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Allylic Oxidation of Olefins by Cobalt(in), Manganese(i), and Cerium(iv)
Acetates in Acetic Acid in the Presence of Sodium Bromide

Takashi Morimoto,* Toshinori Machida, Masao Hirano, and Xiumin Zhung
Department of Industrial Chemistry, Faculty of Technology. Tokyo University of Agriculture and Technology,

Koganei, Tokyo 184, Japan

The effect of added sodium bromide on the allylic oxidation of olefins by cobalt(in), manganese(ut), and
cerium(v) acetates has been studied. Sodium bromide strongly accelerated the oxidation of
cyclohexene by these oxidants to give cyclohex-2-enyl acetate in good yield. Only one product was
obtained in the oxidation of cycloalkenes, but two allylic acetates were obtained in the oxidations of
methyl-substituted cyclohexenes, which have two kinds of allylic hydrogen. A mechanism involving
hydrogen abstraction from allylic sites by bromine radicals is suggested.

Many studies have been carried out on the allylic oxidation ! of
olefins by various metallic ions such as Pb'¥,2 Hg" 23 T, 24:4
Pd" % Se',8 Cr¥',” Mn™,? and some similarities in the behaviour
of these oxidants towards olefins have been pointed out.
However, none of these oxidants gives satisfactory yields and
regioselectivity.

We have reported the allylic oxidation of some substituted
olefins by cobalt(in) acetate in acetic acid to give selectively
only one allylic acetate,”!° and have suggested the involve-
ment of a cobalt-co-ordinated intermediate. In this paper, we
report the effect of added bromide ion on yields and selectivi-
ties in the allylic oxidation of various olefins by cobalt(in),
manganese(1l1), and cerium(1v) acetate in acetic acid. It has
been reported that the oxidation of olefins® and toluenes!!
by manganese(in) is accelerated by the addition of potassium
bromide, giving allylic or benzylic acetates, respectively, in
good yields, but there is no detailed study reported on the
selectivity of product formation and the mechanism.

Results

When sodium bromide was added to a stirred mixture of
cyclohexene (1) and cobalt(mn) acetate in acetic acid, the dark
green solution turned blue (pink on addition of water) in a few
hours. G.l.c. analysis showed only two peaks, corresponding to
recovered (1) and cyclohex-2-enyl acetate (2). The combined
yield of these two compounds was close to 1009, whenever an
excess of olefin was used, showing that allylic oxidation was the
only reaction occurring. Table 1 shows that 2—2.5 mol equiv. of
cobalt(1) acetate were enough for complete oxidation of (1),
giving a high yield of allylic acetate.

Sodium bromide is insoluble in acetic acid, but the salt
gradually disappeared during the reaction and the mixture was
homogeneous at the end unless a large excess of sodium
bromide was used. Therefore the effects of bromide particle size,
added water, and added acetic anhydride on the rate of reaction
and yield of product were examined, but no marked influence
was observed. Furthermore, stirring the reaction mixture had
little effect. The slow dissolution of sodium bromide may be
attributable to the formation of a cobalt(1i1) bromide species by
ligand exchange.!?

Various inorganic bromides were examined as promoters. All
the bromides were effective, and sodium bromide was superior
to the potassium and lithium salts. Thus, the sodium salt was
employed in this study since it is also cheap and is easy to handle.

Cyclohexene was treated with various other oxidant-sodium
bromide systems. The results are listed in Table 1, in which
data for reactions in the absence of promoter are also given.
Oxidation by cerium(1v) acetate gave only (2), in fairly good
yield. That by manganese(il) acetate gave 1,2-dibromocyclo-
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hexane (3) and 2-bromocyclohexyl acetate (4) in addition to the
main product (2). In this case, the yields of the former two
products were higher at lower temperatures. On the other hand,
the oxidations of the same olefin by copper(i) acetate and
lead(1v) tetra-acetate in the presence of sodium bromide gave
both (3) and (4), and only a trace of (2).

Cyclohexene was treated with bromine in the presence and
in the absence of cobalt(i), manganese(in), and cerium(rv)
acetates. In all cases the reactions gave (3) and (4) in nearly 1:1
ratio, with trace of (2). The ratios of the former two products
were almost independent of the presence or absence of the
oxidants.

