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Abstract 

The autoxidation ofpara-xylene (pX) was carried out with the usual Co(OAc)2 catalyst in HOAc, but with promoters other than inorganic 
bromide. 9,10-Dibromoanthracene and 9-bromoanthracene were used. They gave acceptable rates and yields of terephthalic acid, particularly 
with low concentrations of metal co-catalysts. The ones studied and their optimal concentrations are 0.3 mM Mn(OAc)2, 0.2 mM Ce(OAc)3 
and 20 mM ZrOC12. The mechanism involves formation of an intermediate radical such as DBA °+, which oxidizes pX to pX °+, a strong acid 
that rapidly releases H +. Under oxygen, peroxyl radicals are formed, which sustain the free radical branching chains. The redox-active metals 
Mn(II) and Ce(III) accelerate the reaction because they are oxidized by ArCH2OO ° ca. 103-times more rapidly than Co(II) is. A different 
mechanism operates for Zr(IV). By prior addition of t-BuOOH, evidence has been obtained for the intervention of peroxo-zirconium(IV) 
complexes of this d o metal. 
© 2003 Elsevier B.V. All rights reserved. 
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1. Introduction 

The aerobic oxidation ofpara-xylene is carried out com- 
mercially on the scale of  >109 kg annually. The most widely 
used commercial catalyst package combines Co(OAc)2, 
Mn(OAc)2 and NaBr or HBr [1-5]. 

M e ~ - - M e  Co/Mn/Br HO2C~CO2H (1) 
HOAc, ca. 200 °C 

The autoxidation mechanism has been extensively 
studied [3,6-15], and shown to be a multi-step process 
with chain-branching reactions of  aralkylperoxyl radicals, 
ArCH2OO °. When bromide is used as a promoter, the di- 
bromide radical HBr2 ° is an active intermediate [10,16], 
Bromide is not without its problems, however, principally 
its corrosive nature that requires expensive titanium-clad 
reactors [17]. Minimizing solvent oxidation to CO and CO2 
and completion of  the oxidation of  4-carboxybenzaldehyde 
(4-CBA) are further objectives, whether or not bromide is 
responsible for them. 
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For these reasons we have studied other promoters to 
be used in place of  inorganic bromide. In this study, we 
describe results obtained with 9,10-dibromoanthracene 
(DBA) and 9-bromoanthracene (9-BA). The reaction rates 
in these systems can be considerably enhanced by the use 
of  co-catalysts such as Mn(II), Co(Ill) and Zr(IV) by mech- 
anisms that have been characterized to a great extent. We 
are aware of  bromobenzene having been used in this ca- 
pacity [18], but believe this is the first instance in which 
bromoanthracenes have been employed. 

2. Experimental section 

The following reagents were used as obtained com- 
mercially without further purification: cobalt(II) acetate 
tetrahydrate, glacial acetic acid, sodium bromide, DBA, 
9-BA, zirconyl chloride octahydrate, manganese(II) ac- 
etate, cerium(Ill) acetate, p-xylene and p-toluic acid. 
Cobalt(III) acetate solution in glacial acetic acid was pre- 
pared by passing ozone gas through a freshly prepared 
solution of  Co(OAc)2.4H20 [16,19]. The excess ozone 
was sparged from the solution with a vigorous stream of 
argon gas. The predominant species was the Co(III)s form 
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(a hydroxo-bridged Co(III) dimer) [20], as confirmed by its 
characteristic UV-Vis spectrum [21]. 

Reactions were monitored by measuring oxygen con- 
sumption with a manometric apparatus similar to the one 
described in the literature [22]. The reactor was thermostated 
by means of  a circulating water bath at 70°C. Oxygen 
consumption was measured by monitoring the decrease in 
volume (at 1 bar) of  pure oxygen in a burette connected to 
the reactor. From the data so collected the initial reaction 
rates were calculated with the program KaleidaGraph 3.5. 

Oxidation products were detected by HPLC, having cal- 
ibrated the method, qualitatively and quantitatively, with 
known compounds. For HPLC analysis, a 0.02 ml aliquot 
was removed from the reactor at different times during the 
reaction and diluted to I ml in 1:4 DMSO/CH3CN (v/v) 
mixture. The diluted solution was then run through the 
HPLC column. A Waters model 501 solvent delivery sys- 
tem, Waters 996 photodiode array detector and a Novapak 
C18 3 .9mM × 150mM column were used for this purpose. 
A binary solvent of  50% H20/0.5% CH3COOH and 50% 
CH3CN with a flow rate of  0 .7mlmin  -1 was used in the 
isocratic mode. Each peak of the HPLC chromatogram was 
properly integrated and the actual concentration of each 
component was obtained from the pre-calibrated plot of  its 
peak area versus concentration. 

