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The presence of either cerium(III) or of cerium(IV) reduces the rate of chromic acid oxidations of alco-
hols and suppresses the cleavage of phenyl tert-butyl carbinol.

The effect can be observed at cerium concentration

as lowas 1077 M, it is interpreted by a mechanism in which cerium catalyzes the disproportionation of chromium-

(V) to chromium(III) and chromium(VI).

he oxidation of alcohols by chromic acid involves
both one-electron and two-electron transfer re-
actions.? The mechanism of this oxidation involves
an initial rate-limiting two-electron oxidation of the
alcohol by chromium(VI) with production of an alde-
hyde or ketone and a tetravalent chromium intermedi-
ate. It is now well established, at least in solutions
containing some water, that this chromium(IV) reacts
in a rapid one-electron oxidation with a molecule of
alcohol to yield a free radical and a chromium(III)
species.?
The simplest mechanism incorporating these reac-
tions is given in Scheme I. This mechanism predicts

Scheme I
r
Cr(VI) + S l—> Cr(IV) + Ps [€Y)
rate limiting
Cr(lV) + S —> Cr(IIl) + R- 2)
R: + Cr(VI) — Cr(V) + P, 3)
Cr(V) + S — Cr(III) + P; 4)
kobsd = 2k1
net reaction: 2Cr(VI) 4 3S —_—

2Cr(IIl) + Ps + Ps + Py (5)

that 3397 of the products will be formed through a free-
radical intermediate (product P,). Because two chro-
mium(VI) molecules are reduced for each chromium(VT)
reacting in the rate-limiting step, the mechanism further
predicts that the observed second-order rate constant,
konsa, should be equal to 2k;.

In fact, the reaction mechanism seems to be more
complicated. Chromium(V), rather than reactingsolely
with the substrate, can also undergo a disproportion-
ation to chromium(IV) and chromium(VI) (Scheme
I1)* which would lead up to 67 % instead of 33 % of P..

Further, there is experimental evidence that not all
the radical formed in reaction 2 undergoes oxidation.
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Scheme II
k1
Cr(VD) + S —> Cr(IV) + Ps (N
rate limiting
2Cr(1V) + 28 —> 2Cr(III) + 2R 2)
2Cr(VI) + 2R —> 2Cr(V) + 2P, 3)
2Cr(V) —> Cr(1V) + Cr(VI) 6)
kovsd = 2k1
net reaction: 2Cr(VI) + 38 o

2Cr(IIY) + Ps + 2P, (7)

Some of it seems to react by a bimolecular dispropor-
tionation or dimerization?

2R- —> products (8)

which will result in an experimental rate constant lower
than the value of 2k, required by Schemes I and II.
Hence the actual value of the experimental rate con-
stant will lie between the values of k; and 2k,.

Oxidations involving different valence states of chro-
mium do not always lead to the same products. For
example, chromic acid oxidation of phenyl alkyl car-
binols produces both the corresponding ketone and
benzaldehyde.* The oxidative cleavage reaction has
been shown in these systems and in the related cyclo-
butanol oxidation to be due to a reaction with one-
electron oxidants.?:?

If the chromium(IV) species could be removed before
it is able to react with alcohol, the one-electron cleavage
in chromic acid oxidations would be eliminated. One
means of removing chromium(IV) is by reaction with a
one-electron reducing agent, such as cerium(lll) (eq
9). To be effective, two conditions must be met: (1)

Ce(III) + Cr(IV) —> Ce(IV) + Cr(III) 9)

the reducing agent must react more rapidly with Cr(IV)
than Cr(IV) can react with alcohol (eq 2), and (2) neither
the reducing agent nor its oxidized form should be
reactive toward any species other than Cr(VI). In
addition, at least 1 equiv of reducing agent is required
for eq 6 to be sufficient in removing chromium(IV).
Hampton, Leo, and Westheimer have, in fact, used
excess amounts of cerium(III) perchlorate to reduce
chromium(IV) in the chromic acid oxidation of phenyl
tert-butyl carbinol. 2

(4) (a) I. Hampton, A. Leo, and F. H. Westheimer, ibid., 78, 306
(1956); (b) J. J. Cawley and F. H, Westheimer, ibid., 85, 1771 (1963);
(c) W. A. Mosher and F. C. Whitmore, ibid., 70, 2544 (1948).

