the potential diagram

+1.33 V.
v

" +o055V 4134

fzi0v 1
CrVl ————CrV > Cr1V

> Crlil

in acid solution one can therefore estimate?! the equi-
librium constant for reaction 3 to have a value of
about 4 = 10-!*. The equilibrium is thus entirely
on the side of chromium(1V) and chromium(V1) making
any oxidation mechanism involving reaction 3 most
unlikely, particularly considering the relatively low
reactivity?®'*! of chromium(V).?*

(20) L. J. Csanyi, Magy. Kem. Foly., 65, 415 (1959).
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(22) In fact, under certain conditions chromium(V) is about 14
times less reactive?? than even chromium(VI).
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