In order to elucidate the allylic oxidation, oxidations of 1-, 3-,
and 4-methylcyclohexene were conducted in the presence of
sodium bromide in acetic acid. In these cases, only allylic
oxidation products were found (Table 2). When cobalt(mr),
manganese(II1), or cerium(Iv) acetate was used as oxidant in the
presence of sodium bromide, 1-methylcyclohexene (5) was
converted into 3-methylcyclohex-2-enyl acetate (6) and 6-
methylcyclohex-2-enyl acetate (7) in 1:1 ratio; 3-methylcyclo-
hexene (8) gave 4-methylcyclohex-2-enyl acetate (9) and the
isomer (6) in 1:2 to 1:3 ratio (slightly changed by the reaction
conditions); and 4-methylcyclohexene (10) gave 5-methylcyclo-
hex-2-enyl acetate (11) and the isomer (9) in 1:1 ratio in
moderate yields. The formation of four products from (5) and
(8) and three from (10) was expected, but g.l.c. analysis showed
that only two peaks corresponded to allylic acetates in every
case. The one or two products missing in each case might be
formed initially but undergo isomerisation to more stable
acetates, but we have no evidence on this point. On the basis
that isomerisation does occur, these results show that in the
oxidation of (5) and (10), the two kinds of secondary allylic
hydrogen are attacked at nearly equal rates, whereas in the case
of (8) the tertiary hydrogen {finally giving (6)] is more rapidly
abstracted than the secondary one [giving (9)].

A series of cyclic alkenes (12)—(14) and oct-1-ene (15) were
treated with the cobalt(i) acetate—sodium bromide system
which gave the optimum yield of allylic oxidation product. The
results are summarised in Table 3. In all cases, allylic oxidation
products were obtained in better yields under milder conditions
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Table 1. Oxidation of cyclohexene by cobalt(i1), manganese(ut), and cerium(1v) acetates in the presence or absence of sodium bromide in acetic acid *

Oxidant

Co—-NaBr
Co—NaBr
Co
Ce—NaBr
Ce—NaBr
Ce
Mn-NaBr
Mn-NaBr
Mn
Cu—NaBr
Cu—NaBr
Cu
Pb-NaBr
Pb-NaBr
Pb

Temp.
(K)
333
333
333
333

353
333
333
333
333

[NaBr] Products (mol%)

Time [Olefin] Recovered - A <
(h) olefin (%) )] 3 “
6 1.0 3 97 0 0
6 0.5 2 96 0 0
24 0 4 57 0 0
1 1.0 6 82 0 0

1 1.0 2 79 0 0
24 0 54 6 0 0
6 1.0 2 66 15 9
0 0.5 3 66 9 6
24 0 70 1 0 0
6 1.0 13 1 38 17
6 1.0 14 2 24 15
24 0 79 0 0 0
0.5 1.0 1 0 13 66

1 1.0 1 0 14 76
24 0 11 24 0 0

2 [Oxidant], = 2.02 x 1073 mol dm™ in acetic acid; 5 cm® of the solution was used; [Oxidant],/[Olefin], = 2.5.

Table 2. Product distributions for the oxidation of methylcyclohexenes by cobalt(t), manganese(i), and cerium(1v) acetates in acetic acid in the
presence of sodium bromide*

Oxidant

Colll
C Olll
CelV
Mnlll

Temp.

X)
333
313
283
333
303
323
303
303
323
323

Time
(h)
0.5

24
0.13
1
0.5

20
1
6

1
24

[Oxidant] [NaBr]

[Olefin] [Olefin] Products Yield (mol %)
25 1.0 ® +@ 37 37
5.0 0 6+ 59 1®
2.5 1.0 © + 27 22
25 1.0 ® + @ 22 24¢
2.5 1.0 9 + (6 14 28
5.0 0 9 +(6) 61 2%
2.5 1.0 9 + (6 4 14
25 1.0 9) + (6) 9 25°¢
25 1.0 an+ @ 40 33
5.0 0 an+ @ 50 (1M

* Five cm? of oxidant in acetic acid ([Oxidant], = 2.02 x 10~ mol dm™ was used. ® See also ref. 9a. © Some unidentified by-products were found.

