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Abstract

In this paper we aim to highlight the need to consider the possible role of autocatalysis in oxidation reactions when using 

molecular oxygen as the terminal oxidant. Oxygen in its ground state is a diradical, and depending on the reaction condi-

tions, it can initiate oxidation through radical pathways through mechanisms which do not require the presence of a catalyst. 

Consequently, we contrast the oxidation of benzyl alcohol with oxidation of α-pinene. For benzyl alcohol oxidation the initial 

reaction is the oxidative dehydrogenation to form benzaldehyde, a non-radical process; but the subsequent over-oxidation 

to benzoic acid is a radical process. In this case the role of the autocatalysed reaction can be minimised. With α-pinene, 

the oxidation reaction is via radical pathways and now the autocatalysed reaction can be dominant and, indeed, can be the 

preferred pathway for the formation of high yields of the desired verbenone product.
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1 Introduction

Selective oxidation is a rich area for the design of new 

catalysts that use molecular oxygen as the terminal oxidant 

will provide access to new green oxidation reactions. How-

ever, oxidation, unlike hydrogenation, can be complicated 

by contribution from a blank reaction, namely autocataly-

sis. Molecular oxygen is the preferred terminal oxidant 

for selective oxidation reactions, however, in its ground 

state it is a diradical with two unpaired electrons and con-

sequently is paramagnetic. At ambient temperature and 

pressure, the radical nature of molecular oxygen has little 

if any influence for selective oxidation reactions. How-

ever, in some instances on raising the reaction temperature 

or pressure there is a marked effect on the reactivity of 

molecular oxygen, as now the catalyst can be an effective 

initiator for a non-catalysed radical chain reaction known 

as autocatalysis. Often these reactions exhibit an induction 

period in the very early stages of the oxidation reactions.

We have selected the oxidation of benzyl alcohol and 

α-pinene as the two reactions for investigation. Both reac-

tions have been studied previously but in this case we 

contrast these oxidations using the same catalyst, namely 

AuPd/TiO2.

In the case of benzyl alcohol oxidation, the main prod-

uct is typically benzaldehyde and the initial reaction is 

an oxidative dehydrogenation which does not involve a 

radical pathway. Indeed, benzyl alcohol is often used as 

a model reactant for the study of alcohol oxidation. How-

ever, the overoxidation of the initial benzaldehyde product 

does involve a radical pathway [1, 2].

α-pinene oxidation involves both allylic oxidation, 

which proceeds by a radical pathway, as well as epoxi-

dation. α-pinene is the main component of turpentine, 

which is a by-product of cellulose production. The target 

for the oxidation of α-pinene is verbenone, a product of 

allylic oxidation, it is an intermediate in the production 

of taxol [3] and is also an intermediate for fragrances and 

flavours. The other product of allylic oxidation, verbenol, 

and the product of epoxidation, pinene oxide, have less 

value and so it is important to identify synthetic strategies 

to verbenone. Many studies have used hydrogen perox-

ide or peroxides as the oxidant, rather than oxygen [4–6], 

but molecular oxygen is the preferred terminal oxidant. 

However, the oxidation of α-pinene with oxygen has not 

been intensively investigated. Cobalt complexes have been 

studied [7, 8], but the reaction can be very slow, taking 

several days with limited selectivity to verbenone [7] and 

α-pinene oxide is the main product. Recently carbon nano-

tubes [9] have been used, but with these catalysts α-pinene 

oxide is the main product and there is limited selectiv-

ity to verbenone, particularly when Co and Mn additives 

are used. Interestingly, the uncatalyzed autoxidation of 

α-pinene to verbenone was observed by Moore et al. [10] 

in 1955. In their work α-pinene was autoxidised in the dark 

at 100 °C, after 160 min the conversion was 65%, but the 

main products were verbenol and α-pinene epoxide and 

only 9% selectivity to verbenone was observed. Another 

study of autoxidation also reported a very low verbenone 

yield [11].

