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Abstract: All of the rates of the elementary steps in
the Co/Br and Co/Mn/Br homogeneous, liquid-phase
catalyzed reactions decrease with increasing water
concentration in acetic acid. The step-wise replace-
ment of the acetic acid ligands by water ligands in
the coordination sphere of the catalyst metals may
be responsible for this behavior. The non-catalyzed
and metal-catalyzed (Co, Co/Mn/Br and Co/Mn)
aerobic oxidations of benzaldehyde and 4-methylben-
zaldehyde are reported. The non-catalyzed autoxida-
tions are quite vigorous reactions in acetic acid/water
mixtures but by-products from the Baeyer–Villiger re-
action, the thermal decomposition of the peroxy acid,
and over-oxidation to carbon dioxide limit the yield to
the aromatic carboxylic acids. As the concentration of
a Co or Co/Mn/Br catalyst increases these by-prod-

ucts are first reduced and then eliminated probably
due to the very fast, selective reaction of [Co(II)]2

with the peroxy acid. A Co/Mn catalyst completely in-
hibits the autoxidation of the benzaldehydes. There is
a gradual change in the yield of terephthaldicarboxal-
dehyde from 4-methylbenzaldehyde with increasing
Co/Mn/Br concentration suggesting that the non-cat-
alyzed steps are being replaced by catalyzed ones.
The autoxidation of heptaldehyde generates about
500 times more carbon monoxide than does benzalde-
hyde using a Co/Mn/Br catalyst and gives only a 50%
yield to heptanoic acid consistent with excessive
amounts of decarbonylation with aliphatic aldehydes.

Keywords: autoxidation; bromide; catalytic hydrocar-
bon oxidation; C�H activation; cobalt; manganese

Introduction

One of the most active and selective catalysts in homo-
geneous liquid phase oxidation using molecular oxygen
(O2) is a mixture of cobalt, manganese and bromide salts
in acetic acid. These catalysts have been used to produce
hundreds of different carboxylic acids in high yield, typ-
ically 80 – 98%, and purity, often 98– 99.5%. This meth-
od is used in the commercial production of terephthalic
acid from p-xylene[1] which is a component of polyethy-
leneterephthalate (PET).

This paper is a continuation of a study on the effect of
water on metal/bromide-catalyzed autoxidations.[2] Pre-
viously it was shown that for methylaromatic com-
pounds with sufficiently strong electron-withdrawing
substitutents (4-methyl-, 4-carboxy-, 4-chlorotoluene)
that good yields in benzoic acid can be achieved only if
the reaction contains a sufficient amount of water pres-
ent in the acetic acid. Although water inhibits autoxida-
tions in acetic acid, it is necessary to have it present oth-

erwise all of the active ionic bromide becomes inactive
benzyl bromide (PhCH2Br). If one initially starts with
anhydrous acetic acid, the Co/Mn/Br catalyst becomes
a Co/Mn catalyst due to benzyl bromide formation and
the reaction ceases with resultant poor yields. The com-
plex synergy caused by water on the inorganic by-prod-
ucts, such as manganese(IV) formation, and organic by-
products, such as insoluble metal carboxylic acid com-
pounds, was previously outlined.[2] These effects make
it quite difficult to predict the outcome of autoxidations
in an acetic acid/water solvent especially because water
is usually one of the products from the reaction itself.

In this study we have chosen to study benzaldehyde
and p-methylbenzaldehyde for the following reasons.
Benzaldehydes do not form benzylic bromides so that
this complication, see above, is absent. Secondly, benzal-
dehydes spontaneously react with oxygen in the acetic
acid solvent in the absence of any added catalyst.[3b]

Methylaromatic compounds themselves cannot be au-
toxidized, without catalysts, even at high temperatures
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and pressures.[4] So it is possible to study a non-catalyzed
autoxidation with and without water present in the ace-
tic acid solvent. Thirdly, by addition of selected catalysts,
one can observe the activity and selectivity changes that
occur due to the metal-catalyzed pathways. Finally, 4-
methylbenzaldehyde was chosen because it is one of
the main intermediates in the commercial p-xylene to
terephthalic acid process.[1] The chemistry and mecha-
nism of cobalt-catalyzed[5] and metal/bromide-cata-
lyzed[3] autoxidation of benzaldehydes has been exten-
sively studied.

In addition, the effect of water on the elementary steps
of a Co/Mn/Br catalyst have been assembled from liter-
ature reports. All of the diverse rates have been put on a
common basis and it is found that all these stoichiomet-
ric, elementary reactions are also retarded by the pres-
ence of water in the acetic acid.

