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Control of the selectivity in multi-functional group
molecules using supported gold–palladium
nanoparticles
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Graham J. Hutchings*

The oxidation of 2-hexen-1-ol and 1-hexen-3-ol with air has been studied using supported gold, palla-

dium and gold–palladium catalysts. The main aim was to determine if either the alcohol or alkene func-

tional group can be oxidised selectively. However, based on the reaction products observed (2-hexen-1-ol

forms 2-hexene, hexanal, (E)-2-hexenal, (E)-3-hexen-1-ol, 4-hexen-1-ol and (E)-2-hexanoic acid. 1-Hexen-

3-ol forms 1-hexene, 3-hexanone, 1-hexen-3-one and 3-hexenol), the main pathway in these reactions is

isomerisation and, in addition, significant yields of the products are due to a disproportionation reaction.

Controlling the selectivity in molecules with multiple function groups by manipulating the catalyst com-

position and reaction conditions can promote or hinder the various reaction pathways, thereby increas-

ing the selectivity to the desired oxidation products.

Introduction

Oxidation reactions are important for the synthesis of fine
chemicals, of which the selective oxidation of alcohols to alde-
hydes or ketones is one of the most important and useful
transformations.1 There are numerous reports that demon-
strate that various catalysts are able to promote the selective
oxidation of alcohols, in particular supported gold nanoparti-
cles have been found to be highly effective.2–7 The oxidation of
alcohols under solvent and/or base-free conditions has also
been reported,8,9 but tends to be more sluggish.10 Catalysed
reactions using oxygen from air are preferred in accordance
with the principles of green chemistry. Oxygen is a diradical in
the ground state which enables its ease of activation in a
number of radical reactions, which can be useful for a range of
low temperature oxidations.11–13 However, at present many
combinations of substrate and catalysts do not show any
activity with molecular oxygen and therefore more reactive
forms of oxygen are often employed, these are typically non-
green stoichiometric oxygen donors such as permanganate or
chromate.14,15

Allylic alcohols are one important family of alcohols that
has great industrial relevance. Kawanami et al. reported that
Au/TiO2 is an active catalyst for the oxidation of crotyl alcohol
to the corresponding aldehyde using oxygen as oxidant and

supercritical CO2 as solvent.16 Such substrates are of course
more readily oxidised than the corresponding saturated alco-
hols by reason of allylic activation of the C–H bond that is to
be broken and the conjugated nature of the product. Most
recently, we have reported that gold can oxidise crotyl alcohol
to a number of products using the oxygen in air as oxidant. It
was demonstrated that the addition of the radical initiator
t-butyl hydroperoxide (TBHP) did not have any effect on the
activity or selectivity of this reaction. A 1 wt% gold/graphite
supported catalyst was prepared by a sol-immobilisation
method achieved 3.3% conversion with 47% selectivity to
crotonaldehyde under solvent-free conditions. However, the
activity can be significantly increased when a bimetallic Au–Pd
catalyst, in which the Au : Pd ratio is 1 : 1 by weight, is used
and in this case 18% conversion was obtained with the iso-
merised compound 3-buten-1-ol as the major product.17 The
synergistic effect of using gold–palladium on 2-octen-1-ol oxi-
dation was studied by Prati and co-workers.18 They showed
that after 2 h at 50 °C with 3 bar O2 the monometallic gold
and palladium catalysts were ineffective, in contrast, bimetallic
gold–palladium nanoparticles supported on carbon gave 97%
conversion with 58% selectivity to 3-octen-1-ol with 2-octenal
and octanal as by-products. Corma and co-workers investigated
gold supported on nanocrystalline ceria for the conversion of
1-octen-3-ol into the corresponding ketone.1 Under solvent-
free conditions at 80 °C with O2 at atmospheric pressure, 80%
conversion with 99% selectivity to 1-octen-3-one was obtained
after 3.5 h. It was confirmed that in the presence of palladium,
the major product was from isomerisation rather than
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oxidation; however, when using Au/CeO2 as the catalyst, high
selectivity to 1-octen-3-one was observed. Corma and co-
workers have illustrated that supported gold nanoparticles are
active for oxidation of a range of alcohols using oxygen as
oxidant.6,7 Yong and co-workers illustrated that an H2O2–Au
system was very active for the oxidation of various alcohols
including benzyl alcohol, 2-octanol and 1-octen-3-ol under
base-free conditions.10 In our previous work, we have shown
that gold–palladium alloy catalysts are capable of catalysing
both an oxidation process and a disproportionation process.19