(5) (a) K. Meyer and J. Rocek, ibid., 94, 1209 (1972); (b) J. Rogek
and A, E. Radkowsky, J. Org. Chem., 38, 89 (1973).
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Cerium(IV) also reacts with chromium(IV). King
and Tong have shown that in the cerium(IV) oxidation
of chromium(III) three one-electron transfer reactions
are involved (Scheme III) with the oxidation of chro-

Scheme III
Cr(IID) + Ce(IV) == Cr(IV) + Ce(IIl) (10)
Cr(IV) + Ce(IV) i—a:—} Cr(V) + Ce(IIl) an
mitlng
Cr(V) + Ce(IV) —> Cr(VI) + Ce(II) (12)

mium(IV) being the rate-limiting step.® We have pre-
viously communicated that both cerium(IV) and ce-
rium(III) may be used to trap chromium(IV) in chromic
acid oxidations of alcohols and that the amount of
cerium used can be significantly less than 1 equiv, based
on chromic acid used.” In this paper further results
are reported that show that cerium(IV) and cerium(III)
effectively remove chromium(IV) when used in catalytic
amounts.

Results

Table I presents a summary of the second-order rate

TableI. Chromic Acid Oxidation of 2-Propanol in
Aqueous Media at 25.0° in the Presence of
Cerium(IV) and Cerium(III)=

[Ce(IV)]o,  10%obsa,  [Ce(IID]s,  10%obsa, [Cr(VD)]o/
M? M~1gec! M M~1sec! [Celo

0 4.33¢4 0 4. 33¢d

6.00 X 108 4.37 6.00 X 1078 4,22 1.00 X 10%
1.20 X 1077 4.38 1.20 X 1077 4.13 5.00 X 10¢
3.00X 1077 4.22 3.00 X 1077 3.56 2.00 X 104
6.00 X 1077 4.30 6.00 X 1077 4.00 1.00 X 10*
1.20 X 107¢  3.88 1.20 X 107¢  3.53 5.00 X 10®
3.00 X 107 3.32 3.00 X 108 3.08 2.00 X 10®
6.00 X 100¢  3.08 6.00 X 107¢ 2.88 1.00 X 103
1.20 X 105 2.78 1.20 X 107% 2.78 5.00 X 102
3.00X 1078 2.72 3.00 X 1078 2.70 2.00 X 102
6.00 X 1078 2.67 6.00 X 1075 2.60 1.00 X 102
1.20 X 10~ 2.45 1.20 X 10¢  2.42 50.0
3.00X107¢ 2.38 20.0
6.00 X 107+ 2.38 6.00 X 10¢ 2.17 10.0
1.20 X 1073 2,22 1.20 X 1073 2.267 5.00
3.00x 10 2.10 2.00
6.00 X 1073 2.07 6.00 X 103 2.98 1.00
1.20x 1072 1.97 1.20 X 1072 2.84 0.500
3.00 X 1072 1.60¢ 3.00 X 1072 2.88¢ 0.200

¢ [Cr(VD]e = 6.00 X 1073 M; [(CH;).CHOH], = 0.615 M;
[H;SO4o = 0.90 M. * Contained cerium(II): [Ce[IV)]o/[Ce(IID)]o
= 18.4. < Average of three determinations; precision ==0.04 X
1073, ¢ For [Cr(VD)], = 6.87 X 10~ M, [(CH;),CHOH], =
0.200 M, and [H:SO.]o = 0.90 M, kopsa = 4.23 X 1073 M1 sec™!,
¢ Average of two determinations; precision =0.02 X 1073
/ Through the first 20 7 of reaction, kobsa = 2.84 X 1072 M~1sec™!.

constants for the chromic acid oxidations of 2-propanol
in aqueous media in the presence of cerium(IV) and
cerium(IIl). The rate of reaction was measured by
observing the rate of production of chromium(III)
at 580 nm; good pseudo-first-order plots were obtained
in all kinetic experiments through at least 2 half-lives.
Under the same reaction conditions the second-order
rate constant for cerium(IV) oxidation of 2-propanol
was 1.35 X 10-% M—! sec™!, about 1/300 as great as
that for chromic acid oxidation. In the aqueous sul-

(19(22»1. Y.-P. Tong and E. L. King, J, A4mer. Chem. Soc., 82, 3805

(7) M.P.Doyle, R, J. Swedo, and J. Roéek, ibid., 92, 7599 (1970).
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Figure 1. Concentration of chromium(VI) (@) and cerium(IV)
(A) vs. time. [Cr(VD]o = 6.87 X 107 M, [Ce(IV)], = 1.45 X

1074 M, [Ce(IID], = 0.31 X 10~ M, [(CH;):CHOH], = 0.100 M,
[H:SO4] = 0.90 M, temperature = 25.0°,

furic acid medium we were not able to observe complex
formation between cerium(IV) and 2-propanol using
the procedure previously described by Trahanovsky
and Young.?