Results and Discussion

Chemistry of Oxidation of Benzaldehydes and their
By-Products

In Figure 1 the free-radical chain mechanism (RFCM)
for benzaldehyde is shown. The important product of
the FRCM is the peroxy acid, a powerful two-electron
oxidant. Initiation can occur thermally, photochemical-
ly,[5] and via adventitious peroxide.[4] The oxidizability of
benzaldehydes, which is defined as kp/(2kt)

1/2 where kp is
the propagation rate constant and kt is the termination
rate constant, is orders of magnitude higher than for
methylbenzenes and benzyl alcohols.[7]

The pertinent chemistry leading to the products and
by-products quantitatively measured in this work is giv-
en in Figure 2. The peroxy acid, the primary product of
the FRCM, undergoes three competitive reactions – re-
actions 1, 2, 3 on Figure 2. Reaction 1, the thermal de-
composition of the peroxy acid, is slow and unselective
as compared to the two-electron oxidation of Co(II) to

Co(III).[8] Reaction 2 with 3-chloroperoxybenzoic acid
at 60 8C in 10 wt % water/acetic acid has a half-life of
0.0023 s and is 400,000 times faster than reaction 1. Re-
action 2 is also very selective producing the carboxylic
acid in 100% yield as compared to reaction 1 which
gave an 89% yield and a 4.8% yield to the decarboxyla-
tion product, chlorobenzene. So one can anticipate in
the oxidation of the benzaldehyde discussed below
that the presence of Co(II) will reduce the amount of
carbon dioxide, from reaction 8, and the formation of
benzene, reaction 12. The Baeyer–Villiger reaction, re-
action 3 also competes for the peroxy acid. From the ex-
perimental data below it will be shown that the forma-
tion of the aryl formate via reaction 5 is eliminated
with very low concentrations of Co(II), hence reaction 3
is also slower than reaction 2.

The phenols can be formed either through the decar-
boxylation and subsequent oxidation of the aryl radical,
reactions 8 and 10, or from the hydrolysis of the phenyl
or tolyl formates, reaction 9. The phenols are oxidized to
quinones, reaction 11. The structures of the quinones
have been characterized.[5f] Phenols are very effective
inhibitors of autoxidation and quinones are known to
autoretard these reactions.[10] The inhibition caused by
the phenols is thought to be due to the reaction of peroxy
radicals, formed in the propagation step (Figure 1), with
the phenol. Quinones are easily oxidized to carbon diox-
ide[1], reaction 13. The phenyl formate itself will not in-
hibit the reaction because the formate functionality
will mask the phenolic antioxidant properties as is
well-established for phenyl acetates.[1]

There are other known mechanisms for the deactiva-
tion of benzaldehydes such as hydrogen bonding of wa-
ter to the transient peroxy radicals:

Figure 1. Free-radical chain mechanism for the formation of the peroxy acid from benzaldehydes (X¼H, CH3).
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which have been well-documented in the litera-
ture.[11,12,13] The relative importance of this mechanism
to phenol inhibition is unknown.

Characteristics of Incomplete Oxidations of
Benzaldehydes

Incomplete reactions occurred when the rate of oxygen
uptake in the experiment fell to zero while the conver-
sion of the aldehyde was <98%. A typical example is
given in Figure 3.

Incomplete reactions occurred when the catalyst was
absent or in low concentrations, see examples 1 – 3 in Ta-
ble 1 for benzaldehyde and examples 1 – 4 in Table 2 for
4-methylbenzaldehyde. The changes in the yields of
phenyl formate and phenol are given in Figure 4 for
the oxidation of benzaldehyde in 5% water. There is
an increase in the phenol and phenyl formate concentra-
tions until the reaction terminates. Then there is a dis-
continuity in the rate at which phenol increases and
the phenyl formate decreases. After the reaction termi-
nates, the rate of disappearance of the phenyl formate is
matched by the rate of increase of the phenol. This be-

havior was seen in all of the incomplete reactions. The
interpretation of these changes is that during the reac-
tion both phenyl formate and phenol concentrations in-
crease as expected via reactions 5 and 9. At a sufficiently
high concentration, the phenol terminates the reaction
due to its anti-oxidant properties. After termination of

Figure 2. Chemistry leading to product and by-product formation during the oxidation of benzaldehydes (X¼H, CH3).

Figure 3. Autoxidation of 4-methylbenzaldehyde in 5% water
with no catalyst. Example 2 in Table 2.
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the reaction the phenyl formate concentration declines
as it hydrolyzes to the phenol, reaction 9. Experimental-
ly in examples 1, 2, 3 in Table 1 the reaction terminated
when the phenol concentration was 5– 13 mM and for
the 4 examples in Table 2 the range was 6 – 50 mM. In
the reactions where no phenol or significantly less
amounts are observed high conversions are invariably
seen, see Tables 1, 2. Thus the incomplete reactions ap-
peared to be caused by excessive hydrolysis of the phe-
nyl or p-tolyl formate to their corresponding phenols.
The same conclusion has been made by others.[5f,3b] Pre-
viously it has been shown that addition of phenol, at the
same concentrations observed here, during the Co/Mn/
Br autoxidation of toluene can either terminate or de-
crease the rate of oxidation.[14] Addition of phenol re-
sults in a deep red coloration of the solution due to the
quinones that form.[14]

Figure 4. Changes in phenyl formate and phenol during the
autoxidation of benzaldehyde in 5% water with no catalyst.
Experiment 2 in Table 1

Table 1. Initial conditions and product formation during the autoxidation of benzaldehyde (initial concentration: 0.79 M).