In this present work, we use gold–palladium alloy nanoparti-
cles supported on carbon for the solvent free oxidation of
1-hexen-3-ol and (E)-2-hexen-1-ol and show that these catalysts
can be extremely effective for these reactions. The aim of this
work was to determine if the selectivity of the reaction can be
controlled in a molecule with multiple functional groups
under green, solvent free conditions using air as the oxidant
gas, whether the alcohol carbon–carbon double bond would
be preferentially oxidised or whether the potential dispropor-
tionation and isomerisation reaction pathways would domi-
nate in these substrates under green conditions.

Experimental
Catalyst preparation

For all catalysts the metal concentrations are expressed as per-
centage metal by total weight of the catalyst. Catalysts were pre-
pared using the following standard methods for which full
characterisation has been previously reported in each case.

Sol-immobilisation

1% Au, Pd and Au–Pd bimetallic catalysts were prepared by the
sol-immobilisation method. For example, 2 g 0.5% Au–0.5%
Pd/TiO2 catalyst was prepared as follows: aqueous solutions of
PdCl2 (Johnson Matthey, 6 mg in 1 ml) and HAuCl4·3H2O
(Johnson Matthey, 12.25 g in 1000 ml) were prepared. Freshly
prepared Polyvinyl alcohol (PVA) (1 wt% solution, Aldrich, Mw

= 10 000, 80% hydrolysed) was added to the palladium solution
and stirred with HAuCl4·3H2O for 15 min. 0.1 M NaBH4 (>96%
Aldrich, NaBH4/Au (mol/mol = 5)) was freshly prepared and
then added to form a dark brown sol. The mixture was stirred
for 30 min and adjusted to pH = 1 by the drop wise addition of
sulphuric acid. Support (1.98 g) was added to the mixture. The
slurry was then stirred for 1 h and following this the catalyst
was recovered by filtration, washed with 2 l distilled water and
dried at 110 °C for 16 h. The characterisation of these catalyst
has been reported previously,8 the metal particle size distri-
bution was found to be in the range of 4–7 nm.

Impregnation

A 0.5% Au–0.5% Pd/TiO2 catalyst (1 g) was prepared as follows:
aqueous solutions of PdCl2 (Johnson Matthey, 6 mg in 1 ml)
and HAuCl4·3H2O (Johnson Matthey, 12.25 g in 1000 ml) were
added to graphite (0.99 g). The mixture was stirred for 5 min,
until a paste was formed, dried at 110 °C for 16 h and calcined

at 400 °C for 3 h in static air. The characterisation of these
catalysts has been previously reported8 and this has revealed
that the particle size was mainly between 2 and 14 nm with
the average size being around 6 nm. Occasional larger particles
were also reported which were larger than 25 nm in size.

Deposition precipitation using NaOH

A 0.5% Au–0.5% Pd/TiO2 catalyst (1 g) was prepared as follows:
TiO2 (0.99 g) was mixed with distilled water (150 ml) and
stirred at 60 °C. Solutions of PdCl2 (Johnson Matthey, 6 mg in
1 ml) and HAuCl4·3H2O (Johnson Matthey, 12.25 g in 1000 ml)
were added, and subsequently a solution of NaOH (1 M) was
added drop-wise to the mixture to maintain an overall pH of
9. After 1.5 h, the solution was filtered and the solid washed
with distilled water (1 l). The catalyst was dried at 110 °C for
16 h and calcined in static air at 400 °C for 3 h. Previously
reported characterisation of these catalysts20 found that the
metal particles were in the 2–10 nm range and XEDS revealed
they were Au–Pd alloys in nature.

