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The aerobic autoxidation of hydrocarbons proceeds through a complicated reaction mechanism, mediated
by free radicals. Most reported autoxidation catalysts enhance the radical formation rate via homolytic
activation of hydroperoxide products. Whereas our knowledge of the product formation mechanisms
has significantly improved over the last couple of years, the chain-initiation is still poorly understood.
In this contribution, the thermal and catalytic initiation rate for the oxidation of the renewable olefin
a-pinene is quantified, thereby providing evidence for a substrate-assisted thermal initiation. The kinetics
of the catalytic initiation is in good agreement with previous studies under model conditions.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Partial oxidation of hydrocarbons is an industrially relevant and
academically challenging task [1]. One important class of aerobic
oxidations are autoxidations, mediated by free radical intermedi-
ates [2–4]. Important bulk scale processes which are based on this
chemistry are, for example, the oxidation of p-xylene to tere-
phthalic acid (44 � 106 tons per year), the oxidation of cyclohexane
to cyclohexanol and cyclohexanone (6 � 106 tons per year), and the
synthesis of ethylbenzene hydroperoxide (6 � 106 tons per year)
[3]. When a hydrocarbon (RH) is subjected to oxygen at elevated
temperatures, a chain oxidation takes place during which the active
oxidant is not O2 itself, but reactive peroxyl radicals (ROO�) [4].
Products which can be observed are hydroperoxides (ROOH), alco-
hols (ROH), and ketones (Q@O). Under non-catalytic conditions,
radicals are generated from the ROOH product, leading to an auto-
catalytic increase in the oxidation rate [4]. Although it had been
assumed [3] that this thermal chain-initiation takes place via
homolytic dissociation of the OAO bond (reaction (1)), it was
recently proposed that this unimolecular reaction is not only very
slow, but also inefficient in generating radicals, as the nascent rad-
ical-pair rapidly recombines in a solvent-cage [5]. It was therefore
proposed that the initiation is a bimolecular reaction between
ROOH and the substrate (reaction (2)), or a more reactive reaction
product, such as cyclohexanone in the case of cyclohexane oxida-
tion (reaction (3)). In those reactions, the OH-radical breaking away
from the hydroperoxide abstracts an H-atom, forming water and a
ll rights reserved.

s).
C-centered radical, eventually stabilized by delocalization [5]. Such
a substrate or product-induced initiation not only features a lower
activation barrier, it is also proposed to be more efficient in gener-
ating radicals than the unimolecular OAO bond cleavage, because
the nascent RO�-radical is effectively shielded by the initially hydro-
gen-bonded water molecule against recombination with the
R�-radical1.

ROOH ! RO� þ �OH ð1Þ

ROOHþ RH ! RO� þH2Oþ R� ð2Þ

ROOHþ Q@O ! RO� þH2Oþ Q�aH
� ¼ O ð3Þ

The RO� radicals are rapidly converted to R� radicals (reaction (4))
which are themselves trapped by O2, leading to ROO� radicals (reac-
tion (5)). Peroxyl radicals are able to abstract H-atoms from the sub-
strate and form ROOH (reaction (6)).

RO� þ RH ! ROHþ R� ð4Þ

R� þ O2 ! ROO� ð5Þ

ROO� þ RH ! ROOHþ R� ð6Þ

In addition, ROO� radicals can abstract the weakly bonded a H-atom
of the ROOH primary product, leading to the formation of alcohol
and ketone in an activated solvent-cage reaction (7); the stoichiom-
etric coefficient x in reaction (7) depends on the substrate [6–9].
1 H2O acts as ‘‘insulator’’ between the two radicals and is hydrogen-bonded to the
alkoxyl radical with approximately 2.6 kcal mol�1, at the ZPE-corrected UB3LYP/6-
311++G(df,pd) level of theory.
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2 That the concentration of the active catalyst species involved in the rate-
determining step is present in a concentration which is nearly the same as the
initially added [Co(acac)2]0.
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ROO� þ ROOHfþRHg ! xROOHþ xR� þ ð1� xÞROH
þ ð1� xÞRO� þ Q@OþH2O ð7Þ

Reactions (8) and (9) can be additional sources of alcohol and ke-
tone, respectively, depending on the substrate [10].