The oxidation of benzyl alcohol has been studied with the 

AuPd/TiO2 [1] catalyst but α-pinene oxidation has not been 

studied previously with this catalyst. In this paper we con-

trast the oxidation of benzyl alcohol and α-pinene using the 

same catalyst, to explore the possible role of autocatalysis.

2  Experimental

2.1  Catalyst Synthesis

The 2.5 wt% Pd + 2.5 wt% Au/TiO2 used in this study [1, 12, 

13] was prepared by impregnation of  TiO2 (Evonik, P25) 

via an incipient wetness method using aqueous solutions of 

 PdCl2 (Johnson Matthey) and  HAuCl4·3H2O (Johnson Mat-

they). The detailed procedure was as follows. An aqueous 

solution of  HAuCl4·3H2O [10 ml, 5 g dissolved in water 

(250 ml)] and an aqueous solution of  PdCl2 [4.15 ml, 1 g in 

water (25 ml)] were simultaneously added to  TiO2 (3.8 g). 

The paste formed was dried at 80 °C for 16 h and calcined 

in static air at 400 °C for 3 h. This catalyst has been exten-

sively characterised previously and comprises a broad range 

of AuPd nanoparticles (2–40 nm in diameter), with the small 

nanoparticles being Pd rich and the larger particles being Au 

rich with a Au rich core and a Pd rich shell [13].

2.2  Benzyl Alcohol Oxidation

The standard reaction conditions are described as follows. 

Catalyst testing was performed using an Autoclave Engi-

neers stainless steel autoclave (Autoclave Engineers Inline 

MagneDrive III) with a nominal volume of 100 ml and a 

maximum working pressure of 2000 psi. The vessel was 

charged with benzyl alcohol (40 ml, Fluka, 98%) and catalyst 

(25 mg). The autoclave was then purged three times with 

oxygen leaving the vessel at the desired pressure. The pres-

sure was maintained constant throughout the experiment, as 

the oxygen was consumed in the reaction it was replenished. 

The stirrer speed was 1500 rpm and the reaction mixture was 

raised to the required temperature and maintained. Samples 

from the reactor were taken periodically via a sampling pipe, 

ensuring that the volume purged before sampling was higher 

than the tube volume, and analysed by gas chromatography 

using a CP-Wax column. As the reactions are conducted 

within the autoclave they are carried out in the dark and 
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hence there is no potential contribution from photocatalysis 

resulting from the plasmon resonance of the metal nanopar-

ticle in combination with the  TiO2 support.

2.3  α‑Pinene Oxidation

The standard reaction conditions are described as follows. 

α-pinene oxidation was performed using a Parr Instruments 

stainless steel autoclave with a nominal volume of 50 ml 

and a maximum working pressure of 3000 Psi. The vessel 

was charged with α-pinene (40 ml, 0.25 mol, Fluka 98%) 

and catalyst (50 mg). The autoclave was then purged 3 times 

with oxygen leaving the vessel at the desired pressure. The 

pressure was maintained constant throughout the experiment 

with oxygen consumed in the reaction being replenished. 

The stirrer speed was set at 1500 rpm and the reaction mix-

ture was raised to and maintained at the required temperature 

of 75 °C. Samples from the reactor were taken periodically 

via a sampling pipe, ensuring that the volume purged before 

sampling was higher than the tube volume, and analysed by 

gas chromatography using a CP-Wax column. As the reac-

tions are conducted within the autoclave they are carried out 

in the dark and hence there is no potential contribution from 

photocatalysis resulting from the plasmon resonance of the 

metal nanoparticle in combination with the  TiO2 support.

3  Results and Discussion

3.1  Oxidation of Benzyl Alcohol

The oxidation of benzyl alcohol was studied at 100  °C 

using the standard reaction conditions and the conversion 

for the catalysed reaction and the reaction in the absence 

of catalyst is shown in Fig. 1. At this temperature the blank 

non-catalysed reaction is negligible and there is a distinct 

difference for the conversion when the catalyst is present. 