O —

(S)

O —

(8}

O —

(10)

Q.

(6)

Q-
A

11)

ne

7}

ol
s

(9)

Ac

@ O O CcH,CH,CH=CH,

12) 13) (14) (15)

o, G QL

(16) 17) 18) (20) OAc

CsH, CHCH CH,

CSH"CH CHCH,

in the presence of bromide ion than in its absence. Only
cycloalk-3-enyl acetates (16)—(18) were obtained in the
oxidation of the cycloalkenes, although the yields of the
products from five-, seven-, and eight-membered cycloalkenes
were lower than that of cyclohexene, perhaps owing to the lower
stability of the cyclopentane cation and to conformational
effects in the cases of cycloheptene and cyclo-octene.’® The
oxidation of oct-1-ene (15) gave 3-acetoxyoct-1-ene (19) and
1-acetoxyoct-2-ene (20) in moderate yields in the ratio 1:1.
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Table 3. Oxidation of cycloalkenes and oct-1-ene by cobalt(in) acetate

Temp. Time L"'"J_
Substrate (K) (h) [Olefin]
12) 323 2 2
(12) 323 24 2.5
(13) 333 6 2
(13) 353 24 5
(14) 333 4 2.5
(14) 353 24 5.0
15) 353 48 2.5
(15) 353 48 25

a

[NaBr] Recovered Yield
[Olefin] olefin (%) Product(s) (mol %)
0.5 b (16) 20
0 b (16) 41
0.5 5 17 54
0 32 an 41
1 20 (18) 54
0 25 (18) 34
1 32 (19) + (20) 32 33
0 75 (19) + (20) 6 7

“[Co™], = 202 x 10"3 mol dm™3 in acetic acid; 5 cm?® of the solution was used. * Not determined because of low b.p.

Discussion

It is noteworthy that the products from the oxidation of
cyclohexene with cobalt(ill), manganese(1ll), and cerium(Iv)
acetates were markedly different from those with copper(i) and
lead(1v) acetates. Dibromocyclohexane (3) and 2-bromocyclo-
hexyl acetate (4) were obtained in oxidations by the latter two
oxidants as well as in that by bromine in acetic acid, although
there were some differences in the product ratios. These results
show that the combination of sodium bromide with cobalt(1m),
manganese(1l1), or cerium(itv) produces a species which
contributes to the allylic oxidation. There are literature reports
on the promotion effect of sodium bromide on the azobisiso-
butyronitrile-initiated autoxidation of tetralin,'* and on the
cobalt(ur) acetate-catalysed autoxidation of hydrocarbons,!?
where an intermediate radical or radical-like species plays an
important role as a chain carrier. Thus, the species may be a
bromine radical or a radical-like complex between a one-
electron oxidant and bromide ion in the present reaction. This
idea is supported by the fact that methyl-substituted cyclo-
hexenes can be oxidized by these systems to give two kinds
of allylic acetate, in product ratios similar to the relative
sensitivities to hydrogen abstraction by bromine radicals.!4?

Cobalt(nir) acetate oxidation of methylcyclohexenes in the
absence of sodium bromide gave regioselectively only one
product; this was reasonably explained in terms of steric
repulsion between the methyl group and the cobalt ligand in a
cobalt-co-ordinated radical cation intermediate.® Manganese-
(i) and cerium(1v) acetates scarcely oxidized aliphatic olefins
under the same conditions. These results may also imply the
formation of active species other than metallic ions.

Itis not difficult to understand why cobalt(11r), manganese(ii),
and cerium(Iv) acetate oxidations of olefins gave exclusively
allylic acetates in acetic acid. These reagents are considered to
be one-electron oxidants. Thus, transfer of one electron from
bromide ion to the oxidant may afford a bromine radical, which
may then co-ordinate to the reduced oxidant. The resulting
species could abstract a hydrogen atom from the allylic position
of the olefin to form an allylic radical.