RO� þ ROOH ! ROHþ ROO� ð8Þ

RO� þ O2 ! Q@OþHO2 ð9Þ

As compared to saturated hydrocarbons, olefins are significantly
more reactive. Among other reasons, this is caused by a better sta-
bilization of the electron-deficient R� radicals (allylic resonance).
Moreover, the ROO� radicals can, in addition to H-abstraction, add
to the C@C bond, forming epoxide (EO) (reaction (10)) [10]. The effi-
ciency of this epoxidation mechanism depends on the olefin as well
as the O2 partial pressure [11,12].

ROO� þ RH ! RO� þ EO ð10Þ

In all cases, one also has to consider the cross-reaction of ROO� rad-
icals, despite the low [ROO�] (�10�7 M); this reaction can either lead
to alkoxyl radicals (reaction (11)) or chain-termination (reaction
(12)). The substrate-dependent branching ratio between the two
channels has important consequences on the whole chain mecha-
nism [13].

ROO� þ ROO� ! RO� þ RO� þ O2 ð11Þ

ROO� þ ROO� ! ROHþ Q@Oþ O2 ð12Þ

Most reported autoxidation catalysts accelerate the formation of
radicals by homolytic activation of hydroperoxides [2]. The best
known catalysts are based on CoII/III, accelerating the decomposition
of the hydroperoxide in a so-called Haber–Weiss cycle (reactions
(13) and (14)) [14]. The catalyst can be homogeneous (industrial
practice) or heterogeneous, for example, incorporated in a (micro-)
porous material [15].

ROOHþ CoII ! CoIIIAOHþ RO� ð13Þ

ROOHþ CoIIIAOH ! CoII þH2Oþ ROO� ð14Þ

The rate of this reaction has been directly measured for the model
hydroperoxide t-BuOOH and CoII(acac)2, dissolved in cyclohexane
using in situ UV–Vis spectroscopy [16]. In the temperature
range 323–343 K, the rate constant can be well represented
by the Arrhenius expression kcat(T) = (6 ± 3) � 108 M�1 s�1 �
exp(�13 ± 2 kcal mol�1/RT).

However, up until now, there is no direct in situ quantification
of the catalytic initiation rate constant under autoxidation condi-
tions. Neither is there a quantification of the relative importance
of the catalytic initiation to the total initiation. A better under-
standing of catalytic autoxidation chemistry should start with a ki-
netic quantification of the catalyst’s performance.

2. Materials and methods

The experiments were performed in a 10-mL glass bubble col-
umn reactor equipped with a top condenser. O2 was bubbled
(100 N mL/min) through 250 lm pores of a bubbler to ensure fast
gas–liquid mass-transfer. The mixing of the liquid by the gas bub-
bles was adequate: Tests with dye solutions revealed a mixing time
of about 2–3 s. The temperature was controlled by a thermostat,
equipped with an immersion heater and thermocouple. The reactor
was heated to reaction temperature under a flow of N2 (inert con-
ditions); subsequently, the gas flow was changed to O2 to start the
reaction. It should be noted that this is potentially dangerous and
that appropriate safety measures should be taken; for instance,
working at low scales and ensuring an excess of O2 in the gas phase
to stay above the explosion limit. n-Nonane (Sigma Aldrich, >99 %)
was added in 1 mol% as an internal standard to freshly distilled a-
pinene (98%, Sigma–Aldrich, stabilized). The distilled substrate had
a GC purity of about 99%, was phenol-stabilizer free, and the main
impurity was the substrate isomer b-pinene. Product quantifica-
tion was done with GC–FID and GC–MS, as described elsewhere
[10]. In agreement with an earlier study by some of us [17], the ef-
fect of the glass wall on this oxidation reaction was negligible.

3. Results and discussion

As a benchmark reaction for characterizing the catalytic activity
of Co(acac)2, a well-known autoxidation model-catalyst, we chose
the autoxidation of the renewable olefin a-pinene. The most prom-
inent products during a-pinene oxidation are a-pinene oxide, ver-
benyl hydroperoxide, verbenol, and verbenone (Scheme 1),
whereas other regioisomeric products have also been character-
ized [10]. Most of these products are interesting targets for the fra-
grance and flavor industry, for example, the epoxide is the starting
material for the synthesis of sandalore� (Givaudan) and polysan-
tol� (Firmenich) [18].