Entry Water
[wt %]

Catalyst[a] Co
[mM]

k�104

[s�1] (std. dev.)[c]
CO2þCO
[mmol]

Conversion
[%]

Yields [% based on benzaldehyde][b]

benzene phenyl
formate

phenol benzoic
acid

1 0.00 none 0.0 4.19(0.13) 88 94 0.864 3.04 0.063 88
2 5.00 none 0.0 3.00(0.25) 160 88 0.714 0.102 0.082 84
3 5.00 Co/Mn/Br 0.157 3.00(0.08) 79 80 0.071 0.0073 0.049 78
4 5.00 Co/Mn/Br 0.629 3.60(0.29) 8.9 100 0.003 0.00 0.000 99
5 5.00 Co/Mn/Br 2.65 4.29(0.63) 9.5 99 0.000 0.00 0.000 99

[a] Mole ratios Co/Mn¼Br/(CoþMn)¼1.0.
[b] The maximum yield observed in the experiment. Carbon dioxide and carbon monoxide values were obtained by numerical

integration assuming the perfect gas law applies. Benzene yields are higher than stated due to losses from the reactor due to
the flow of air through the reactor.

[c] Rate of disappearance of benzaldehyde

Table 2. Initial conditions and product formation during the autoxidation of 4-methylbenzaldehyde (initial concentration:
0.79 M).

Entry Water
[wt %]

Catalyst[a] Co
[mM]

k�104

[s�1]
(std. dev.)[c]

CO2þCO
[mmol]

Conversion
[%]

Yields [% based on 4-methylbenzaldehyde][b]

toluene tolyl
formate

p-cresol terephthalal-
dehyde

1 0.00 none 0.0 2.09(0.22) 33 67 0.75 10.5 0.17 0.21
2 5.00 none 0.00 1.70(0.26) 84 46 0.78 1.5 0.63 0.29
3 5.00 Co/Mn/Br 0.63 1.66(0.08) 150 81 0.20 4.0 0.09 0.29
4 5.00 Co/Mn/Br 1.26 1.51(0.15) 79 73 0.14 0.03 0.04 1.29
5 5.00 Co/Mn/Br 2.51 2.07(0.15) 14 99 0.32 0.02 0.02 2.03
6 5.00 Co/Mn/Br 5.02 2.08(0.05) 15 98 0.0 0.000 0.01 2.49
7 5.00 Co/Mn/Br 5.02 1.81(0.16) 8.3 97 0.0 0.000 0.00 2.90
8 5.00 Co/Mn/Br 10.0 2.31(0.22) 4.5 98 0.0 0.004 0.00 2.66
9 5.00 Co/Mn/Br 10.0 2.25(0.15) 5.0 98 0.0 0.000 0.00 2.10

10 5.00 Co 10.0 4.22(0.80) 11 99 0.071 0.005 0.00 0.17
11 5.00 Co/Mn 10.0 0 0.0 0 0.0 0.000 0.00

[a] Mole ratios are Co/Mn¼Br/(CoþMn)¼1.00.
[b] The maximum yield observed in the experiment. Carbon dioxide and carbon monoxide values were obtained by numerical

integration assuming the perfect gas law applies. Toluene yields are higher than stated due to losses from the reactor due to
the flow of air through the reactor.

[c] Rate of disappearance of 4-methylbenzaldehyde.
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Affect of Water on the Non-Catalyzed Autoxidation of
Benzaldehydes

As expected the tolyl and phenyl formates hydrolyze
much faster in 5% water/acetic acid than in anhydrous
acetic acid. One can measure the rate of hydrolysis
from the rate of p-tolyl or phenyl formate disappearance
after the reaction terminates when only the hydrolysis
reaction is occurring. The measured first order rate con-
stant for the hydrolysis of p-tolyl formate in anhydrous
acetic acid was 5.8 (0.6)�10�4 min�1 (values in paren-
theses are standard deviations). In 5% water/acetic
acid, the rate of hydrolysis is 0.011 (0.003) min�1 for
the phenyl formate and 0.010 (0.001) min�1 for tolyl for-
mate. Thus the 5% water enhanced the rate of hydrolysis
by a factor of 19.