The Scheme illustrates a possible reaction pathway following
hydrogen abstraction by bromine radical or a bromine radical-
like species.

Although no allylic bromide (22) could be detected by g.l.c.
analysis, it is reported that organic bromides are principal
products in the oxidation of toluenes and ketones by
cobalt(n) ' and manganese(ln) acetate-sodium bromide
systems ®!! in acetic acid. Furthermore, 3-bromocyclohexene
(22) was almost quantitatively converted into (2) in acetic acid
containing cobalt(i1) acetate and/or sodium bromide in 6 h at
333 K. These results show that a mechanism involving an
organic bromide, formed through a radical chain reaction, is the
most plausible.
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On the other hand, lead(1v) and copper(1) acetates oxidize
bromide ion to give molecular bromine without formation of a
radical-like species. It is well known that molecular bromine
adds to double bonds to form a bromine complex,'* which then
undergoes addition of acetate or bromide ion. Indeed the
reaction of cyclohexene with molecular bromine gave both
products, even in the presence of metallic salts. The same results
have been reported in the oxidation of olefins by peracetic
acid,'® and confirmed in this study. The differences in product
ratio of (3) to (4) may in part be attributable to solvolysis of
these products, but the predominant formation of (4) in the
lead(1v) acetate oxidation cannot be explained by this solvolysis
alone. We found ! that lead(1v) acetate can oxidize toluene to
give ring-brominated compounds in the presence of sodium
bromide, but copper(11) acetate cannot, showing that a powerful
positive species is present in the former oxidation and not in the
latter. Acetyl hypobromite has been suggested as an active
species for the oxidation of olefins !¢ and aromatic compounds 7
by peracetic acid. It may be the true active species in the present
reactions.
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There is another possible explanation of the allylic oxidation.
It is well known that bromine in low concentration is an
effective chain carrier for allylic reactions, as in bromination by
N-bromosuccinimide.'*®* Thus, it is possible that bromine
formed by oxidation of bromide ion is maintained at a low
concentration in these systems, because of the poor solubility of
sodium bromide in acetic acid. However, since bromine was
observed in the reaction mixture when the substrate was absent,
this mechanism may be negligible.

The present reaction is fast under mild conditions and gives
few by-products. Thus, it may be a useful method of preparing
allylic acetates, especially when only one allylic acetate can be
obtained. The regioselectivity is unfortunately poor: several
products can be obtained from methylcyclohexenes. In this case,
cobalt(ur) ® and lead(1v) 2 acetates in the absence of bromide ion
may be useful for selective allylic oxidation, although the
reactions are slow.

Experimental

'H N.m.r. spectra were measured for solutions in CCl, with
a JEOL PMX-60 spectrometer. G.l.c. was carried out with a
Shimadzu GC-6A instrument (2 m glass column packed with
5% PEG-20M on Chromosorb WAW-DMCS), with temperature
programming. For measurements of yields, an internal standard
was used. Preparative gl.c. was performed with a Shimadzu
GC-4A instrument (2 m stainless steel column packed with 30%;
PEG-20M on Celite 545) attached to a Shimadzu APP-5
fraction collector via a heated glass joint.

All reagents were commercially available and were used
without further purification. Cobalt(1i1) acetate was prepared by
bubbling ozone into acetic acid containing cobalt(l) acetate
tetrahydrate and acetic anhydride.

Oxidation Procedures.—A typical procedure is as follows. In a
round-bottomed flask, olefin and sodium bromide were mixed
with cobalt(1r) acetate in acetic acid. The vessel was then flushed
with nitrogen, sealed with a glass stopper, and kept at a constant
temperature in a thermostat with agitation. The solution was
poured into water and the product was extracted three times
with ether. The combined ethereal solution was washed
successively with brine, aqueous 10% Na,COj, and brine, and
then dried (Na,SO,) and filtered. The ether was removed on a
rotary evaporator to leave a pale-yellow oil, which was analysed
by g.l.c. All the products were identified from comparison of
their glc. retention times and 'H n.m.r. and ir. spectra with
those of authentic samples.®®

Several allylic acetates were available from the reactions of
olefins with cobalt(ir) acetate in the presence or absence of
sodium bromide.