Incipient wetness impregnation

A 0.5% Au–0.5% Pd/TiO2 catalyst (1 g) was prepared using
impregnation via an incipient wetness method using an
aqueous solutions of PdCl2 (Johnson Matthey, 6 mg in 1 ml)
and HAuCl4·3H2O (Johnson Matthey, 12.25 g in 1000 ml), the
solutions of PdCl2 and HAuCl4·3H2O were added to the
support. The paste formed was dried at 110 °C for 16 h and
calcined in 5% H2/Ar at 400 °C for 6 h. The preparation
method was reported by Baatz and Prüβe who found a bimodal
particle size distribution, the sub 10 nm particles had an
average size of 3.1 nm.

Catalyst testing

Oxidation of (E)-2-hexen-1-ol or 1-hexen-3-ol using air or
oxygen were carried out in a glass reactor consisting of a 50 ml
round-bottomed flask fitted with a reflux condenser. For the
reactions involving oxygen this gas was admitted to the reactor
using a balloon. Typically the catalyst (0.06 g) was suspended
in the substrate (5 ml) at 50 °C. The reaction mixture was
stirred at 50 °C for 24 h. A sample of the reaction was taken for
analysis after the reaction was completed, which was carried
out using gas chromatography (Varian star CP-3800) with a
CP-wax 52 column and a flame ionization detector.

XPS characterisation

XPS were recorded on a Kratos Axis Ultra DLD spectrometer
employing a monochromatic AlKα X-ray source (75–150 W) and
analyser pass energies of 160 eV (for survey scans) or 40 eV
(for detailed scans). Samples were mounted using double-
sided adhesive tape and binding energies referenced to the
C(1s) binding energy of adventitious carbon contamination
which was taken to be 284.7 eV.
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Results and discussion

During oxidations it is important to determine the extent the
reaction occurs in the absence of the catalyst. Molecular
oxygen is a diradical in its ground state and thus it can partici-
pate in radical reactions in the absence of a catalyst. To deter-
mine the level of such auto-oxidation, blank reactions were
carried out at a range of temperatures as shown in Tables 1
and 2 and a trace of conversion was observed for both alcohols
in the absence of the support or the catalyst. In the case of
(E)-2-hexen-1-ol, the addition of titania leads to an increase in
the conversion (Table 1): at 70 °C, the conversion increased
from 1.7 to 4.9%. However this conversion is still significantly
lower than that observed in the presence of the catalyst. Under

such blank conditions, there is almost no activity for the oxi-
dation of 1-hexen-3-ol (Table 2) and, in contrast to (E)-2-hexen-
1-ol, the addition of TiO2 does not cause an increase in reac-
tion. The major product from oxidation of (E)-2-hexen-1-ol
under auto-oxidation conditions or in the presence of titania
was (E)-2-hexenal the selectivity towards which was increased
when TiO2 was present.

To test the effect of the preparation method, a range of 1%
Au–Pd catalysts were prepared by a number of methods:
impregnation, deposition precipitation, incipient wetness, and
sol-immobilisation (Tables 3 and 4). The reactions were
initially carried out at 50 °C as the blank reactions and reac-
tions in the presence of only the titania support at this temp-
erature displayed low conversion. Although there was variation

Table 1 Oxidation of (E)-2-hexen-1-ol in the absence of catalyst

Catalyst Temp. (°C) Conv. (%)

Selectivity (%)

2-Hexene Hexanal (E)-2-Hexenal (E)-3-Hexen-1-ol 4-Hexen-1-ol (E)-2-Hexenoic acid

Blank 40 0.8 0 3 62.1 15.5 16.9 2.5
Blank 50 0.8 0 4.4 62.5 13.2 18.7 1.2
Blank 60 0.8 0 5 64.2 15.2 15.1 0.6
Blank 70 1.7 0 13.4 51.7 24.1 9.1 1.7

TiO2 40 1.4 0.6 5.8 65.9 11.8 13.3 2.6
TiO2 50 1.4 0.5 2.5 74.5 7.9 11.4 3.2
TiO2 60 2.3 0.4 3.6 80.7 6.1 7.3 2
TiO2 70 4.9 0.1 2.2 85.4 3.4 3.4 5.4

Reaction conditions: substrate (5 ml), TiO2 (0.06 g), glass reactor, 24 h, air (1 bar).