The kinetics of  reduction of  Co(HI) by DBA and 9-BA 
was followed using Shimadzu UV-2101PC or UV-3101PC 
spectrophotometers. The progress of  the reaction was deter- 
mined by monitoring the decrease of  the Co(III) absorbance 
at 523 nm. A quartz cell of 1.0 cm path length was used for 
absorbance measurement. 

3. Results 

3.1. Oxidation o f  para-xylene (pX) with DBA and 9-BA 

as promoters 

In oxygen uptake experiments, the initial change in the 
volume of  02 was a linear function of  time after an initial in- 
duction period during which essentially no oxygen was con- 
sumed. Fig. 1 presents the data for a typical experiment with 
these concentrations: 820 mMpX,  40 mM Co(II) and 10 mM 
DBA. The reaction was followed until ca. 15 ml of  02 had 
been consumed, which amounts to ca. 5% oxidation o fpX.  

The slope of the line gives the initial reaction rate; 
when converted to concentration units, vi = 10.5 × 
1 0 - 6 m o l l - I s  -1. Analogous experiments with 9-BA 
showed vi = 8.1 × 10 -6mol l  -1 s -1. These rates are not 
much larger than the value vi = 7.1 × 10 -6mol l  -1 s -1 
when 10 mM NaBr was used. A series of  such experiments 
was carried out with varying concentrations: 20 -80mM 
Co(II), 0 .4-1 .5M pX and 1 .7-20mM DBA. From series 
in which two of  the three concentrations were held con- 
stant, the reaction is second-order with respect to [Co(II)] 
and first-order with respect to [pX]. The dependence on 
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Fig. 1. Plot of the volume of 02 (in ml) consumed as a function of time 
in an experiment with these concentrations: 820mM pX, 40mM Co(H) 
and 10raM DBA at 70°C in HOAc. 

[DBA] followed saturation kinetics. These three functional 
dependences can be combined into one rate law, 

v = k [C°(II)]e [pX] [DBA] (2) 
1 + x[DBA] 

The initial rate data from oxygen-uptake experiments are 
precise to only ca. 5:20%. The data from 15 experiments 
were fitted to this equation. The least-squares parameters are 
k = 2.8-4-1.312 mol -e  s -1 and x = (3.04-2.0) x 1021 mo1-1 . 
A comparison between experimental and fitted initial rates 
is given in Fig. 2. As one can see, the kinetic model has its 
limitations. 

Studies with a number of  methyl benzenes were car- 
ried out with the Co(II ) -DBA combination, under compa- 
rable conditions, 820mM MenC6H6-n, 4 0 m M  Co(II) and 
10 mM DBA. The initial rates increased with the number of 
methyl groups, which is the order in which E ~ decreases for 
the Men C6H6-n" +/IVlen C6H6-n couples. The plot of  log(vi) 
against E ~ is linear, as shown in Fig. 3. 

Further experiments were carried out to explore the mech- 
anism of oxidation of  pX  by the combination Co(OAc)e 
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Fig. 2. A comparison of initial rates for the oxidation of pX with a Co(II) 
catalyst and DBA as promoter, showing experimental and fitted data. The 
straight line has a 45 ° slope. 
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Fig. 3. Plot of the initial rate (log scale) of autoxidation of 0.82M 
methylbenzenes, Me~C6H6 n, catalyzed by 40mM Co(OAc)2 in the 
presence of 10mM 9,10-dibromoanthracene, vs. E ° for the couples 
MenC6H6 n*+/MenC6H6 n. 

and DBA. An experiment was performed with 820mM 
para-xylene-dlo, 40mM Co(H) and 10raM DBA. No ki- 
netic isotope effect (KIE) was observed: 1) i (H)/Vi(D)  = 1.0. 
A large KIE had been reported, however, for the oxidation 
o fpX by the dibromide radical, HBr2 °, which indicates that 
HBr2 ° reacts by a hydrogen atom abstraction mechanism 
[10], and DBA does not. 