It is known from our earlier work that the oxidation rate is di-
rectly linked to the concentration of chain-carrying peroxyl radi-
cals [10]. Fig. 1 shows that upon addition of 100 lM catalyst, the
oxidation rate is significantly enhanced. Addition of 500 mM ver-
benol did not affect the reaction rate, showing that reaction prod-
ucts barely influenced the catalytic activity.

In order to quantify the catalytic effect, a series of experiments
with varying catalyst concentration was performed. The observed
rates increased as a function of the Co(acac)2 concentration, but
in a nonlinear way, implying an indirect connection of the catalyst
concentration with the reaction rate. During autoxidations, the
radical’s lifetime is significantly shorter than the timescale of the
overall oxidation reaction, leading to radical quasi steady-state
[5]. The rate of chain-initiation therefore equals the rate of
chain-termination (Eq. (A)), allowing for an evaluation of the
instantaneous radical concentration (Eq. (B)).

k2½ROOH�½RH� þ kcat½ROOH�½CoII� � k12½ROO��2 ðAÞ

½ROO�� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2½ROOH�½RH� þ kcat ½ROOH�½COII�

k12

s
ðBÞ

It should be noted that there is a thermal contribution
(k2[ROOH][RH]) and a catalytic contribution (kcat[ROOH][CoII]) to
the initiation; kcat refers to the rate constant of the rate-determining
step in the Haber–Weiss cycle.2 The propagation rate (rp) is propor-
tional to [ROO�] and [RH] (Eq. (C)), with kp referring to the propaga-
tion rate constant, i.e. the sum of H-abstraction and C@C addition in
case of a-pinene [10]. Therefore, an elegant way to linearize the
equations – and to determine kcat – is to plot the squared-rate at a
given [ROOH] vs. the catalyst concentration. The slope (Eq. (E)) of
this squared-rate plot is a measure for the Haber–Weiss reactivity
of the catalyst, whereas the intercept (Eq. (F)) contains information
about the pure thermal initiation.

rp ¼ kp½ROO��½RH� ðCÞ

r2
p ¼ interceptþ slope� ½COII� ðDÞ

Slope ¼
kcat � k2

p

k12
½RH�2½ROOH� ðEÞ



Scheme 1. Main products of the thermal a-pinene oxidation.
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Fig. 1. The time-evolution of the sum of products under thermal (�) and catalytic
conditions (w, 100 lM Co(acac)2), both at 353 K (1 atm O2).
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Fig. 3. Squared-rate plot of Co(acac)2 catalyzed a-pinene autoxidation (�, solid line)
at 353 K and [ROOH] = 25 mM; intercept = 1.6 � 10�9 M�1 s�1; slope = 5.3 � 10�5

M�1 s�1. Contribution of thermal initiation (q, dotted line).
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Intercept ¼
k2k2

p

k12
½RH�3½ROOH� ðFÞ

The slope of
P

i[Producti] vs. time was determined for every exper-
imental data point and plotted as a function of the experimentally
measured [ROOH] (see Fig. 2); this procedure was repeated for var-
ious concentrations of Co(acac)2. The obtained rp(25 mM ROOH)
data were used to construct the squared-rate vs. [Co(acac)2] plot
in Fig. 3. Repetition experiments showed that the combined exper-
imental and analytical error is about 10% for each data point. The
validity of the linear model over a large catalyst concentration
range corroborates the presence of a thermal and catalytic term in
the initiation mechanism. Applying the kinetic expressions (A)–
(F), a quantitative data evaluation can be done. The extracted
kcat = 0.5 M�1 s�1 at 353 K is approximately ten times smaller than
the value measured for t-BuOOH in cyclohexane under model con-
ditions. This difference in reactivity might be related to the different
steric requirements of pinene hydroperoxide vs. t-BuOOH. The ob-
served kcat/k2 ratio is �3 � 105, showing that the Haber–Weiss ini-
tiation is orders of magnitude faster than thermal initiation.
Fig. 2. Procedure to determine rp (25 mM ROOH): left-hand of the figure shows
P

i[
rp = d{

P
i[Producti]}/dt as a function of [ROOH]. rp (25 mM ROOH) can be found via inter
Therefore, already at a catalyst concentration of only 3 ppm (i.e.,
20 lM), the initiation caused by the catalyst (reactions (11) and
(12)) outruns the thermal ‘‘self-initiation’’ of hydroperoxide (reac-
tion (2)).