Yields to the phenyl formates in anhydrous acetic acid
are much higher than in 5% water/acetic acid, see Fig-
ure 5. At the same conversion, 20 times more of the phe-
nyl formate forms in 0% water than in 5% water. For tol-
yl formate the ratio is about 7. The water is apparently
suppressing the occurrence of the Baeyer–Villiger rear-
rangement to the phenyl formates because if the rates
were the same, the much greater hydrolysis rate of
that occurs in 5% water would have inhibited the reac-
tion much sooner, i.e., the observed conversions would
have been much less. p-Cresol and phenol do also arise
from the thermal decomposition of the peroxy acid via
reactions 1, 8, and 10. Since benzene comes from the
same reaction sequence (reaction 12, Figure 2) and the
benzene yields are essentially the same in both 0 and
5% water (Table 1), the contribution of the phenols
from this source should be about the same. Hence the
data are consistent with the formation of the aryl for-
mate being suppressed by the presence of water.

The rate of formation of carbon dioxide is very high in
both 0 and 5% water/acetic acid with the rate being
about twice as high in 5% water than in 0% water. Car-
bon dioxide can form in a number of different reactions

emanating from both the benzaldehyde and the acetic
acid solvent. The higher rate of carbon dioxide forma-
tion in 5% water may be due to a more rapid rate of p-
cresol formation as discussed above. The p-cresol is rap-
idly oxidized to the quinones which are oxidized to the
carbon oxides, see reactions 11 and 13 of Figure 2. The
lower conversions of the benzaldehydes and higher con-
centrations of the phenols in 5% water than in 0% for
both benzaldehyde and p-tolylaldehyde, see Tables 1
and 2, are consistent with this interpretation. Addition
of phenol to a Co/Mn/Br-catalyzed autoxidation of tol-
uene is accompanied by a high rate of carbon dioxide
formation.[14]

Effect of Catalyst Addition on the Selectivity of
Benzaldehyde Oxidation

Addition of 10.0 mM cobalt(II) acetate more than dou-
bled the rate of autoxidation of p-tolylaldehyde, com-
pare examples 2 and 10 in Table 2. Moreover, it was no
longer an incomplete reaction with the conversion
quickly going to 99% as compared to only 46% without
cobalt present. Most significantly however, is that all the
by-products are significantly reduced – the carbon diox-
ide from 84 to 11 mmol, toluene from 0.78 to 0.071%,
toyl formate from 1.5 to 0.005%, and the p-cresol from
0.63 to 0.0% The reason for this can be seen in Figure 2.
When cobalt is added the peroxy acid preferentially re-
acts with [Co(II)]2 thus greatly reducing the thermal de-
composition of the peroxy acid, reaction 1, as well as
nearly completely by-passing the formation of the Baey-
er–Villiger intermediate, reaction 3. During the autoxi-
dation, 68% of the cobalt is in its Co(III) oxidation state,
as evidenced by its deep green color and previous UV-
VIS studies.[14] Cobalt(III) is known to decarboxylate ar-
omatic acids,[15,16] hence reactions 6, 8 and 12 continue
and toluene is still observed. An important conclusion
is that at 10.0 mM Co, the reaction of the peroxy acid
is nearly completely metal-catalyzed and the undesira-
ble reactions to by-products, emanating from reactions 1
and 3, nearly completely eliminated.

At the same cobalt concentration as used above
(10.0 mM), the Co/Mn/Br completely eliminates the
last vestiges of toluene seen in a Co catalyst, as well as
reducing the carbon dioxide yield by 50%, see Figure 6
and examples 9 and 10 in Table 2. The reason for this
can be seen in Figure 7. As previously discussed, there
is a rapid reaction of the Co(III) with Mn(II), with a
half-life of 0.0008 s at 60 8C, which reduces the steady-
state concentration of cobalt(III) in solution.[8] Mn(III)
decomposes acetic acid at a rate of 56 less than Co(III)
hence one expects to see less carbon dioxide formation
via decarboxylation.[14] Additionally, the steady-state
concentrations of both Co(III) and Mn(III) are signifi-
cantly less for the Co/Mn/Br catalyst than for the Co cat-
alyst due to their reaction with bromide.[14] One con-

Figure 5. Affect of water on the formation of phenyl formate
and p-tolyl formate.
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cludes that the rate of decarboxylation due to the steady-
state concentration of Co(III) is much less with a Co/
Mn/Br catalyst. Therefore one expects the further re-
duction of toluene and carbon dioxide formation which
is observed.

The reduction in by-products occurs at very low cata-
lyst concentrations, see Tables 2 and 3. Even at 0.16 mM
cobalt (9 ppm), there is a 50% reduction in carbon diox-
ide formation, a 90% reduction in benzene, and a 75%
reduction in the phenyl formate, see examples 2 and 3
in Table 1. Further increases in catalyst concentration
continue to reduce the by-product formation, see Ta-
bles 1 and 2. At 5.0 mM cobalt, the presence of benzene,
phenyl formate and phenol are virtually eliminated, see
examples 2– 9 of Table 2. The Co/Mn/Br catalyst only
modestly improves the activity for the benzaldehydes.
The maximum activity improvement is only 43% for
benzaldehyde and 36% for 4-methylbenzaldehyde.
The efficacy of the Co/Mn/Br catalyst with benzalde-
hydes lies in its promotion of the selectivity of the reac-

tion, i.e., greatly reducing the rate of by-product forma-
tion rather than its activity.

