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The structure of metal/bromide catalysts in acetic acid/water
mixtures and its significance in autoxidation
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1. Introduction

Soluble metal/bromide homogeneous liquid-phase
catalysts have been used for the industrial and syn-
thetic preparation of hundreds of different alcohols,
ketones, aldehydes, carboxylic acids for the last
50 years [1] and continue to be of active interest
[2–4]. The most common chemical description of the
cobalt/bromide catalyst is ‘cobalt acetate bromide’,
often written Co(OAc)(Br), originally suggested by
Hay and Blanchard [5] and subsequently repeated
by many others. This description, given for a Co(II)
acetate/HBr mixture in anhydrous acetic acid, is mis-
leading since all reactions necessarily are performed
in acetic acid/water mixtures, often 5–15 wt.%, since
water is one of the products. As will be shown, once
some water is present, little of the bromide is bonded
to the metal and a variety of different coordination
compounds exist. Structures of the catalyst have been
suggested largely based on solids isolated from acetic
acid/water mixtures. Acetic acid is the second most
studied non-aqueous solvent [6] and subsequently
there are many pertinent physical-chemical studies
from which one can propose reasonable structures.
What follows is a description based on solution stud-
ies of the coordination chemistry of Co/Mn/Br in
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acetic acid/water mixtures. Then, using this informa-
tion, certain conclusions regarding the mechanisms
of this catalyst in autoxidation are given.

Only the most common catalyst [1] — a 0.01–0.05 M
mixture of Co(II), Mn(II) acetate tetrahydrates and
hydrobromic acid will be considered. In acetic acid
one must distinguish between ionization and dissoci-
ation of metal salts:

AB
Ki⇔

ionization
{A+B−} Kd⇔

dissociation
A+ + B− (1)

where the brackets { } denote an ion-pair. The con-
centration of dissociated species in acetic acid is very
small [6,11,12], the overall dissociation constants have
pK values >5, hence dissociated species will be sub-
sequently ignored.

1.1. Metals in anhydrous acetic acid

The solid state crystal structures of [M(II)(OAc)2-
(H2O)4] are octahedral and mononuclear for Co, Ni
[7] and polynuclear for Mn(II) [8]. Compounds with
acetic acid ligands, bonded through the carbonyl oxy-
gen atom, of the type [M(II)(HOAc)6]X2 (X = BF4

−,
ClO4

−, NO3
−, M = Mn, Co, Ni, Cu, Zn) have

been characterized [9]. Dissolution of these metals
in acetic acid/water mixtures results in significant
changes in their coordination chemistry. The dissolu-
tion of anhydrous Co(II) acetate in acetic acid results
in >95% of non-charged species [10] as indicated by
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ion-migration experiments which is consistent with
very small dissociation constants of the acetates from
M(II) (M = Co, Mn, Ni, Cu) [6]. Solution physical
measurements (osmometry, cryoscopy, etc.) give con-
flicting information. Some report that M(II) (M = Co,
Ni, Mn, Zn) are mononuclear and Cu(II) is dimeric
[10,13] while others indicate partial or complete
dimerization for Co and Ni [14–16]. Changes in solu-
bility were noted as a function of time for Co and Ni
which may be responsible for the differences [14,16].
Kinetic studies of two-electron oxidants (Pb(IV) and
peracids) are second order with respect to the metal
for Co(II) [17–19] as is the kinetic dependence of
cobalt during of the oxidation of hydrocarbons [20].
This is consistent with the presence of di-nuclear
cobalt species. UV–VIS spectra for Co(II) are consis-
tent with an octahedral configuration of the ligands
around the metal [10]. One can therefore, conclude
that the predominant species present in anhydrous
acetic acid are

[M(HOAc)4(OAc)2]n
+HOAc⇔ {[M(HOAc)5(OAc)](OAc)}n,

n = 1, 2 (2)

where the brackets [ ] denote the ligands in the inner
coordination sphere and n = 1 and n = 2 denote
monomer and dimer. The equilibrium lies to the left.
Some suggested structures for those on the left side of
reaction (2) are given in Fig. 3a and b where n = 1
and n = 2. One can propose four major species in
acetic acid.