3.2. Formation and oxidation of para-toluic acid 

The immediate product of the oxidation o fpX with these 
promoters is para-toluic acid. Once one methyl group has 
been oxidized, the remaining one is deactivated by the 
electron withdrawing effect of the -COzH group [11,23]. 
To explore this further, p-MeC6H4COzH was used di- 
rectly. With 820mM substrate, 40mM Co(II) and 10mM 
DBA, vi ( x l 0 - 6 m o l 1 - 1  s -1) = 7 . 9  at 70°C. The same 
experiment with 10mM NaBr in place of DBA had vi 
(x l0 -6mol1 -1  s -1) = 1.9. Thus, DBA is a superior pro- 
moter for the step which para-toluic acid is oxidized. 

3.3. Kinetic effects of other metals 

Mn(II), Ce(III) and Zr(IV) are known to accelerate the 
reaction with a bromide promoter in a manner that shows 
strongly synergistic rate enhancements. To find the best con- 
ditions, the Mn(II), Ce(III) and Zr(IV) concentrations were 
varied in the ranges of 0.1-5, 0.1-5 and 5-20 mM, respec- 
tively, at fixed concentrations of promoters (10 raM), Co(II) 
(40 mM) andpX (820 mM). The effects of these metals with 
the bromoanthracene promoters are quite pronounced, as 
shown in Fig. 4. In each case the rate attains a maximum 
value at a particular concentration of the co-catalyst and then 
declines. 
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Fig. 4. Initial rates at optimal co-catalyst concentrations--0.3 mM Mn(II), 
0.2mM Ce(III) and 20mM Zr(IV)--for the DBA (10mM) and 9-BA 
(10 mM) promoted autoxidations of pX at 70 °C in HOAc. 

The role of Zr(IV) was explored further, because it seemed 
to us that its role might be to form peroxo complexes with 
ArCHzOOH generated in situ during the experiment. We 
thus carried out experiments in with tert-butyl hydroperoxide 
(a stand-in for the ArCH2OOH intermediate) was added to 
the Co/DBA catalyst system. When ZrOC12 and t-BuOOH 
were pre-mixed, the reaction started immediately without an 
induction period. On the other hand, when only ZrOCI2 was 
added, a considerable induction period was noted. In both 
cases, however, the initial rate reached the same value, 77 -4- 
2 × 10-6 mol 1-1 s -1 at 70°C in HOAc, as shown in Fig. 5. 
This is an eight-fold increase caused by 15 mM Zr(IV). 

3.4. Product identification by HPLC 

Experiments were carried out on reactions start- 
ing with pX, 10mM of the desired promoter and the 
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Fig. 5. Plots of oxygen consumption against time when (a) 5 mM t-BuOOH 
was premixed with ZrOCI: and (b) ZrOCl2 alone was added. Conditions: 
40mM Co(II), 10mM DBA, 15mM ZrOC12, 820mM p-xylene at 70°C 
in HOAc. 
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Fig. 6. Yields of para-toluic acid (hatched) and terephthalic acid (solid) 
formed from the autoxidation with use of Co(OAc)2 catalyst, DBA and 
9-BA promoters and traces of metal co-catalysts present at their optimal 
concentrations (Fig. 4). 

This decomposition process was followed by HPLC from the 
measurement of [AQ], retention time 8.7 min, as a function 
of  time. These measurements were performed with added 
Mn(OAc)2, giving the results shown in Fig. 7. Independently, 
it was shown that added AQ (10 mM) had no effect on the 
rate. 

Given these results, one must ask whether DBA and 9-BA 
simply provide a means of  introducing HBr into the system, 
which then acts as the promoter. This cannot be so to any 
substantial extent because the amount of  bromide released 
during the kinetic period is quite small; see Fig. 7, inset. 

During the experiments to measure the KIE, bromide has 
also not risen to a level where its pathway contributes much 
to the rate. Indeed, the directly-studies rate of  reaction be- 
tween the HBr2 ° intermediate and pX has KIE = 5.3 [10], 
whereas kH/kD = 1.0 f o r p X  and pX-dl0 with DBA as the 
promoter. 

optimum concentration (0.15-0.3 mM) of  Mn(II) or Ce(III) 
co-catalyst at 70 °C. 4-Methyl-benzyl alcohol was detected 
directly, despite its lower molar absorptivity at 254 nm as 
compared to the other intermediates, p-Tolualdehyde was 
formed in an early stage, followed by 70-100% ofp-toluic 
acid in 1.3-3 h. The subsequent oxidation led to 4-CBA 
and terephthalic acid, especially the latter. The yields of  the 
final products are displayed in Fig. 6. 