The effect of cerium(IV) and cerium(III) on the rate
of reaction is comparable except at [Cr(VD)]y/[Ce]s
ratios less than 2:1. A reduction in the rate constant
is first observed when the concentration of cerium is
only 0.0001 times that of the chromic acid. With in-
creasing cerium concentration the second-order rate
constant for the chromic acid oxidation of 2-propanol
approaches a value of one-half the rate constant for the
same oxidation without added cerium. When the
cerium concentration approaches and exceeds that
of the chromium(VI), the effect of cerium(IV) does not
parallel that of cerium(III). At cerium(IV) concentra-
tions greater than 0.5 times that of chromium(VI) the
rate constant for chromic acid oxidation shows a con-
tinual drop. With cerium(Ill), on the other hand,
the rate constants go through a minimum value and
with further increasing cerium(III) concentration reach
a higher approximately constant value. Hampton,
Leo, and Westheimer observed a similar effect of high
cerium(T1I) concentrations on the rate of chromic acid
oxidation.**

In a separate experiment involving the chromic acid
oxidation of 2-propanol using cerium(IV) and cerium-
(I1II), the change in the concentrations with time of
both chromium(VI) and cerium(IV) were determined
(Figure 1). Oxidation of cerium(111) occurs in a rapid
reaction until the sum of the initial concentrations of
cerium(IV) and cerium(IIT) represents the total cerium-
(IV) concentration. After this initial production of
cerium(IV), the concentration of cerium(IV) remains

(8) L. B. Young and W. S, Trahanovsky, ibid., 91, 5060 (1969).
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TableII. Oxidation of Chromium(III) by Cerium(IV) in Aqueous Sulfuric Acid Solutions at 25.0°*
109[Ce(IV))], 104 Ce(I1D)], 103[Cr(11T)], 10%k,
M M M [H+P [HSO. P [SO2 P M-1sec™!
11.4 0.617 5.82 1.15 0.65 0.25 4.2
22.8 1.24 5.82 1.15 0.65 0.25 4,2
28.5 1.55 5.82 1.15 0.65 0.25 4.0
0.9-9.3 0.007-7.9 4.4-8.7 1.30 0.65 0.11 5.0¢
0.9-23.3 0.007-55.3 4.3-42.6 0.24 0.39 0.51 4.8¢
0.5-9.3 0.003-0.013 4.3-21.8 1.06 0.29 0.29 5.8¢

¢ [H:80,4] = 0.90 M.

constant through more than 2 half-lives for the chromic
acid oxidation of 2-propanol. It is noteworthy that
the increase in the concentration of Ce(IV) through
the initial phase of the reaction (first 10 min)corresponds
to the same change in the chromic acid concentration,
i.e., 1 mol of cerium(IIl) is oxidized for each mole of
chromium(VI) reduced.

To determine if the rate law for oxidation of chro-
mium(IIl) by cerium(IV) given by King and Tong®
(Scheme II) held under our reaction conditions we
repeated the oxidation of chromium(IIl). These data
are reported in Table II. The rate expression, d[Cr-
(VD]/dr = k[CrdID][Ce(IV)]?/[Ce(1l])], held in each
case studied; and the rate constants that we obtained
compared favorably with those previously reported.®
Addition of 2-propanol to mixtures of cerium(IV),
cerium(I1I), and chromium(III), under conditionssimilar
to those given in Table II, had a negligible effect on the
initial rate. As much as a 1000-fold excess of 2-pro-
panol over either Cr(III) or cerium reagents was added
with no noticeable change in the rate of appearance
and yield of chromium(VI).®

The effect of cerium on chromic acid oxidations in
aqueous acetic acid is similar to that observed in aque-
ous solutions (Table III). Good pseudo-first-order

Table III. Chromic Acid Oxidation of 2-Propanol
in 70 % Aqueous Acetic Acid at 25.0° in the Presence
of Cerium(IV) and Cerium(III)®

10%kobsd, 10%kobsas
[Ce(IV)]a, M1 [Ce(I1D)],, M1 [Cr(VD]o/
M? sec™! M sec™! [Cela
0 2.80¢ 0 2.80¢
595 x 100 2.75 1.06 X 108
6.00 X 1078 2.83 5.95x10% 2.79¢ 1.05 X 10°
1.20 X 1077 2,77 1.19 X 100¢  2.45 5,24 X 10¢
6.00 X 1077 2.40 595 x 1007 2,37 1.05 X 104
1.20 X 10 2.27 1.19 x 10 2,28 5.24 X 108
6.00 X 107® 1.93 595X 10% 1.91 1.05 x 10¢
1.20 X 1078 1.78 1.19 X 105 1.80 5.24 X 10?
6.00 X 1078 1.64 595X 1075 1.63 1.05 X 10?
1.20 X 107 1.65 1.19 X 10® 1.63 52.4
3.57 X 1074¢ 1.58/ 17.6
6.00 X 10—¢ 1.87/ 10.5
1.20 X 103+ 1.87/ 5.24