Table 2 Oxidation of 1-hexen-3-ol in the absence of catalyst

Catalyst Temp. Conversion (%)

Selectivity (%)

1-Hexene 3-Hexenone 1-Hexen-3-one 3-Hexanol

Blank 40 0.1 0 0 79 0
Blank 50 0.1 0 0 79.4 0
Blank 60 0.1 0 0 81 0
Blank 70 0.1 0 0 81.1 0

TiO2 40 0.1 0 0 93.5 0
TiO2 50 0.1 0 0 93.3 0
TiO2 60 0.1 0 0 92.9 0
TiO2 70 0.1 0 0 91.2 0

Reaction conditions: substrate (5 ml), TiO2 (0.06 g), glass reactor, 24 h, air (1 bar).

Table 3 Effect of preparation methods on (E)-2-hexen-1-ol oxidation

Preparation method Conversion (%)

Selectivity (%)

2-Hexene Hexanal (E)-2-Hexenal (E)-3-Hexen-1-ol 4-Hexen-1-ol (E)-2-Hexenoic acid

Sol-immobilisation 12.4 17.1 9.3 52 15.3 4.2 2.1
Impregnation 6.7 1.9 3.9 73 9.7 7.4 4.1
Deposition precipitation 6.9 7.7 5 44.2 25.1 15.1 3
Incipient wetness 10.2 2.4 11.6 46.5 25.8 12.9 0.8

Reaction conditions: substrate (5 ml), 0.5% Au–0.5% Pd/TiO2 (0.06 g), glass reactor, 24 h, air (1 bar).
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between the substrates, in all cases the catalysts prepared
using the sol-immobilisation technique proved the most active.
Previous work has shown that this method leads to catalysts
with the narrowest particle size distribution of all the prepa-
ration methods used in this work.8 The selectivities observed for
both substrates followed a similar pattern: the preparation
methods that are known to give the smallest average particle
size,20,21 namely the sol-immobilisation and deposition precipi-
tation methods, gave the greatest amount of products due to the
disproportionation reaction. In contrast, the impregnation
method gave the highest selectivity to oxidation products but the
lowest overall activity. In the case of 1-hexen-3-ol the sol-immo-
bilisation catalyst was significantly the most active but the iso-
merisation product was the main product.

A proposed reaction scheme for the oxidation of (E)-2-
hexen-1-ol is shown in Scheme 1: 2-hexen-1-ol (1) can be oxi-
dised to form 2-hexenal (2) and subsequently 2-hexenoic acid
(3). The alternative pathway is an isomerisation reaction to
form 3-hexen-1-ol (4) and subsequently 4-hexen-1-ol (5), a
related isomerisation pathway, in which the alkene bond is
moved in the opposite direction, initially to give an enol,
would lead to hexanal (7). The final product 2-hexene could
occur if there is a disproportionation reaction, a reaction that
we have previously reported during the oxidation of benzyl
alcohol over Au–Pd catalysts.19 The disproportionation of
2-hexen-1-ol would yield equimolar quantities of 2-hexenal (2)
and 2-hexene (8). Such a mechanism is much more likely than
hydrogenolysis to give 2-hexene, as no saturated products were
observed, which would be expected if hydrogenolysis/hydro-
genation reaction were taking place.

A reaction pathway for 1-hexen-3-ol (9) is shown in
Scheme 2. The product of an oxidation reaction would be
1-hexen-3-one (10), isomerisation would lead to 3-hexanone
(12), 3-hexanol (13) would be observed if C–C double bond
hydrogenation occurred. The disproportionation reaction with
this substrate would lead to 1-hexen-3-one (10) and 1-hexene
(14) in equimolar quantities. When gold is used as the catalyst
it would be expected that the oxidation reaction would be the
primary pathway, however when palladium is the catalyst the
isomerisation pathway would be expected to be favoured.