3.5. Release of bromide ions 

Over time, both DBA and 9-BA do lose bromide during 
the course of  the reaction as anthroquinone (AQ) is formed. 
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Fig. 7. Plots of released bromide as a function of time for DBA and 
9-BA with 40 mM Co(OAc)2, 10 mM DBA or 9-BA, 0.3 mM Mn(OAc)2, 
and 100mM pX. Inset: bromide formation during the time used for the 
kinetic measurements. 

4. Discussion 

4.1. The chemical mechanism 

To place our new results in context, it is useful to re- 
capitulate briefly what is known about the autoxidation of 
methylarenes (ARCH3) with a Co(OAc)2 catalyst and NaBr 
promoter. The reaction follows a free-radical scheme in 
which chain-branching provides one key aspect. 

The initiation step generates the chain-carrying radicals. 
The initiator is the small concentration of  the aralkyl hy- 
droperoxide that is present in the hydrocarbon which is re- 
duced by Co(II) in this reaction: 

ArCH2OOH + Co(II)Br 2 ~ ArCH20 ° + HOCo(III)Br 2 

(3) 

We have independently demonstrated that it is the dibromo- 
cobalt(II) complex which reacts at this step. The reason for 
that is to provide a pathway for formation of  the reactive di- 
bromide radical, HBr2 °. Here and elsewhere in writing these 
equations, coordinated acetate ions and acetic acid are be- 
ing omitted. Also, the Co species are written as monomers, 
even though dimers and trimers are prevalent in HOAc. 
especially in aged solutions. Once the reaction begins, 
however, monomeric Co(IIIa) is formed and it presumably 
cycles so rapidly as to carry repeated cycles of  reaction. 

The radical ArCH20 ° from reaction (3) is highly reactive, 
and it converts ARCH3 to an aralkyl radical. In so doing 
the first stage of  oxidation has been completed with the 
formation of  an alcohol. 

ArCH20" + ARCH3 > ArCHeOH + ARCH2" (4) 

ARCH2" + 02 -+ ArCH2OO" (5) 

It is at this stage that chain-branching occurs. A single 
peroxyl radical becomes three by the sequence of pathways 
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Scheme 1. Chain-branching of peroxyl radicals, R: ARCH2; see [12-14] and [31]. 

shown in Scheme 1. Without branching, the process would 
be unacceptably slow. 

The dibromide radical formed from inorganic bromide is 
shown in Scheme 1 as reacting with ARCH3. This step was 
studied directly by laser flash photolysis, and thus confirmed 
independently [10]. In HOAc at 23 °C, the rate constant for 
HBr2 ° + pX is 1.6 x 1051 mo1-1 s -1, and a significant K/E, 
krf/ko = 5.3. 

The chain termination step is the self-reaction of the per- 
oxyl radical by the Russell mechanism [24], 

2ArCH2OO ° --~ ArCHO + ArCH2OH + 02 (k6) (6) 

where the numbering of rate constants here and in Scheme 1 
corresponds to prior usage [25]. When the rates of 
chain-branching and termination become equal, the maxi- 
mum (steady-state) rate is realized: 

2{k4[Co(II)] q- k2[ArCH3]} = 2k6[ArCU2OO °] (7) 

As a result the steady-state concentration of the peroxyl 
radical is 

k4[Co(II)] + k2[ArCH3] 
[ArCH2OO']ss = (8) 

k6 

It follows that 

2{k4[Co(II)] + k2[ArCH3]} 2 
v = (9) 

k6 

where the reaction rate is defined as -d[O2]/dt during the 
initial phase of the oxidation.1 The reaction rate was found 
to be nearly second-order with respect to [Co(II)]; it is 
roughly independent of [ARCH3]. Rate constants were ob- 
tained from the chemiluminescence produced because the 
aldehyde formed in the termination step is in an excited 

1 Representing the rate in terms of oxygen consumption presents an 
unavoidable ambiguity, because at different stages of oxidation the stoi- 
chiometric consumption ratio of 02 to pX is variable. Complete oxidation 
to terephthalic acid requires 302 to lpX. 

state. This leads to these values of k (1 mo1-1 s-l) :  k4 = 
7.2 × 102 (for Co(OAc)2, but higher for CoBr2), k2 = 4.5, 
and k6 = 1.5 × 108 at 70 °C in HOAc [12]. Therefore, the k2 
component of reaction (9) contributes relatively little, and 
the reaction rate is dominated by the nearly-quadratic Co(II) 
dependence. 