@ [Cr(VD]s = 6.29 X 10~% M, [(CH3)CHOH], = 0.0524 M;
[H:SOsle = 0.18 M. ? Quantitative determination of [Ce(IV)]
showed less than 0.1% Ce(III) was present. ¢ Average of three
determinations; precision ==0.03 X 10~2, ¢ Average of two deter-
minations; precision 0,10 X 1072, ¢ Limit of cerium(III) sol-
ubility under these conditions. / Average of two determinations;
precision 40,02 X 1072, ¢ Limit of cerium(IV) solubility under
these conditions.

(9) If chromium(IV), produced from chromium(III) by cerium(IV)
oxidation, reacted with 2-propanol, a decrease in the yield of chromium-
(VI) should be observed.

b Calculated by assuming K, = [H*][SO27]/[HSO,] = 0.42.

¢ Data of King and Tong.®

rate plots were observed through at least 2 half-lives.
Under the same reaction conditions the cerium(IV)
oxidation of 2-propanol has a second-order rate con-
stant of 3.83 X 10-% M~! sec™!, about 17000 of that
for chromic acid oxidation. The change in the ob-
served rate constant for chromic acid oxidation with
increasing cerium concentration is nearly the same as
that found in aqueous solution. As in aqueous solu-
tion the rate constant is reduced by about 25%, when
the cerilum concentration is less than 0.001 times that
of the chromic acid. In the acetic acid solution at
[Cr(VD]o/[Ce(IV)]o of 10 or less, the rate constant is
reduced by about 40%,. Due to the insolubility of the
cerium(III) sulfate, similar data could not be obtained
at high cerium(III) concentrations.

Cerium could reduce the rate of the chromic acid
oxidation by reacting either with chromium(IV) or with
the radical produced by one-electron oxidation of
alcohol by chromium(IV) (Scheme I). In order to
distinguish between these alternatives, we studied both
the kinetics and the composition of reaction products
formed in the oxidation of phenyl fert-butyl carbinol
in the presence of cerium. This alcohol is known to
undergo oxidative cleavage with one-electron oxi-
dants.4'!1® Therefore, the yield of cleavage products
(benzaldehyde and #-BuOH, eq 13 and 14) from the

~H.
(CH,);C-CH-CsHs —> (CH;);C- + CH,CHO  (13)
OH

xid.
(CH,),C: > (CH,);COH (14)

chromic acid oxidation in the presence of cerium should
be a good measure of our ability to trap chromium(IV).
Data for the chromic acid oxidation of phenyl rert-
butyl carbinol in 70% aqueous acetic acid in the pres-
ence of either cerium(IV) or cerium(III) are given in
Table IV. Good pseudo-first-order rate plots were ob-
tained through more than 2 half-lives. The yields of
products were determined directly from the reaction
solution immediately after the reaction had completed
10 half-lives. We found that under the reaction con-
ditions specified in Table IV, the second-order rate
constants for the oxidation of benzaldehyde by chromic
acid is 7.94 X 10~¢ M—! sec~! and by cerium(IV) 5.09
X 10~¢ M-1sec—!. Benzaldehyde thus was not oxidized
further by either chromic acid or cerium(IV) in the
presence of the large excess of phenyl zerz-butyl carbinol
used in this series of experiments.

Phenyl rerz-butyl carbinol is quantitatively cleaved by
cerium(IV) as well as by chromium(IV).1* However,
under the same conditions as those given in Table 1V,

(10) W. S. Trahanovsky and I. Cramer, J. Org. Chem., 36, 1890
(1971).
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Table IV. Chromic Acid Oxidation of Phenyl terr-Butyl Carbinol in 70 7
Aqueous Acetic Acid at 25.0° in the Presence of Cerium(IV) and Cerium(I1I)

[Ce(IV)]o, 10%k obsa, % [Ce(1ID)],, 10%kobsq, 7% [Cr(VD]y/
M M~1sec™! cleavage? M M~1sec! cleavage? [Cels