1.2. Addition of water to acetic acid

Results in the acetic acid ligands being replaced
by aqua ligands. Using the reported values for the
stepwise formation constants for Co and Mn [21] and
estimating the others [22], one can calculate the dis-
tribution of [M(HOAc)m(H2O)m−4(OAc)2]n species,
see Figs. 1 and 2. It is assumed that the mono- and
di-nuclear species have the same distribution of aqua
and acetic acid ligands. One now has

[Co(HOAc)m(H2O)m−4(OAc)2]n

⇔ {[Co(HOAc)m(H2O)m−5(OAc)]n(OAc)} (3)

Fig. 1. Distribution of ligands around cobalt(II) in an acetic
acid/water mixture, in mol%, calculated from stepwise stability
constants.

with m decreasing as the concentration of water in-
creases. There are 10 species on the left and 12 on
the right-hand side of Eq. (3). One possible structure
for Co(II) for the predominant species in 10% water
(one acetic and four aqua ligands) is given in Fig. 3c.

Reports on ion migration experiments on Co(II) ac-
etate as a function of water are in conflict — one stat-
ing there is an increase in positively charged species
[17] and the other stating there is no change [10]. Since
the dielectric constant increases with water concentra-
tion, see Table 1, one can assume that the equilibrium
in Eq. (3) shifts to the right with increasing water con-
centration. There is no information on the value of n
as a function of water, although kinetic studies [18,19]
suggest dimers exist at 5–10 wt.% water concentra-

Fig. 2. Distribution of ligands around manganese(II) in an acetic
acid/water mixture, in mol%, calculated from stepwise stability
constants.
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Fig. 3. Some suggested structures for Co/Mn/Br mixtures in acetic acid/water mixtures. M = Co(II, III), Mn(II, III).

tions and esr and UV–VIS studies suggest polymeric
species [3].

1.3. Addition of hydrobromic acid

Measurements using the bromide selective elec-
trode indicate that most of the bromide is coordinated

Table 1
Bromide bonded to metal (%)a

Water (%) Co Mn Co/Mn

0 65.77b 61.78b 66.81b

5 12.5 6 14
10 7.1b 14.4b 3.0b

20 5 – –
100 1 1 –

a As measured by the bromide selective electrode. Experimental
error about 8%. Metal concentration or sum of metal concentration
is 0.04 M. Br/Metal = 1.0 mol mol−1. Measured using NaBr.

b Measured with HBr.

in anhydrous acetic acid but rapidly decreases as the
water concentation is increased [19], see Table 1.
The values obtained in anhydrous acetic acid for the
perchlorate metal salts are in agreement with previ-
ously reported equilbrium constants [23]. If bromide
is added as HBr (M/Br = 1), an acid–base neutral-
ization reaction will occur between the acid HBr and
strongest base in acetic acid/water, the acetate anion
[6]. In anhydrous acetic acid one has

[M(HOAc)4(OAc)2]n+{[M(HOAc)5(OAc)](OAc)}n
+{H+Br−} ⇒ [M(HOAc)4(OAc)(Br)]n

+{[M(HOAc)4(OAc)](Br)}n + HOAc (4)

with the neutral metal-bromide species being pre-
dominant. If HBr is added with >5% water present,
very little of the bromide is coordinated. Therefore,
the predominant species is the ion-paired bromide
salt:
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{[M(HOAc)m(H2O)m−5(OAc)]n(OAc)} + {H+Br−}
⇒ {[M(HOAc)m(H2O)m−5(OAc)]n(Br)} + HOAc

(5)

Addition of NaBr will be similar except that {Na+
OAc } will be the product of reaction.