No reaction occurs when a catalyst composed solely of
Co(II) and Mn(II) acetates is used, see example 11 in Ta-
ble 2. This reaction was performed to confirm that, when
all of the active hydrobromic acid is converted to a ben-
zylic bromide during a Co/Mn/Br-catalyzed reaction,
the resultant Co/Mn catalyst would be inactive. It has
been previously observed that when all of the hydrobro-
mic acid becomes benzylic bromide the reaction termi-
nates.[2] We confirm here the lack of reactivity of the
Co/Mn catalyst. This is particularly striking since the ox-
idizability of benzaldehyde is 340 times that of toluene.[7]

On the Synthesis of Carboxylic Acids from
Benzaldehydes in Acetic Acid

High yields of carboxylic acids from non-catalyzed reac-
tions are not possible at 95 8C in acetic acid due to signif-
icant yields of the aryl formates (3% for benzaldehyde
and 10.5% for 4-tolylbenzaldehyde) and because of
the hydrolysis of aryl formates to phenols, whose anti-
oxidant behavior terminates the reactions before they
are complete. It may be possible to obtain higher conver-
sions by addition of acetic anhydride to the acetic acid or
use acetic anhydride by itself as the solvent. This would
avoid hydrolysis of the phenyl formate to phenol and
hence the premature termination of the reaction. This
would not eliminate yield losses due to the Baeyer–Vil-
liger rearrangement to the phenyl formate, however.
Thus, without a catalyzed system in acetic acid, high
yield conversions of benzaldehydes to carboxylic acids
do not appear feasible.

At catalyst concentrations of 0.0063 M and above,
benzaldehyde gives essentially quantitative yields of
benzoic acid, see Table 1. This is consistent with report-

Figure 6. Comparison of the rate of formation of carbon di-
oxide during the autoxidation of p-tolylaldehyde with Co
and Co/Mn/Br catalysts; [cobalt]¼10.0 mM.

Figure 7. Elementary reactions for Co/Br and Co/Mn/Br catalysts. Reaction #�s refer to those on Table 3. Half-lives are at 60 8C
in 10 wt % water/acetic acid.[20]
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ed yields from the literature of 90– 96% for other ben-
zaldehydes using metal/bromide catalysts.[1] As dis-
cussed above, this is because the peroxybenzoic acid is
predominately reacting with [Co(II)]2 to give the car-
boxylic acid in one single step, reaction 2, and largely
eliminating the less-selective thermal decomposition
of the peroxy acid, reaction 1, and the Baeyer–Villiger
reaction, reaction 3. At sufficiently high catalyst con-
centrations the aryl formate and phenols are analytically
undetectable as are all the other by-products except for
carbon dioxide and carbon monoxide. For the yields giv-
en in Table 1, all the carbon oxides were assumed to
come from the unselective oxidation of the benzalde-
hyde. Quantitative yields of p-toluic acid are not seen
because the p-toluic acid is further oxidized to 4-carbox-
ybenzaldehyde and terephthalic acid before the p-toly-
laldehyde conversion is 100%. The oxidation of p-meth-
ylbenzaldehyde to terephthalic acid is reported to give a
96 mol % yield.[1]

Separation of the carboxylic acid product and catalyst
is generally not a problem using acetic acid/water mix-
tures as a solvent. Most aromatic carboxylic acids have
a limited solubility in acetic acid and they often precip-
itate during the reaction (such as terephthalic acid), or
upon cooling to room temperature, or upon partial evap-
oration of the solvent.[1] The traces of residual catalyst in
the solid carboxylic product are easily removed by a sim-
ple water rinse. In commercial processes a very high de-
gree of direct recycle of the catalyst and solvent is prac-
ticed, i.e., the reactions have so few by-products that the
solvent containing the catalyst can be used repeatedly in
subsequent reactions.

Evidence for Changes in Mechanism for Different
Catalysts

Most catalyzed autoxidations obey the Hammett rela-
tionship: log(k/ko)¼ (rho)� (sigma), where rho is a con-
stant for a given set of conditions and sigma is a constant
characteristic of the substitutent on the ring. Changes in
rho signify a change in the mechanism of the reaction.
The value of rho is �1.81 for a Co-catalyzed and
�1.28 for a Co/Mn/Br-catalyzed autoxidation.[18] This
reflects the different transition states of radical forma-
tion via Co(III) in a Co catalyst and a reduced bromide
species in the Co/Mn/Br catalyst. The latter is thought to
be either a metal-bromine(0) complex or an HBr ·

2
spe-

cies.[21] The negative value of rho indicates that the
rate of reaction will decrease with electron-withdrawing
groups on the ring.