0 9.75¢ 40 0 9.75¢ 40

1.20 X 10710 9.86 36 3.27 X 107

1.20 X 107# 9.63 28 3.27 X 10¢
6.00 X 1078 9.45 6.55 X 108

1.20 X 10°¢ 8.23 30 3.27 X 108

1.20 X 1077 8.17 29 1.20 X 1077 9.60 25 3.27 X 10¢

1.20 X 10°¢ 7.24 18 1.20 X 10 7.26 29 3.27 X 108

6.00 X 107¢ 6.24 6.00 X 107¢ 6.53 12 655

1.20 X 1078 6.22 8 1.20 X 107® 6.23 11 327

6.00 X 1073 6.08 7 6.00 X 10— 6.27 10 65.5

1.20 X 107¢ 5.47 6 1.20 X 107+ 6.13 5 32.7

6.00 X 107+ 5.28 5 6.00 X 107¢ 6.33 4 6.55

1.20 X 1072 ¢ 6.44¢ 7 1.20 X 10734 6.32/ 4 3.27

@ [Cr(VD]o = 3.93 X 1072 M; [CsH;:CHOHC[CH;):]o = 5.70 X 1072 M; [H,SO4o = 0.18 M.
analyses using an internal standard. Duplicate runs show the precision of analysis to be within =42 %.

precision +0.04 X 10~2 4 Limit of cerium solubility.
determinations; precision =0,01 X 1072,

the second-order rate constant for oxidation of phenyl
tert-butyl carbinol by cerium(IV) was 6.45 X 10— M—!
sec™!, only 1/100 of that for the corresponding chromic
acid oxidation. Under our experimental conditions
we estimate that less than 397 of cleavage product would
be produced from ceric oxidation at the highest cerium-
(IV) concentration listed in Table IV, an estimate borne
out by the difference in per cent cleavage product for
chromic acid oxidation with 1.2 X 10-3 M cerium(IV)
and cerium(III).

From Table IV it is evident that cerium(IV) and ce-
rium(III) effect both a decrease in the observed rate of
oxidation and in the amount of cleavage product, benz-
aldehyde. The yields of pivalophenone, not given
in Table 1V, show a corresponding increase when ce-
rium is added. To reduce the amount of cleavage
product to one-half of thatfoundinthe““normal” chromic
acid oxidation requires only a comparably small amount
of either cerium(IV) or cerium(Ill), less than 0.001
times that of chromic acid. Both cerium(IIl) and
cerium(IV) at concentrations of 1.2 X 10-3 M reduce
the second-order rate constants for the chromic acid
oxidation of phenyl rers-butyl carbinol by more than

4097,

Discussion

The decrease of the observed oxidation rate, as well as
the suppression of the cleavage reaction in the oxidation
of phenyl rerr-butyl carbinol, indicates that cerium
reacts with the chromium(IV) formed in the rate-limiting
step of the oxidation (eq 1). The ability of stoichio-
metric amounts of cerium(III) to reduce chromium(IV)
was known and the mechanism well understood (Scheme

IV).+ This mechanism leads to a reduction of the
Scheme IV
Cr(VD) + S l) Cr(IV) + Ps (@8}
Cr(IV) + Ce(Ill) — Cr(III) + Ce(1V) (15)
Kohea = k1

net reaction:

Cr(VD) + S + Ce(IID) —

Cr(IIl) + Ps + Ce(IV) (16)

rate from a value of kon.q lying between k; and 2k, (and
considerably closer to 2k)) to k.
Our results, however, led to the astonishing finding

¢ Average of three determinations; precision ==0.23 X 1072,

b Yield of benzaldehyde based on glpc
¢ Average of two determinations;
7 Average of three

that cerium(IIl) is active in reducing the overall reac-
tion rate and in suppressing cleavage reaction at con-
centrations several orders of magnitude lower than
those required by Scheme IV. Reduction of the rate
constant by about 259 occurs in both aqueous and 707
aqueous acetic acid solutions when the [Cr(VI)]o/[Ce]o
ratio is approximately 3000:1; at this same ratio the
amount of cleavage product in the chromic acid oxi-
dation of phenyl rert-butyl carbinol is reduced to one-
half that found in the chromic acid oxidation without
added cerium.!!

Further, cerium(IIl) and cerium(IV) affect the re-
action equally at low cerium concentrations, while at
high cerium concentrations the overall reaction rate is
reduced more by cerium(IV) than by cerium(III).

In order to explain these experimental findings the
reaction mechanism must provide for an interconver-
sion between the two valence states of cerium which
would lead to the establishment of a quasi-equilibrium
between cerium(IIl) and cerium(IV). The mechanism
must further explain the removal of chromium(IV) and
the reduction of the oxidation rate. A mechanism
which satisfies these requirements is given in Scheme V.