The structural description above leads to the follow-
ing implications in autoxidation mechanisms:

1. Heteronuclear metal dimers can occur with
Co(II) and Mn(II). NMR studies indicate that the
acetic acid–metal bond is weak (5.9 kcal mol−1)
(M(II) = Co, Mn, Ni) and exchanges its acetic
acid ligands instantaneously at room tempera-
ture as the entire molecule, with an dissociative
interchange mechanism [24,25]. The labile coor-
dination spheres can led to compounds of the type
{[M′(II) M′′(II) (HOAc)m (H2O)m−5 (OAc)]2 (Br)}
where M = Co, Mn. Indeed recent ESR and
UV–VIS studies suggest their existence [3] and
heteronuclear species have been isolated from
acetic acid (M = Fe, Zn) [26]. An example of
such a structure for a Co,Mn mixtures is given in
Fig. 3d, where m = 1. We suggest that the bro-
mide is hydrogen bonded to one of the coordinated
water molecules, see Fig. 3d.

2. The homogeneous Co/Mn/Br catalyst is not just
a single catalyst, but is composed of a large
number of different active catalyst species, i.e.
different coordination compounds. The ‘active’
catalyst is made when oxidation of the metals
via one-electron oxidants such as peroxo radicals
and by two-electron oxidants such as peracids oc-
curs. In the Co/M/Br catalysts (M = Mn, Co) the
cobalt becomes initially oxidized. In such a Co/M
mixture, the peroxo radicals can react with either
the monomer or dimer leading to three different
species (ligands are omitted for simplicity):

RO2
• + [Co(II)]

+H+⇔ ROOH + [Co(III)] (6)

RO2
• + [Co(II)–Co(II)]

+H+⇒ ROOH + [Co(III)–Co(II)] (7)

RO2 + [Co(II)–Mn(II)]
+H+⇒ ROOH + [Co(III)–Mn(II)] (8)

Peracids are known to preferentially react with the
metal dimers [16] hence in this case one has

RO2H + [Co(II)–Co(II)]

⇒ ROH + [Co(III)–Co(III)] (9)

RO2H + [Co(II)–Mn(II)]

⇒ ROH + [Co(III)–Mn(III)] (10)

Thus, at least five different metal oxidants, each
with varying amounts of aqua ligands, can form.

3. It is known that metal/bromide catalysts require
carboxylic acid solvents, particularly acetic acid
[1]. One of the functions of the solvent is that the
weak, labile acetic acid ligand [23–25], which ex-
ists even at high water concentrations, see Figs. 1
and 2, can be displaced by equally weak ligands,
such as peroxo radicals, peroxides, and peracids,
and hence become incorporated in the metal coor-
dination sphere.

4. The suggested structures (Fig. 3) for the M(II, III)
compounds do not contain hydroxo or oxo lig-
ands. Hydroxo and oxo species in acetic acid/water
mixtures, which are often suggested [2,3], are es-
sentially non-existent because these species will
instanteously react with the solvent and become
‘leveled’ to the strongest base that can exist in this
solvent — the acetate anion [1,6]. Hydroxo and oxo
ligands can form when M(III) compounds are pre-
cipitated from acetic acid/water solutions but this
is an artifact of the water molecule subsequently
rearranging during the precipitation and isolation
process.

5. We suggest that the Co(III)a and Co(III)s forms,
discovered by Jones [18], which form instantly
(half-lives are in tenths of a second at 60 C), are
similar to Fig. 3c and d, respectively. The more
‘open’, hydrogen bonded acetic acid in Fig. 3c is
the reason for its known higher reactivity and why
it readily closes to Fig. 3d.

6. Even through the bromide is not directly bonded to
the metal, it does remain in the second coordination
sphere through ion-pairing. Therefore, its reduction
by Mn(III) will be more rapid when compared to
a bromide completely dissociated in solution, for
example, as it would be in water.

7. Benzylic bromide formation reduces the rate in
metal/bromide catalyzed autoxidations [1]. There
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is evidence they form predominately from within
the coordination sphere [27]. The metal species
[M′(III)–M′′(III)] shown in reactions (9) and (10)
are two electron oxidants and hence the formation
of benzylic bromides can occur in a single con-
certed step:

PhCH3 + {[M′(III)–M′′(III)]Br}
⇒ PhCH2Br + [M′(II)–M′′(II)]

rather than in two steps as previously proposed
[27].

8. Any structural model must also consider that re-
cent studies indicate that acetic acid/water mixtures
contain microphases, one of which is essentially
pure acetic acid [28,29]. The complexes described
here would be in the water/acetic acid phase.
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