Indeed, for benzyl alcohol oxidation the blank non-catalysed 

reaction is not significant until 160 °C (Fig. 2). At all reac-

tion temperatures the main product is benzaldehyde and the 

selectivity to benzaldehyde is a function mainly of benzyl 

alcohol conversion (Fig. 3). However, as we have previously 

shown at 100 °C, by increasing the catalyst amount and at 

increased reaction times with this catalyst, it is possible to 

achieve a yield of 96% benzaldehyde [1]. At this temperature 

the radical pathway that would rapidly convert benzalde-

hyde to benzoic acid is prevented by benzyl alcohol acting 

as a radical inhibitor, and whilst even small amounts remain 

unreacted the benzaldehyde is not over-oxidised. However, 

at higher temperatures the effect becomes less prominent, 

and benzoic acid is formed in increasing amounts, particu-

larly at 160 °C. It should be noted that the catalysed con-

version of benzyl alcohol at 100 or 160 °C does not show 

any induction period; whereas the non-catalysed reaction at 

160 °C shows a pronounced induction period, during which 

a radical species is generated that can initiate the oxidation 

with molecular oxygen. The catalysed oxidative dehydro-

genation pathway does not require the generation of such 

a species and so no induction period is observed. Decreas-

ing the oxygen partial pressure at a reaction temperature of 

160 °C decreases the conversion (Fig. 4), and using 1 bar 
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Fig. 1  The oxidation of benzyl alcohol key: (open diamond) blank 

reaction with no catalyst; (filled diamond) with 2.5% Au + 2.5% Pd/

TiO2 catalyst. Reaction at 120 °C using standard reaction conditions

Fig. 2  The oxidation of benzyl alcohol key: (open diamond) blank 

reaction with no catalyst; (filled diamond) with 2.5% Au + 2.5% Pd/

TiO2 catalyst. Reaction at 160 °C using standard reaction conditions
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 O2 the blank reaction can also be minimised. Hence with 

benzyl alcohol it is possible to observe a catalysed oxidation 

reaction that is more significant than the blank non-catalysed 

reaction using a broad range of reaction conditions, and as 

noted previously using the catalyst very high yield to ben-

zaldehyde can be achieved.

3.2  α‑Pinene Oxidation

α-pinene is a more reactive substrate than benzyl alcohol and 

consequently we studied the oxidation at 75 °C using 1, 10 

and 20 bar  O2. At this temperature appreciable conversions 

could be achieved over a 24 h reaction period. However, the 

addition of the AuPd/TiO2 made no difference to the con-

version as the autocatalysed reaction was dominant. Table 1 

shows the initial rates for α-pinene oxidation at different  O2 

pressures measured at 4 h reaction time. At this time the 

conversion is very low (1–2%) and the selectivity to ver-

benone is also low at ca. 20%. As the reaction proceeds the 

α-pinene conversion increases in an exponential way that is 

typical of an autocatalysed reaction, and consequently the 

rate at 24 h reaction is increased (Table 1) and the selectivity 

to verbenone also increased to 80%. Increasing the  O2 pres-

sure increased the conversion and using a pressure of 30 bar 

 O2 (Fig. 5) a conversion of over 80% was observed and the 

addition of catalyst had no marked effect. The selectivity 

to verbenone was 85% in the absence of the catalyst and 

was decreased slightly when the catalyst was present to ca. 

80%. It is therefore clear that for the oxidation of α-pinene 

the AuPd/TiO2 catalyst has no effect and the autocatalysed 

reaction is dominant. In many studies of the oxidation of 

substrates such as this the blank non-catalysed reaction is 

often not reported, and yet as we have demonstrated here 

this pathway cannot be ignored when allylic oxidation is 

considered.

We have previously studied the oxidation of linear alk-

enes [14] and for these reactions a similar induction period 

is observed, although now with these less reactive substrates 

the autocatalysed reaction is less dominant. For linear alk-

enes, an exponential growth in conversion is observed after 

the initial induction period, during which time a radical spe-

cies is formed in a slow primary reaction, which then acts as 

a radical chain initiator for the propagation of the reaction. 