Scheme V

Cr(VD) + S s V) + Py (1
rate limiting

Cr(IV) + Ce(III) —> Cr(IIT) + Ce(IV) (15)

Cr(IV) + Ce(IV) —> Cr(V) + Ce(IlI) (1

Cr(V) + Ce(IV) —> Cr(VI) + Ce(III) (12)

hobed = 2k1/3
2Cr(VI) + 38 —> 2Cr(III) + 3P (17)
The reduction of Cr(IV) by cerium(III) (reaction 15)
is obviously much faster than the oxidation of chro-
mium(IV) by cerium(IV) (reactions 11 and 12). Con-

net reaction:

(11) Although not all cleavage product is eliminated from the
chromic acid oxidation of phenyl rers-butyl carbinol (Table IV), the
constant amount of benzaldehyde found at high cerium concentrations
must be formed in some other manner than by chromium(IV) oxidation
since cerium has no further effect at ratios of [Cr(VI)]o/[Ce]o less than
approximately 100. Since oxidation of alcohol by Cr(IV) (eq 2) is com-
petitive with oxidation or reduction of Cr(IV) by Ce(IV) (eq 8) or Ce-
(III) (eq 6), an increase in the concentration of cerium at constant
alcoho!l and chromic acid concentrations should give a decrease in the
yield of cleavage product. Other processes, including two-electron
oxidative cleavage may be responsible for as much as 77 of the cleavage
products under our reaction conditions.

Rocek, et al. | Effect of Ce(IIl) and Ce(IV) on Chromic Acid Oxidation
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slope = 0.35
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0.57 T+
107" '
Cel, M
Figure 2. Dependence of rates in the oxidation of 2-propanol by

chromic acid on the concentration of cerium(IV) (®) and cerium(III)
(O). Plot according to eq 24; k) is the second-order rate constant
for the oxidation of 2-propanol by chromium(VI) (reaction 1);
note text for comments on the choice of the value for k.

sequently, at lower cerium concentrations, almost all
cerium is converted into cerium(IV) and stays in this
form as long as chromium(VI) is present (Figure 1).

In the mechanism given in Scheme V, cerium acts
as a catalyst for the disproportionation of chromium(IV)
(eq 18). Since from every three chromium(IV) species

Ce(IV)
3Cr(1V) — 2Cr(IIT) + Cr(VD) (18)

formed in the rate-limiting step one chromium(VI) is
re-formed, the observed second-order rate constant for
this process is expected to be 2k;/3, a value which is
339 lower than that predicted from Scheme IV. This
can explain the difference in the effect of cerium(III)
and cerium(IV) at high concentration. At low cerium
concentrations all cerium is rapidly converted into
cerium(IV), regardless of the form in which it was ini-
tially introduced into the reaction, and therefore will
exert the same effect on the reaction by the mechanism
given in Scheme V. The same mechanism will be oper-
ative at high cerlum(IV) concentrations. However,
at high concentrations of cerium(11l) only reaction 10
will take place, and, consequently, mechanism IV rather
than V will become operative. Under these conditions
no oxidation of chromium(IV) back to chromium(VI)
(via reactions 11 and 12) should take place and koueq
should become equal to &, rather than to 2k,/3 as derived
from Scheme V. Thus, with increasing cerium(IIl)
concentration, the oxidation rate should decrease,
ideally to reach the value of 0.67k,, then increase again
to the value of k;. No such effect should be observed
for cerium(IV). The experimental data given in Table
I are in full agreement with this conclusion.

By combining Schemes I and V one can derive a rate
law (eq 19 and 20). Assuming that the rates of reactions

—d[Cr(VD]/dr = Kopsa[ Cr(VD][S] =
k[Cr(VDIS] + ko[R-J[Cr(VI)] —
k[Cr(V)J[Ce(IV)] (19)
Kobsa Cr(VD[S] = k[Cr(VD]S] +
k[Cr(IV)IIS] — ku[Cr(IV)I[Ce(IV)]  (20)

2 and 3 and those of reactions 11 and 12 are equal, one
obtains the steady-state concentration of chromium(IV)

and of cerium(III), as given by eq 21 and 22. By com-
_ k[ Cr(VD]S]

(T = ST+ ulCetiD] + kufCetvy)

[Ce(IID)] = %[Ce(l\/)] (22)

bining eq 20, 21, and 22 and putting [Ce(IV)] = [Ce]
(where [Ce] is the total cerium concentration), one ob-
tains eq 23

_ 2ki(ksfS] + ku[Ce])

kO Bl - 23
BT kST + 3ku[Ce] (23
This equation can be rearranged to

2kl - kobsd _ kll[Cj (24)