To check for mass transport limitation, the catalyst amount
was varied in a range between 0–0.12 g using 0.5% Au–0.5%
Pd/TiO2 at 50 °C. It can be observed from Fig. 1 that the con-
version of (E)-2-hexen-1-ol and 1-hexen-3-ol increases with

increasing catalyst mass. This trend is clearer for 1-hexen-3-ol
than for 2-octen-1-ol where at higher catalyst mass there
increase in conversion is not as obvious, for this reason a

Table 4 Effect of preparation methods on 1-hexen-3-ol oxidation

Preparation method Conversion (%)

Selectivity (%)

1-Hexene 3-Hexanone 1-Hexen-3-one 3-Hexanol

Sol-immobilisation 98 6.5 62.2 29.2 2.1
Impregnation 26.3 1.7 35.1 50.6 12.8
Deposition precipitation 27.9 7.5 43.6 41.8 7.1
Incipient wetness 26.1 3.6 23.6 67.3 5.4

Reaction conditions: substrate (5 ml), 0.5% Au–0.5% Pd/TiO2 (0.06 g), glass reactor, 24 h, air (1 bar).

Scheme 1 Proposed principal pathway for transformation of (E)-2-hexen-1-ol
in air catalysed by Au and Au–Pd on TiO2.
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catalyst mass of 0.06 g was selected for future experiments. For
the (E)-2-hexen-1-ol oxidation, the catalyst amount had no
effect on selectivity, as shown in Fig. 2. The effect of variation
in the catalyst mass on the selectivity during the 1-hexen-3-ol
oxidation is shown in Fig. 3. Formation of 3-hexanone was
slightly increased as the catalyst amount was increased while,
in contrast, the selectivity to 1-hexen-3-one decreased with
increased catalyst amount.

To investigate the influence of the support on these reac-
tions, Au–Pd catalysts were synthesised on a variety of different
supports namely TiO2, MgO, graphite, SiO2, and MnO2, all of
which were prepared by the sol-immobilisation method; the

results are summarised in Tables 5 and 6. Once again conver-
sion is observed when the bare supports alone are used for the
oxidation, however, in all cases this effect is minimal. In
general, all oxide supports provide catalysts which are more
active than graphite for the oxidation of the alcohols in this
study. However, the highest selectivity toward oxidation
pathway products ((E)-2-hexenal/1-hexen-3-one) were achieved
when using graphite as support (79% oxidation products for
2-hexen-1-ol (2-hexenal and 2-hexenoic acid) and 46% oxi-
dation products for 1-hexen-3-ol).

Scheme 2 Proposed principal pathway for transformation of 3-hexen-1-ol in
air catalysed by Au and Au–Pd on TiO2.

Fig. 1 Catalyst mass effect on the conversion of 1-hexen-3-ol (◊) and (E)-2-
hexen-1-ol (■). Reaction conditions: substrate (5 ml), glass reactor, 4 h, 50 °C, air
(1 bar).

Fig. 2 Catalyst mass effect for the selectivity during the (E)-2-hexen-1-ol.
Reaction conditions: substrate (5 ml), glass reactor, 24 h, 50 °C, air (1 bar).
2-Hexene (■), hexanal (◆), (E)-2-hexenal (▲), (E)-3-hexen-1-ol (●), 4-hexen-1-ol
(□), (E)-2-hexenoic acid (△).

Fig. 3 Catalyst mass effect for the selectivity during the 1-hexen-3-ol oxidation.
Reaction conditions: substrate (5 ml), glass reactor, 4 h, 50 °C, air (1 bar).
1-Hexene (■), 3-hexanone (◆), 1-hexen-3-one (▲), 3-hexanol (●).
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We have previously reported that the use of MgO as a
support can switch off the disproportionation reaction for
benzyl alcohol19,22 and when MgO was used as the support
in this work the same effect was observed, the formation of
2-hexene is negligible. It is noteworthy that this effect also
seems to occur when using MnO2 as the support, an effect that
we have not previously reported. In these cases it is interesting
to consider the remaining product distribution in order to
assess the prevalent reaction pathway in the absence of pro-
ducts produced from disproportionation. For (E)-2-hexen-1-ol,
in all cases only around 25% of the products are from the
oxidation pathway, with around 50% occurring from the isom-
erisation pathway and the remaining ∼25% arising from
hydrogenation.

