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ALLYLIC OXIDATION WITH CHROMIUM (VI)

Paul Mialler and Truong Thi Khoi
Département de Chimie Organique, Université de Genéve, 1211 Genéve 4, Switzerland

(Received in UK 21 March 1977; accepted for publication 15 April 1977)

Chromic acid oxidizes alkenes by reacting with the double bonds as well as

! The reaction at the double bond is due to attack of

with the allylic positions.
chromium (VI).? Oxidation of the allylic CH bonds, however, is believed to invol-
ve an intermediate valence state of chromium, presumably Cr(IV).°®

In the absence of double bonds Cr(VI) also reacts with CH bonds. Alkanes"
and aryl alkanes® are oxidized by hydrogen transfer to Cr(VI) with concurrent
formation of an organic radical.

Although Cr (VI) shows a strong preference for double bond in comparison to
allylic oxidation, we have found two alkenes, l,4-cyclohexadiene (1) and 1,2,3-
tri-t-butylcyclopropene® (2) reacting at the allylic CH bonds. Furthermore,
although Cr(VI) usually oxidizes CH bonds by hydrogen abstraction, our results
suggest that these reactions are two-electron transfer processes involving
hydride transfer from the substrate to the oxidant.

1,4-Cyclohexadiene (1) was oxidized at room temperature for 16 hours in 80%
acetic acid with one equivalent of Cr0O;. GC analysis after work-up revealed the
presence of a single product in the organic phase, namely benzene in 85% yield.
The reaction of 2 with one eq. of Cr0O; was investigated in 80-90% CD,CO0D/D,0.
After 24 hours a peak appeared in the NMR at § 1.56 ppm, characteristic for the
tri-t-butylcyclopropenium cation (_3_).B Addition of authentic 3 to the reaction
mixture produced no additional peaks. The reactivity of 1 and 2 with respect to
chromic acid was investigated under pseudo first-order conditions with excess
substrate. The disappearance of Cr(VI) was monitored by measuring the absorbance

at 350 nm.’ Under these conditions Cr(VI) is the only kinetically relevant Cr
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species, and the reaction rates therefore refer to Cr(VI) alone. The results of

the reactivity study are summarized in the table.

Table. Rate Constants for Reaction of Alkenes with Chromic Aeid?

10k 103k 10%k

Substrate 80% Acon’  90% AcoH®  95% AcOH? kre1
1,4-Cyclohexadiene (1) 24.3 18.9 5200
1,4-Cyclohexadiene-d, 2.89 610
Cyclohexene 0.99 0.76 11.00 210
Tri-t-butylcyclopropene (2) 54.6 15100
Tri-t-butylcyclopropene-d,; 11.7 3200
Tri-t-butylcyclopropenium

perchlorate (3} 0.61 170
Triphenylmethane 5.2 1.0
Ethylbenzene 2.1° 0.4
Toluene 0.65° 0.1

rate constants in M YsY; 21072N H,S0., 25%; 107 2N H,SO4, 25°; %0.2N H,SO.,

30°; %0.1M HC1O,, ref. 5.

Both 1 and 2 are oxidized with a primary kinetic isotope effect indicating
CH bond cleavage in the rate-limiting step. The value of kH/kD = 4.6 for 2 is in
the normal range for hydrocarbon oxidation (6.4 for diphenylmethane® and 2.5 for
3-methylheptane), while that of 8.5 for 1 appears abnormally high (see below).

The preference of 1 and 2 to react by CH cleavage instead of by oxidation at
the double bonds is unique. Even more surprising is the high reactivity of these
compounds. Although they react only 20-75 times faster than a typical alkene,

i.e. cyclohexene (reacting at the double bond), their oxidation rates are accele-
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rated by 5000 and 15000, respectively over that of triphenylmethane, the latter
compound representing a typically activated substrate. 1In comparison with less
activated hydrocarbons, the rate enhancement is event more important.

We believe that these results are best explained with a change in mechanism
from hydrogen to hydride transfer to Cr(VI) due to aromatic stabilization of the
transition state. Hydrogen abstraction from 2 would lead to a cyclopropenyl ra-
dical. The tri-t-butylcyclopropenyl radical is a o radical,® and for radicals
of this type no particular (aromatic) stabilization is possible.? We may expect
reactions leading to such radicals to proceed at moderate rates. This is indeed
the case. Methyl radicals abstract hydrogen from triphenylcyclopropene 6 times
slower than from triphenylmethane.'® Even in a more "polar" radical generating
reaction such as perester pyrolysis, the di-n-propylcyclopropenyl radical forms
only 20 times faster than diphenylmethyl.!! oOn the other hand, hydride transfer
from cyclopropenes leads to an aromatic cyclopropenium ion,!? the stability of
which is reflected in the transition state of the reaction and leads to impressi-
ve rate enhancement. For example, triphenylcyclopropene reacts with triphenyl-

3 to 105 times

methylfluoroborate or 2,3-dichloro-5,6-dicyancbenzoquinone (DDQ) 10
faster than with simple model compounds.!® The rate acceleration in the oxida-
tion of 2 with chromic acid suggests that this reaction proceeds also by a
hydride mechanism leading to 3 in a single oxidation step. The same mechanism
has been proposed for the exothermic reaction of 2 with m-chloroperoxybenzoic
acid. Similarly, dehydrogenation of 1 with DDQ or triphenylmethylfluoroborate
proceeds at rates comparable to hydride transfer from cycloheptatriene or tri-

phenylcyclopropene.!?

A mechanism involving simultaneous transfer of two cis
hydrogens in a two-electron process was proposed for the reaction, and the high
rate of 1 was explained by a transition state reflecting in part the aropatic
stabilization of the product, benzene. The same effect must be responsible for

the high rate of 1 with chromic acid. An additional parallel between the reac-

tion of 1 with DDQ and chromic acid is found in the magnitude of the kinetic iso-
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tope effect. The simultaneous breaking of two CH bonds results in an unusually
high isotope effect of 10.0 with DDQ.'!® With chromic acid the effect is less
impressive, namely 8.5, however this value is still above the usual range.

While for oxidation of CH bonds with Cr(VI) one-electron (hydrogen) transfer
seems to be the general rule, the two-electron (hydride) mechanism is not without
precedent. Wiberg® suggested the same pathway for the oxidation of p-methoxy-
diphenylmethanes. It appears therefore that the possibility to form a highly
stabilized carbenium ion in a single oxidation step can provoke a mechanistic
change from hydrogen to hydride transfer to Cr(VI).
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