As previously discussed,[1] different values of rho for
different catalysts signify changes in selectivity. The
larger value of rho will be more selective because
changes in the substitutents on the ring will result in larg-
er differences in the rates of reaction. For example, if
one wanted to prepare p-toluic acid from p-xylene,

one might chose a Co catalyst rather than a Co/Mn/Br
catalyst. The reason for this is that the difference in reac-
tivity of p-xylene and p-toluic acid using a rho value of �
1.81 for a Co catalyst is calculated to be 43. A similar cal-
culation using a Co/Mn/Br catalyst with a rho of �1.28 is
17. Indeed, this is seen for the Co- and Co/Mn/Br-cata-
lyzed oxidation of 4-methylbenzaldehyde, see Figure 8.
For the Co-catalyzed oxidation of 4-methylbenzalde-
hyde the reaction proceeds to 100% conversion, i.e., to
nearly quantitative yields of p-toluic acid and then the
reaction terminates (the oxygen uptake is 0.0 within ex-
perimental error). The Co/Mn/Br-catalyzed reaction,
however, continues and eventually forms 1,4-dicarboxy-
benzene (terephthalic acid) which is highly insoluble at
95 8C and precipitates from solution as a white powder.
No precipitation was seen with the Co-catalyzed reac-
tion.

The same phenomenon discussed in the previous
paragraph is seen in the terephthaldicarboxaldehyde
[1,4-C6H4(CHO)2] yield. The electron-withdrawing
character of the aldehyde group (sigma¼0.45) is similar
to that of the carboxylic acid group (sigma¼0.52), hence
the calculated differences in reactivity for the Co and
Co/Mn/Br catalysts will be similar to that calculated
above. This is indeed found since the maximum tereph-
thaldicarboxaldehyde yield is 0.17% for the Co catalyst
and 2.1% for the Co/Mn/Br catalyst, see Table 2. The Co
catalyst favors the oxidation of the methyl group in 4-
methylbenzaldehyde more than the Co/Mn/Br catalyst
does.

The differences in terephthaldicarboxyaldehyde yield
for the Co and Co/Mn/Br are the result of a change in
mechanism of the reactions in the FRCM. In Figure 9
the change in terephthaldicarboxyaldehyde yield is giv-
en in the non-catalyzed reaction and then as a function
of the Co/Mn/Br catalyst concentration. One observes
a gradual increase in the terephthaldicarboxaldehyde
yield. We interpret this change as evidence for the
non-catalyzed pathways becoming dominated by the
catalyzed ones. This is the first illustration of this kind
in liquid-phase autoxidation that the author is aware of.

Figure 8. Rates of reaction of Co- and Co/Mn/Br-catalyzed
autoxidation of 4-methylbenzaldehyde.
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The Importance of Decarbonylation in Co/Mn/Br
Autoxidations

Very little carbon monoxide, generally less than 0.01%,
is formed during the reaction of benzaldehydes descri-
bed above. This is indicative that decarbonylation, i.e.,
PhCO ·)Ph · þCO, is not important in aromatic alde-
hyde autoxidations. Previously it has been shown that
metal-catalyzed (Co, Mn, Ni) autoxidation of aliphatic
aldehydes does not proceed in high yield to the carbox-
ylic acid (<10%)[19] due to high rates of decarbonyla-
tion. We autoxidized heptaldehyde using a Co/Mn/Br
catalyst in the same manner as described here for 4-
methylbenzaldehyde to determine if high yields of hep-
tanoic acid could be obtained, i.e., that the Co/Mn/Br
catalyst may be more effective than Co, Mn, or Ni cata-
lysts. Unfortunately, metal/bromide catalysts do not im-
prove the yield, at least for heptaldehyde. The vent car-
bon monoxide concentration was as high as 5% with a
maximum yield of heptanoic acid of only 50% Assuming
all of the vent carbon monoxide is due to decarbonyla-
tion, it is 5/0.01¼500 times higher for heptaldehyde
than with the benzaldehydes studied here. Hexanoic
acid, one of the products of decarbonylation, was
formed in 20% yield. Thus the Co/Mn/Br catalyst does
not give high yields to carboxylic acids with aliphatic al-
dehydes but does so with benzaldehydes.

Effect of Water on the Elementary Catalytic Steps in
Metal/Bromide Catalysts

There are at least 30 different reported metal/bromide
catalysts using the elements Ca, Ce, Co, Cu, Fe, Hf,
Mn, Mo, Ni, Ru, Si, Te, U, V, Zn, Zr. The �redox cas-
cades� which give the elementary catalytic steps for the
Co/Br, Co/Mn/Br and Co/Ce/Br catalysts have been pre-
viously reported.[8,20] Those for Co/Br and Co/Mn/Br are
given in Figure 7. For a Co/Br catalyst the cobalt is ini-
tially oxidized with a peroxide to Co(III). Initially this

peroxide is adventitious peroxide formed in the acetic
acid solvent,[4] reactions 4– 6, or a peroxy acid, reac-
tion 7. The initially formed cobalt [Co(III)a] predomi-
nately re-arranges to a less active form [Co(III)s][9] be-
fore it reacts with the bromide ion to form a reduced bro-
mide species, reactions 1 and 9. For the Co/Mn/Br cata-
lyst the initially formed Co(III) next reacts with Mn(II),
reactions 2 and 3, and then with the bromide ion, reac-
tion 10. This reduced bromide species reacts with the hy-
drocarbon, toluene in Figure 7, to form the benzylic rad-
ical which further propagates the reaction.