The catalyst is required for this initial reaction and in its 

absence the overall reaction is much slower, but in effect 

the catalyst is acting as an initiator. Most recently we have 

studied the allylic oxidation of cyclic alkenes with graphitic 

oxide [15]. While the presence of graphitic oxide increases 

the conversion compared with the blank reaction, both 

blank and catalysed reaction followed the same conversion 

Fig. 3  The selectivity towards benzaldehyde (closed symbols) and 

benzoic acid (open symbols) as a function of benzyl alcohol conver-

sion: (filled square) 100  °C; (filled diamond) 120  °C; (filled circle) 

140 °C; (filled triangle) 160 °C

Fig. 4  The effect of the oxygen pressure on the conversion of benzyl 

alcohol using 2.5% Au + 2.5% Pd/TiO2 at 160  °C. Key: (filled dia-

mond)1 bar; (filled square) 5 bar; (filled circle)10 bar Table 1  Oxidation of α-pinene (0.25  mol) at 75  °C using standard 

reaction conditions

O2 pressure/bar Initial rate at 4 h

10−3 mol/h

Rate at 24 h

10−3 mol/h

1 2.5 4.2

10 3.1 6.3

20 5.0 8.4
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verses selectivity trend, indicating that in this case the gra-

phitic oxide is acting as an initiator for the allylic oxidation 

reaction.

Previously we have examined autoxidation and its role on 

the catalytic aerobic oxidation of cinnamyl alcohol, another 

allylic oxidation, using similar catalysts of supported AuPd 

nanoparticles prepared using either sol-immobilisation or 

incipient wetness impregnation [16, 17]. In this detailed 

study we demonstrated that by selection of the catalyst 

and the reaction conditions the autoxidation process can 

be inhibited, or the two processes, namely catalytic oxida-

tion and autoxidation, can coexist. Hence, judicious cata-

lyst design can enable different product distributions to 

be obtained. In this case the catalyst prepared by the sol-

immobilisation method prevented autoxidation, leaving the 

catalytic process dominant; whereas catalysts prepared by 

impregnation enabled both the catalytic process and autoxi-

dation to occur simultaneously.

As verbenone at high conversion is observed with high 

selectivity it is important to consider the possible reaction 

mechanism by which this is achieved. Cao et al. [9] studied 

the mechanism of the aerobic oxidation of α-pinene using 

carbon nanotubes as a catalyst. They demonstrated several 

pathways are possible. In their case the major product was 

α-pinene oxide. Verbenone and verbenyl alcohol were also 

formed in similar quantities. This is consistent with ver-

benone and verbenyl alcohol being formed from a verbenyl 

hydroperoxide intermediate, as these hydroperoxides are 

known to react to form the ketone and the alcohol as a 1:1 

mixture [18]. With the autocatalysed reaction of α-pinene 

we observe the ketone and the alcohol as a 4:1 mixture at 

high conversion and clearly their formation does not proceed 

solely through the formation of a verbenyl hydroperoxide 

intermediate and therefore another, as yet unidentified reac-

tion pathway is present for the autocatalysed process.

4  Conclusions

When investigating selective oxidation reactions, it is impor-

tant to consider the nature of the possible reaction path-

ways especially when allylic oxidation is considered. It is 

important to determine the nature of the blank uncatalyzed 

reaction rather than just concentrating on the catalysed reac-

tion. This is necessary as the non-catalysed reaction can be 

dominant, as we have shown to be the case with α-pinene 

oxidation. Indeed, for α-pinene oxidation the addition of the 

AuPd/TiO2 catalyst has no effect on conversion and can have 

a detrimental effect on the selectivity to the desired ver-

benone product. We have shown that using the autocatalysed 

reaction at high  O2 pressure is more effective for maximis-

ing the verbenone yield and it is clearly important that the 

autocatalysed reaction is considered in such cases.
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