For 1-hexen-3-ol oxidation (Table 6), this pattern of reactiv-
ity observed for the supports is repeated: the oxide supports
appear to be more effective for this oxidation than the graphite
support. Again both MgO and MnO2 supports seem to almost
completely switch off the disproportionation reaction. In this
reaction system, with the 1 : 1 Au : Pd catalyst isomerisation is
once again the dominant reaction pathway, the oxide supports
all having <40% selectivity to the oxidation product 1-hexen-3-
one with up to 60% selectivity towards the isomerisation
product 3-hexanone. With this substrate the hydrogenation

product, 3-hexanol is far less favoured with selectivity <10%
observed on all supports. Interestingly while the graphite
support has the lowest activity, it appears to give the highest
selectivity to the oxidation product, however, when the yield that
is due to the disproportionation reaction is subtracted from the
total yield from the oxidation pathway the remaining oxidation
product selectivity is then lower than that on oxide supports.

We have previously reported the effect of metal composition
on the oxidation of benzyl alcohol and the direct synthesis of
hydrogen peroxide.23 For the present two substrates we antici-
pate that the different reaction pathways can be expected to be
favoured by the different metals. Consequently, a range of cata-
lysts with different metal compositions were prepared so this
could be investigated. Reactions were carried out using the 1%
Au–Pd/TiO2 catalysts containing 1 wt% total metal concen-
tration but with varying Au : Pd ratios. These were prepared by
the sol-immobilisation method and the reactions were carried
out under solvent-free conditions using air as the source of
oxygen. A reaction temperature of 50 °C was selected as the
blank reaction and the reaction using only titania were
minimal at this temperature (0.8 and 1.4% respectively). The
results (Fig. 4 and 5) show that the molar ratio of the metals
has a marked effect on the conversion of (E)-2-hexen-1-ol. The
observed maximum activity was in the range of molar ratio of

Table 5 Effect of support on (E)-2-hexen-1-ol oxidation

Conv. (%)

Selectivity (%)

2-Hexene Hexanal (E)-2-Hexenal (E)-3-Hexen-1-ol 4-Hexen-1-ol (E)-2-Hexenoic acid

TiO2 1.4 0.5 2.5 74.5 7.9 11.4 3.2
0.5% Au–0.5% Pd/TiO2 12.4 17.1 9.3 52 15.3 4.2 2.1
MgO 0.9 0 5.7 65.6 14.2 13.6 0.8
0.5% Au–0.5% Pd/MgO 14.8 0.7 26.4 23.6 39.6 9.5 0.2
Graphite 1.2 0 5.6 59.9 11.9 15.4 7.1
0.5% Au–0.5% Pd/graphite 8.9 0.8 2 76 12 6.3 3
SiO2 1 0 8.9 57.2 15.4 15.4 3.1
0.5% Au–0.5% Pd/SiO2 19.5 5.9 10.3 49.8 22.9 4.9 6.2
MnO2 0.9 0 3.3 71.8 12.2 12.3 1
0.5% Au–0.5% Pd/MnO2 19.8 1.3 25.5 20.6 41.9 10.6 0.1

Reaction conditions: substrate (5 ml), catalyst (0.06 g), glass reactor, 24 h, 50 °C, air (1 bar).