Information on the rates of these elementary reac-
tions 1 – 10 of Figure 7 as a function of water concentra-
tion in acetic acid are summarized in Table 3. Some of
the data in the literature are reported in half-lives,
some in relative half-lives and some in rates of oxygen
uptake. One commonality is they all have been done
in 0.27 water/acetic acid mol fraction (10 wt % water).
One can place all the information on a common basis
by assigning to the rate in 10 wt % water a value of 1.0
(called ko) and scaling the other rates to it:

ln(k/ko)¼AXH2OþB

where k¼ rate of elementary reaction ko¼ rate of reac-
tion in 10 wt % water, XH2O¼mole fraction of water in
acetic acid, A¼ slope of the line, B¼ intercept of line.
This approach is similar to Hammett plots in organic
chemistry.[22] As can be seen from Figures 10 and 11 all
of these elementary catalytic steps decrease in rate with in-
creasing water concentration. Moreover, except for the
data of Mn(III) with HBr, reaction10, the changes are
essentially linear with water concentration. The results
of the linear regression analysis are given in Table 3.
The slopes of the lines are also similar, i.e., the sensitivity
to changes in rate as a function of water are nearly the
same. It is known that the intermediate peroxy radicals
in the non-catalyzed free radical chain mechanism be-
come less reactive due to hydrogen bonding with wa-

Figure 9. Changes in terephthaldicarboxyaldehyde yield as a
function of Co/Mn/Br catalyst concentration.

Figure 10. Rates of elementary reactions in Co/Br and Co/
Mn/Br Catalysts as a function of water in acetic acid. Reac-
tion numbers refer to those in Table 3 and Figure 7.
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ter.[11,12,13] We thus conclude that both the metal-cata-
lyzed and non-catalyzed steps decrease in rate with in-
crease in water concentration in acetic acid. Thus it ap-
pears that to find a catalytic system in acetic acid/water
mixtures that does not decrease with increase in water
concentration will be a difficult goal.

The reactions given in Figure 7 are all redox reactions
except for reaction 8 which is a rearrangement of a
Co(III) coordination compound. The exact reason(s)
why all these reactions decrease in rate with an increase
in water concentration is(are) not known. The origin of
these changes may be due to the step-wise substitution
of acetic acid and acetate in the coordination sphere
by water. The rates of reaction of the elementary redox
reactions may decrease because prior coordination of
the peracids, peroxo radicals, bromide anion etc. may
be necessary and the rate of incorporation of these spe-
cies in the coordination sphere is favored by ligand sub-
stitution via the unusually weak and labile acetic acid li-
gand.[23,24] As one progresses from anhydrous to 10 wt %
water, the acetic acid-metal bonds (M�HOAc), are mo-

notonically replaced by water to form M�H2O bonds to
give mono-, di-, triaquo, etc. cobalt(II) coordination
compounds.[23] To determine if these changes are signif-
icantly large, one can calculate the value of
ln([Mn�HOAc]]/[Mn�HOAc]o) where [Mn�HOAc] is
the concentration of the Mn�HOAc bonds at an
Mn(II) concentration of 0.01 M and [Mn�HOAc]o is
the value in 10 wt % water using the previously reported
stability constants.[23] One can see in Figure 11 that the
initial slope of this change is the same as the slopes of
the reactions themselves. The calculation is performed
on a mononuclear octahedral manganese(II) com-
pound. In reality the compounds may be multinuclear
since it is known that, for example, the peroxybenzoic
acid prefers to react with a dinuclear cobalt(II) com-
plex.[9]

Hammett studies for Co/Mn/Br catalysts give rho val-
ues of �1.27 in anhydrous acetic acid and �0.959 in
10% water/acetic acid.[18] Assuming these differences
are statistically significant, this suggests that the transi-
tion state during autoxidation is changing with water
concentration and is consistent with changes in the coor-
dination sphere of the metals from species such as
[Co(II)(HOAc)4(OAc)]2

2þ in anhydrous acetic acid to
species such as [Co(II)(H2O)4(OAc)]2

2þ at higher water
concentrations.[23]

Conclusions

The aerobic oxidation of benzaldehydes allows one to
study the effect of water and catalyst on the free radical
chain oxidation mechanism. Uncatalyzed aerobic oxida-
tions of benzaldehyde in water/acetic acid mixtures are
initially highly reactive but the reactions terminate be-
fore high yields of benzoic acids are achieved. They
are also very unselective as by-products totalling 5.6%
are observed due to the thermal decomposition of the
peroxy acid (giving benzene, phenol) and the Baeyer–

Figure 11. Rates of elementary reactions in Co/Br and Co/
Mn/Br catalysts as a function of water in acetic acid. Reaction
numbers refer to those in Table 3 and Figure 7.