Cycloalk-2-enyl Acetate [(2), (16), (17), and (18)]—The
cycloalkene (ca. 3—3.5 g) was treated with cobalt(ir) acetate in
acetic acid (0.28—0.3 mol dm™3; 500700 cm?) at 333 K for 24
h under nitrogen. After the same work-up as in the oxidation
procedure, the products were distilled in a glass-tube oven:
cyclopent-2-enyl acetate (16); 8(CCl,) 1.80—2.65 (4 H, m),
1.97 (3 H, s), and 5.33—6.18 (3 H, m); cyclohex-2-enyl acetate
(2); 8(CCl,) 1.56—2.10 (6 H, m), 1.93 (3 H, s), 5.01—5.23 (1 H,
m), and 5.57—5.89 (2 H, m); cyclohept-2-enyl acetate (17);
&(CCl,) 1.50—2.23 (8 H, m), 1.97 (3 H, s), 5.13—5.43 (1 H, m),
and 5.57—35.90 (2 H, m); cyclo-oct-2-enyl acetate (18); (CCl,)
1.37—2.40 (10 H, m), 1.97 (3 H, s), and 5.25—5.87 (3 H, m).

3-Methylcyclohex-2-enyl Acetate (6).—This compound was
obtained from (5) by the method just described and purified by
preparative g.l.c; 8(CCl,) 1.47—2.13 (6 H, m), 1.67 3 H, 5), 1.97
(3 H, s), and 4.83—5.52 (2 H, m).
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2-Methylcyclohex-2-enyl Acetate (7)—1-Methylcyclohexene
(5) (0.87 g) was treated with cobalt(ir) acetate solution (0.227
mol dm=3; 100 cm?) in the presence of sodium bromide (0.93 g)
at 333 K for 30 min under nitrogen. The same work-up gave a
mixture of (6) and (7). Compound (7) was separated by
preparative gl.c.; 8(CCl,) 1.50—2.17 (9 H, m), 1.97 (3 H, s),
4.98—5.23 (1 H, m), and 5.47—5.73 (1 H, m).

4-Methylcyclohex-2-enyl Acetate (9).—3-Methylcyclohexene
(8) (0.9 g) was treated with cobalt(i) acetate (0.23 mol dm™3;
100 cm?) at 323 K for 20 h under nitrogen. The product was
purified by preparative g.l.c.; 8(CCl,) 0.80—2.28 (8 H, m), 1.97
(3 H, s), and 4.88—6.02 (3 H, m).

5-Methylcyclohex-2-enyl Acetate (11).—This compound was
obtained from (10) by the method described for (9); 8(CCl,)
0.83—2.10 (8 H, m), 1.96 (3 H, s), and 5.03—5.93 (3 H, m).

3-Acetoxyoct-1-ene (19).—Acrylaldehyde was added to an
ethereal solution of pentylmagnesium bromide and the solution
was refluxed for 30 min. After hydrolysis by aqueous
ammonium chloride, the organic layer was separated and dried
(Na,SO,). The ether was removed and the product was purified
by distillation.

The resulting alcohol was refluxed with potassium acetate
and acetic anhydride for 2 h. The mixture was poured into
water and extracted with ether. The extract was washed with
aqueous 10%, Na,CO, and water, dried (Na,SO,), filtered, and
evaporated. The remaining oil was distilled through a Vigreux
column to give the ester (19); 8(CCl,) 0.83—1.03 (3H, m), 1.13—
1.58 (8 H, m), 1.97 (3 H, s), and 4.93—6.01 (4 H, m).

1-Acetoxyoct-2-ene (20).—Oct-1-ene (15) (092 g) was
oxidized with cobalt() acetate (0.22 mol dm~3; 100 cm?) in the
presence of sodium bromide (0.95 g). Work-up as described for
(7) gave a mixture of (19) and (20). The latter was separated by
preparative glc.; 8(CCl,) 0.73—1.05 (3 H, m), 1.13—1.51 (6 H,
m), 1.87—2.16 (2 H, m), 2.01 (3 H, s), 450 (2 H, d), and 543—
5.77 (2 H).
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