3kopsa — 2ki ks [S]

Figure 2 gives a logarithmic plot of the left-hand side of
eq 24 vs. [Ce]. A fairly good straight line over the
whole concentration range, covering more than five
orders of magnitude, is obtained. The plot is quite
sensitive to the value of k;: a good straight line is
obtained if one uses the k; value from measurements
of high cerium(IIl) concentrations (kopsa = k1 = 2.86
X 10-3 M—tsec~!).!2 A surprising and rather puzzling
result is that the slope of the straight line is 0.35 instead
of 1.0 as required by eq 24. This indicates that the
observed rate very approximately depends on [Ce]!/?
rather than on [Ce]. This result would seem to in-
dicate that the species responsible for the dispropor-
tionation of chromium(IV) is not the prevalent form
in which cerium(IV) is present, but rather some *‘ac-
tive’’ species the concentration of which is approxi-
mately proportioned to the cube root of the analytical
cerium concentration. We are unable to identify this
“active’” species. It should, however, be noted, that
the experimental data would fit a mechanism involving
an equilibrium between a monomeric and trimeric form
of cerium with only the monomeric form being an ac-
tive catalyst of the chromium(IV) disproportionation.
Unfortunately, we are unaware of any supporting evi-
dence for such an interpretation.

Experimental Section

Materials. 2-Propanol and benzaldehyde were of reagent grade
quality and used without further purification. Phenyl tert-butyl
carbinol was prepared from benzaldehyde and feri-butylmagnesium
chioride!s followed by isolation and purification through an F&M

(12) This value is about 32% higher than one-half of kob.a in the
absence of cerium. It thus can be estimated that about one-third of the
free radicals formed in reaction 2 undergo bimolecular dimerization or
disproportionation (reaction 8), whereas two-thirds are oxidized by
chromium(VI) (reaction 3).

(13) J. B. Conant and H. Blatt, J. 4mer.Chem. Soc., 50, 551 (1928).
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Prepmaster Junior gas chromatograph using a 2 in. X 80 in. 20%
Carbowax 20M column. The white solid collected in this manner
was recrystallized from hexane, mp 42.0-42.5° (lit.% mp 44-45°).
Pivalophenone was prepared from pivaloyl chloride and phenylmag-
nesium bromide!* followed by isolation and purification by glpc
as mentioned above. Volatile compounds were checked for
purity on a F& M 5750 Research Chromatograph. Melting points
were taken on a Thomas-Hoover melting point apparatus and
are uncorrected.

Baker Analyzed reagents, potassium chromiums ulfate and
potassium dichromate, were used without prior purification.
Cerium(III) sulfate octahydrate, cerium(IV) ammonium nitrate
(analyzed reagent grade), and sulfatoceric acid were from G. F.
Smith Co.

Stock Solutions. Cerium(IV) and cerium(III) solutions were
prepared by dissolving the cerium reagent in 0.90 M sulfuric acid.
No effect of the source of ceric ion on the rates of reaction was
observed when either sulfatoceric acid or ceric ammonium nitrate
was used;!® analytical reagent cerium(IV) ammonium sulfate was
generally used to prepare stock solutions. Concentrations of
cerium(IV) solutions were determined both by titration with
analytical reagent iron(II) ammonium sulfate using a ferroin indi-
cator!® and spectrophotometrically.s The concentrations of
cerium(III) solutions were determined spectrophotometrically for
concentrations above 10— M, For reactions in aqueous media, 2-
propanol, chromic acid, and cerium solutions were similarly pre-
pared in 0.90 M sulfuric acid; for reactions in aqueous acetic acid,
chromic acid and 2-propanol solutions in water were prepared. A
solution of phenyl tert-butyl carbinol in 80%;, aqueous acetic acid
was prepared prior to each kinetic run. Acid concentrations of the
sulfuric acid solutions were determined by titration with standard
sodium hydroxide. :

Kinetic Measurements. For chromic acid oxidation of 2-
propanol and phenyl fert-butyl carbinol the rate of appearance of
chromium(III) as a function of time was followed at 580 nm using a
thermostated Cary 15 spectrophotometer. Stock solutions were
thermally equilibrated at 2% prior to introduction into the
spectrophotometric cell (qua.*z, 10.0 cm) also at 25.0°. The
initial measurement of absorbance was made within 2 min after
mixing. The rates of cerium(IV) oxidation of 2-propanol were
followed at 500 and 520 nm in aqueous solution and at 465 nm in
70% aqueous acetic acid; with phenyl ferr-butyl carbinol the rate
of disappearance of cerium(IV) was observed at 465 nm. The
oxidation of chromium(IIl) by cerium(IV) was followed by ob-
serving the rate of disappearance of chromium(Ill) at 580 nm.