Table 3. Summary of rates for the elementary reactions in Co/Mn/Br catalysts. Slope, standard error, and correlation coeffi-
cient are from linear regression.

Entry Reaction [metal]M [substrate]
M

Temp.
[ 8C]

[water]
mol fraction

Slope
(std. dev.)

Reaction
no., R2

Ref.

1 Co(III)sþKBr 0.001 0.02 23 0.15 – 0.69 0.271 (0.033) 5, 0.958 this work
2 Co(III)sþMn(II) 0.005 0.0125 20 0.15 – 0.49 – – [12]
3 Co(III)sþMn(II) 0.001 0.02 23 0.15 – 0.69 0.347 (0.028) 5, 0.99 [12]
4 Co(II)þX[b] 0.02 solvent 113 0 – 0.27 0.98 (0.31) 3, 0.91 [8]
5 Co(II)þX[b] 0.04 solvent 113 0 – 0.27 0.83 (0.07) 3, 0.99 [8]
6 Co(II)þX[b] 0.06 solvent 113 0 – 0.27 0.80 (0.03) 3, 0.998 [8]
7 Co(II)þMCPBA[a] not given not given 0 0.016 – 0.764 0.174 (0.002) 8, 0.999 [12]
8 Co(III)a to Co(III)s 0.01 – 20 0.15 – 0.59 0.276 (0.010) 6, 0.995 [12]
9 Co(III)sþHBr 0.0005 not given 23 0.15 – 0.59 0.192 (0.015) 5, 0.981 [12]

10 Mn(III)þHBr 0.005 0.01 23 0.27 – 0.45 0.37 (0.17) 3, 0.82 this work

[a] MCPBA¼3-chloroperoxybenzoic acid.
[b] Co(II)þX is cobalt being oxidized by an unknown, �adventitious� peroxide in the acetic acid solvent as reported in Ref.[4]
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Villiger reaction (giving phenyl formate, phenol, qui-
nones, carbon dioxide). The reason for the premature
termination of the reaction is that phenol, a strong
anti-oxidant, forms in sufficiently high concentrations.
The cobalt present reacts very rapidly and selectively
with the peroxybenzoic acid virtually eliminating both
the thermal decomposition and the Baeyer–Villiger re-
action. As a result no phenol forms and the reaction
goes to completion and the by-products are no longer
seen. A Co/Mn/Br catalyst is more selective than a Co
catalyst since it further reduces carbon dioxide forma-
tion due to a lower steady-state Co(III) concentration
which further reduces the decarboxylation.

The reduction of undesirable by-product formation by
addition of catalyst is seen at very low catalyst concen-
trations (0.0001 M). The formation of the by-products
continues to decrease with increases in catalyst concen-
tration and all traces of them are eventually eliminated
at around 0.002 M. There is an increase in terephthaldi-
carboxaldehyde yield from 4-methylbenzaldehyde with
increase in catalyst concentration. Both of these phe-
nomena illustrate the effect of non-catalyzed reaction
pathways being replaced by catalyzed ones.

The presence of water apparently reduces the Baeyer–
Villiger reaction to the phenyl formate so there is less
yield loss to the benzoic acid. However, the water enhan-
ces the rate of phenyl formate hydrolysis to the phenol
resulting in the reactions terminating earlier. Thus, as
seen previously, the effect of water in metal/bromide
catalyzed autoxidations is complex.

An analysis of the data available in the literature on
the effect of water on the elementary steps in both non-
catalyzed and catalyzed reactions shows that these steps
are �poisoned� by water in the acetic acid solvent, i.e.,
their rates of reaction decrease with increasing water
concentration. It is suggested that one of the reasons
for the decrease in rate is that the metal-acetic acid
bonds are being replaced with metal-water ligands pre-
venting the organic intermediate and transient species
from entering the coordination sphere of the catalytic
metals.

Experimental Section
The glass autoclave, procedure, calculations, and GC instru-
ment have been previously described.[6] The chemicals were
used as received. Initial cobalt and manganese catalysts were
their metal(II) acetate tetrahydrates. The reactants, intermedi-
ates, by-products, and products formed in the reactions were
confirmed by GC/MS. Yields were calculated from the GC
data. Unless otherwise stated, all reactions were performed
at 95 8C with a flow of air at 100 mL/min through the reactor
with 100 g solvent at ambient atmospheric pressure. Periodi-
cally liquid samples were removed during reaction and ana-
lyzed via GC. At the same time, on-line gas analysis was per-
formed for dioxygen, dinitrogen, carbon monoxide and carbon
dioxide.
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