Table 6 Effect of support on 1-hexen-3-ol oxidation

Catalyst Conversion (%)

Selectivity (%)

1-Hexene 3-Hexanone 1-Hexen-3-one 3-Hexanol

TiO2 0.1 0 0 93.3 0
0.5% Au–0.5% Pd/TiO2 98 6.5 62.2 29.2 2.1
MgO 0.1 0 0 87 0
0.5% Au–0.5% Pd/MgO 66.7 0.5 59.9 34.1 5.4
Graphite 0.1 0 0 80 0
0.5% Au–0.5% Pd/graphite 35.8 18 35 46.1 0.9
SiO2 0.2 0 0 69 0
0.5% Au–0.5% Pd/SiO2 54.5 8.5 51.2 38.4 2
MnO2 0.3 0 0 85 0
0.5% Au–0.5% Pd/MnO2 63.6 0.6 46.9 40.5 8.3

Reaction conditions: substrate (5 ml), catalyst (0.06 g), glass reactor, 24 h, 50 °C, air (1 bar).
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1 : 1 to 1 : 9, Au : Pd, for (E)-2-hexen-1-ol oxidation and 1 : 1 for
1-hexen-3-ol oxidation. In general, the activity was very poor
when using monometallic 1% Au/TiO2 as the catalyst, but on
increasing the Pd content the activity was significantly
increased. Although there does not seem to be an obvious
synergistic effect between the two metals, there is a synergy
displayed as the catalysts with a higher gold percentage will
overall contain less moles of metal compared to those with
high palladium content due to the relative molecular weights
of the metals. The effect of the metal ratio on the selectivity
for (E)-2-hexen-1-ol is shown in Fig. 7. As expected when
monometallic gold is used as the catalyst the oxidation
product, 2-hexenal is favoured, there is some evidence of

isomerisation but the disproportionation reaction does not
appear to be occurring at all. As soon as the catalyst contains
any palladium, the yield of the isomerisation products
immediately increases; in the case of the monometallic palla-
dium catalyst, isomerisation products are the most significant.
The 1 : 1 Au : Pd catalyst is the most active; however, the dis-
proportionation reaction is the most prevalent in this catalytic
system suggesting that there may be mass transport limit-
ations with respect to oxygen in this system. The addition of
palladium to a gold catalyst also leads to the formation of
hexanal, a hydrogenation product. Hydrogenation in low yields
under oxidative conditions has been reported previously24 and
this is consistent with the known hydrogenation activity of pal-
ladium.25 Abad and co-workers have reported that the stability
of Pd–H and Au–H plays an important role in the reaction
pathway, if the reaction proceeds through either oxidation or
hydrogenation routes. The stability and therefore steady state
concentration of Au–H and Pd–H on the metal surface during
the reaction had been proposed as the reason for high selectiv-
ity of gold compared to palladium.1 The oxidation of (E)-2-
hexen-1-ol was demonstrated with all catalyst compositions,
the highest yield of (E)-2-hexenal was observed with highest
conversion (1 : 1 ratio catalyst), suggesting that the high cata-
lyst activity is associated with the oxidation pathway. Gold is
thought to favour alcohol oxidation via O2 or a radical species
derived from O2 on the metal surface, XPS derived metal ratios
(Fig. 6) suggest that palladium is predominately on the surface
of the particles. In the case of 1-hexen-3-ol oxidation, there is
no observed activity for the monometallic gold catalysts
(Fig. 8); the highest activity is achieved for the 1 : 1 metal ratio

Fig. 4 Effect of gold : palladium ratio on (E)-2-hexen-1-ol oxidation. Reaction
conditions: substrate (5 ml), catalyst (0.06 g), glass reactor, 24 h, 50 °C, air
(1 bar).

Fig. 5 Effect of gold : palladium ratio on 1-hexen-3-ol oxidation. Reaction con-
ditions: substrate (5 ml), catalyst (0.06 g), glass reactor, 24 h, 50 °C, air (1 bar).

Fig. 6 XPS spectra and data for the various metal ratio Au–Pd catalysts.
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catalysts. This also gave the highest yield of 3-hexanone, an
isomerisation product which illustrates that both the Pd and
Au–Pd catalysts facilitate such alkene migrations. In the cases
of all the catalysts where there was a high ratio of palladium
on the surface the isomerisation product was obtained in the
highest yield. Interestingly, the highest yield of the oxidation
product was observed for the palladium monometallic catalyst
which also gave the highest yield of the hydrogenation
product, 3-hexanol. In agreement with the oxidation of (E)-2-
hexen-1-ol, the disproportionation pathway was most prevalent
with the 1 : 1 ratio bimetallic catalyst. It is noteworthy that the
highest yield of 3-hexanone was achieved with the highest con-
version, suggesting that the high catalyst activity is associated
with isomerisation, which swamps a relatively invariant oxi-
dation rate for alcohol oxidation (Fig. 8).