In order to obtain more kinetic data, series of autoxidation
experiments were carried out at different temperatures. The
resulting rate-square plots are shown in Fig. 4. It should be noted
that under the chosen conditions, gas/liquid mass-transfer cannot
be limiting, since the rate can be accelerated with cobalt catalyst,
still staying at a constant oxygen supply.

From the slope and intercept of these plots, and the known kp

and k12 [10], one can determine kcat(T) = (3 ± 2)�108 � exp(�14 ±
2 kcal mol�1/RT) and k2(T) = (5 ± 2)�108� exp(�23 ± 2 kcal mol�1/
RT). These results show that the activation barrier of the thermal
initiation mechanism is substantially lower than the ROAOH bond
dissociation energy (viz. 23 vs. 40 kcal mol�1) but in good agree-
ment with the UB3LYP/6-311++G(df,pd)//UB3LYP/6-31G(d,p) pred-
icated barrier of reaction (2), i.e., 24.5 kcal mol�1. To the best of our
Producti] vs. time for 50 lM Co(acac)2 at 343 K; right-hand of the figure shows
polation.
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knowledge, this is the first direct experimental evidence for the
proposed bimolecular initiation mechanism (reaction (2)). It
should be noted that a rigorous falsification of the unimolecular
initiation (reaction (1)) can be done: Whereas the intercept (Eq.
(F)) would be dependent on [RH]2 instead of [RH]3 – i.e., k1 would
be a factor of [RH] higher than k2 – the temperature-dependence
would still be the same for both approaches, hence in disagree-
ment with the involved unimolecular activation energy. The Arrhe-
nius expression for kcat is found in good agreement with the one
derived under model conditions with in situ UV–Vis spectroscopy
(i.e., using tBuOOH in cyclohexane [16]), viz. (6 ± 3) � 108 �
exp(�13 ± 2 kcal mol�1/RT)M�1 s�1, and underlines the robustness
of our analysis3. An analogous data evaluation procedure can be
used to study the performance of other oxidation catalysts, including
heterogeneous catalytic systems.

4. Conclusions

In this contribution, we determined the Arrhenius expressions
for the temperature-dependence of the rate constants for thermal
and Co(acac)2-catalyzed chain-initiation during the autoxidation
of a-pinene. The kinetic analysis is based on a quasi steady-state
treatment of the chain-carrying peroxyl radicals and allows for a
precise determination of the rate constants under reaction condi-
tions. It is shown that the activation energy of the thermal chain-
initiation (viz. 23 ± 2 kcal mol�1) is significantly lower than the
ROAOH bond strength (40 kcal mol�1), ruling out a unimolecular
homolytic cleavage. However, the experimentally determined acti-
vation energy is in good agreement with the DFT-predicted barrier
(i.e. 24.5 kcal mol�1) of a substrate-assisted initiation mechanism
in which the OH-radical breaking away from the ROAOH abstracts
a weakly bonded allylic H-atom from a-pinene. The rate constant
of the rate-determining step of the catalytic chain-initiation mech-
3 Due to the slight negative temperature dependence of the chain-length, i.e. -2
kcal /mol, [19] the observed activation energy of initiation is about 2 kcal/mol lower
than the actual ‘‘true’’ value.
anism is in quantitative agreement with previously determined ki-
netic data on the deperoxidation of tBuOOH using in situ UV–Vis
spectroscopy. Starting at a Co(acac)2 concentration of 20 lM on-
wards, the catalytic chain-initiation dominates over the thermal
substrate-assisted initiation mechanism. The approach of obtain-
ing (catalytic) kinetic data from plotting squared-rates at constant
ROOH concentrations – as reported in this work – can analogously
be applied to other important oxidation reactions, for example, the
oxidation of p-xylene to terephthalic acid or cyclohexane to K/A-
oil.
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