4.2. Evidence for electron transfer 

The absence of a KIE for the DBA-promoted reaction and 
the significant dependence of the rate upon the E ° values for 
MenC6H6-n have been noted. They suggest the involvement 
of coupled electron transfer steps. To assist this discussion it 
is useful to have values of the standard reduction potentials 
and the series of steps we propose to be involved, which is 
shown in Scheme 2. These values of E ~ in HOAc pertain in 
this case: Co(III)/Co(II), 2.0V [26]; DBA'+/DBA, 1.76V 
[27] and pX*+/pX 2.30 V [28]. 

The analysis of the steps in Scheme 2 proceeds as fol- 
lows. Cobalt(III) can oxidize DBA (KI = 104). The rate 
constant kl was evaluated directly as 0.674-0.041 mol-  1 s - l  
at 25 °C in HOAc. Although the subsequent oxidation ofpX 
by DBA °+ is unfavorable (K2 = 7 x 10-1°), it is drawn to 
completion by the high acidity ofp-MeC6H4CH3 ° + (pKa = 
- 8 )  [29] and its large rate constant for proton loss, k3 = 
1 x 107 s -1 [30]. The role of DBA is to provide a facile ini- 
tial electron transfer step, which pX cannot do, given the E ° 
values. The formation o fpX °+ in a step that equilibrates at 
a diffusion-controlled rate (k2 ~ 10, k-2 ~ 101° 1 mol-  l s -  l) 
allows ARCH2 ° to form, from which the key peroxyl radical 
then results. 

A parallel scheme can be written for 9-BA with different 
values of K1 (4 x 105) and K2 (2 x 10-11), but with the 
product K1 .K2 (~7 × 106) necessarily the same. 

Even though DBA and 9-BA release bromide ions during 
the conversion of pX to terephthalic acid, this may not be 
entirely disadvantageous. In that way a smaller amount of 
bromide becomes tied up in the inactive form ArCH2Br, as 
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Scheme 2. Postulated role of electron transfer in DBA-promoted reactions. 
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Scheme 3. Proposed involvement of a peroxozirconium intermediate. 

compared to the ordinary case where HBr or NaBr is used, 
where a large fraction of the total bromide is converted to 
benzylic bromides [31]. The gradual release of bromide ions 
may promote a greater extent of bromide participation in the 
chain-branching scheme shown in Scheme 1. 

4.3. Metal co-catalysts 

The roles of the redox-active metals, Mn(II) and Ce(III), 
can be explained by their participation in chain branch- 
ing, Scheme 1 [9,14,25]. The rate constant k2 for the step 
ArCH2OO ° + M(II) is 103-times faster for Mn(II) than 
Co(II) [12]. This can be explained by the lower reduction 
potentials: 1.54V for Mn(IIIflI) and 1.61 V for Ce(IVfllI). 
The Mn reactions appear to bifurcate as well, which is why 
the rate passes through a maximum at an optimal [Mn(II)]. 
These are the steps involved: 

branching 

ArCH2OO" + Mn(ll) ~ [ArCH2OO_Mn III] - - t  excess Mn(ll) 

The addition of ZrOCI2 to the reaction increases the rate 
proportional to [Zr]. Because zirconium is not redox-active, 
an explanation different from that given for Mn and Ce 
must be presented for its considerable rate effect must be 
sought. The idea originally advanced was that it was able 
to insert into, and thus disrupt, the oligomeric structures of 
cobalt acetates, increasing the proportion of the more ac- 
tive monomeric forms of cobalt [32]. We wish to suggest 
an alternative, based on the propensity of metal complexes 
with d o electronic configurations to bind and activate hydro- 
gen peroxide and alkyl hydroperoxides [33,34]. This model 
is supported by the data in Fig. 5, which show that prior 
addition of t-BuOOH eliminates the induction period when 
ZrOC12 is used as the co-catalyst. This provides a positive 
indication that some intermediate species is building up to 
a significant level during that time. We suggest that it is 
ArCH2OOH. Peroxo complexes of Zr(IV) [35] and other 

3 ArCH2OO. 

ArCH2OO. + Mn(ll) (lO) 
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d o metal complexes [33,36] have been reported. The fact 
that experiments with and without pre-added t-BuOOH ul- 
timately reached the same rate are indicative of hydroper- 
oxide involvement. Scheme 3 shows a mechanism from the 
literature that proposes a pathway for the catalyzed oxida- 
tion of alcohols by alkyl hydroperoxides [37]. Possibly the 
intermediate aldehydes (as hemiacetals?) are also oxidized 
by hydroperoxo-zirconium species. 
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