Absorbancy Indices. The absorbancy indices for individual
solutions were measured at each wavelength employed in the kinetic
study using the standard stock solutions. At 580 nm the absor-
bancy indices of chromium(VI), chromium(III), and cerium(IV) in
0.90 M sulfuric acid were 0.203, 14.8, and 0.178 M~! cm™!, respec-
tively. Cerium(III) is transparent at 580 nm. No correction was
made for the absorption of chromium(VI) and cerium(IV) at 580
nm; an introduction of less than 17 error in the rate constant
results by not making this correction. The absorbancy indices of
each solution from the chromic acid oxidation of 2-propanol in
aqueous media was determined at the infinite measurement as-
suming that chromium(IIl) was the only absorbing species; the
range observed in these measurements was 15.6 == 0.8 AM~! cm™!.

(14) J. H. Ford, C, D. Thompson, and C. S. Marvel, J. Amer. Chem,
Soc., 57, 2619 (1935),

(15) E.L.King and M, L. Pandow, ibid., 75, 3063 (1953),

(16) G. F. Smith, G. Frank, and A. E. Kott, Ind. Eng. Chem., Anal.
Ed., 12, 268 (1940).
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Similar measurements were obtained in aqueous acetic acid with a
smaller range in absorbancy indices.

In aqueous solution the observed absorbance of cerium(1V)-
chromium(VI) solutions was greater than the sum of the absorbances
of the individual solutions in accordance with the observations of
King and Tong in perchloric acid media.l” Representative data
are given in Table V. No attempt was made to measure an

Table V. Representative Absorbance Data
for Chromium(VI)}~Cerium(IV) Solutions®

A, 104Ce(IV)], 104Cr(VI)], Calcd Obsd

nm M M A1 Ar® AArd
315 0.726 3.43 0.513 0.521 0.008
315 1.45 0.344 0.667 0.725 0.058
315 1.45 3.43 0.847 0.923 0.076
315 2.90 3.43 1.408 1.698 0.290
350 1.45 6.87 1.069 1.080 0.011

= Aqueous solution; 25.0°; [H,SOs] = 0.90 M. °* Calculated
total absorbance. Determined using the individual absorbancy
indices of chromium(VI) and cerium(IV). < Observed total ab-
sorbance. ¢ Difference between observed and calculated values.

equilibrium constant or measure the amount of the expected
chromium(VI)-cerium(IV) complex, as has been done previously.!?
No effect on the spectrum of chromium(VI) by cerium(IIl) was
observed.

Determination of the simultaneous change in concentration of
chromium(VI) and cerium(IV) with time, as shown in Figure 1, was
made by measurement of the change in absorbance at 315 and 350
nm. The concentrations of cerium(IV) and chromium(VI) at
particular times were calculated according to eq 25 and 26, where

Ce(IVY] = €350 v Ar0 — €300, vy A3l .

[Ce(IV)] = 350 315 315 350 (25)
€°°Ce(IV)E” 7Cr(VI) T €7 Ce(IV)ETPTCr(VI)

[Cr(VD)] = oceawdr™ - ¢eeandn o
€ oy €3% vy — €¥0eavief e v

¢ is the absorbancy index of the individual species and At is the
total absorbance of the solution. The absorbancy indices of
chromium(VI) and cerium(IV) were 524 and 4469 AM-! cm™! (315
nm) and 1095 and 3167 M~! cm™! (350 nm), respectively. The
Amax Of cerium(IV) and chromium(VI) were at 315 and 350 nm,
respectively; the contribution to the total absorbance from chro-
mium(III) and cerium(III) was negligible.

Product Analyses in Phenyl rers-Butyl Carbinol Oxidations.
After 10 half-lives in the chromic acid oxidation of phenyl fert-butyl
carbinol, a 2.00-ml aliquot was removed and mixed with 0.1 g of
sodium acetate. An internal standard (nitrobenzene) was added to
this aliquot and the solution analyzed directly on an F&M Model
5750 gas chromatograph using a 10 ft X !/ in. 109, Carbowax
20M column. Response factors for the individual components
were 0.97 (benzaldehyde), 0.57 (pivalophenone), and 0.70 (phenyl
tert-butyl carbinol). Per cent yields were based on the reaction
stoichiometry (eq 5). Similar measurement of product yields
using ether extraction provided comparable relative per cent yields;
however, isolated yields were low.

(17) J.Y.-P. Tong and E. King, J. Amer. Chem. Soc., 76, 2132 (1954).
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