To test the effect of temperature, a range of temperatures
were used for the reactions of (E)-2-hexen-1-ol and 1-hexen-3-
ol. In these reactions pure oxygen was used as the oxidant.
Fig. 9 and 10 show that increasing the temperature and chan-
ging the oxidant leads to a significant increase in the conver-
sion of both alcohols used in this study. The reaction time of
4 h is considerably shorter than the 24 h previously used,
demonstrating the enhanced activity that is achieved by using
pure oxygen as opposed to air. The selectivity data of (E)-2-
hexen-1-ol oxidation for these four reaction temperatures is
shown in Fig. 11. It is clear that the selectivity to the isomerisa-
tion products (the following are all isomerisation products)
hexanal, (E)-3-hexen-1-ol and 4-hexen-1-ol decreases with
increasing temperature. The selectivity to the oxidation
product (E)-2-hexenal is slightly increased with increasing
temperature. The influence of temperature on selectivity for

1-hexen-3-ol oxidation with O2 under pure oxygen is shown in
Fig. 12. In contrast to the oxidation of 2-hexen-1-ol the selectiv-
ity to the isomerisation product 3-hexanone increases with
increasing temperature and the selectivity to the oxidation
product 1-hexen-3-one decreases. As with 2-hexen-1-ol, the use
of pure oxygen results in significantly higher conversion.
Again, formation of the hydrogenation product 3-hexanol
decreased with increasing temperature. The disproportiona-
tion reaction increases slightly with increasing temperature:
we have previously noted that the disproportionation reaction
is not favoured at low temperature but rather increases with
increasing temperature.22

Fig. 7 Effect of gold : palladium ratio on product yield of (E)-2-hexen-1-ol con-
version. Reaction conditions: substrate (5 ml), catalyst (0.06 g), glass reactor,
24 h, 50 °C, air (1 bar). 2-Hexene (stripe, diagonal, right upwards), hexanal (solid
black), (E)-2-hexenal (stripe, horizontal), (E)-3-hexen-1-ol (chequered), 4-hexen-
1-ol (stripe, vertical), (E)-2-hexenoic acid (stripe, diagonal, right downwards).

Fig. 8 Effect of gold : palladium ratio on product yield of 1-hexen-3-ol conver-
sion. Reaction conditions: substrate (5 ml), catalyst (0.06 g), glass reactor, 24 h,
50 °C, air (1 bar). 1-Hexene (stripe, diagonal, right upwards), 3-hexanone (solid
black), 1-hexen-3-one (stripe, horizontal), 3-hexanol (chequered).

Fig. 9 Temperature effect for the conversion of (E)-2-hexen-1-ol. Reaction con-
ditions: substrate (5 ml), 0.5% Au–0.5% Pd/TiO2 (0.06 g), 4 h, O2 (balloon).
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The effect of the reaction time for the present oxidations
was investigated using the optimised 0.5% Au–0.5% Pd/TiO2

sol-immobilisation catalyst at the optimal conditions, the
results of which are shown in Fig. 13. Under these conditions,
it can be observed that, as expected, there is a steady increase
in the conversion with reaction time. For the reaction of
1-hexen-3-ol, it is apparent that there is no deactivation of the
catalyst and high conversions can be achieved. There is also no
apparent deactivation of the catalysts in the case of the reac-
tion of 2-hexen-1-ol although it must be noted that this is at
lower conversions. In the case of the latter alcohol there is no
variation in the selectivity of the products with increasing

conversion (Fig. 14) suggesting that all the reaction pathways
are occurring in parallel. The effect on selectivity during the
oxidation of 1-hexen-3-ol, however (Fig. 15), was more signifi-
cant: at short reaction times (1–2 h) the selectivity towards the
oxidation product and the isomerisation product (1-hexen-3-
one and 3-hexanone respectively) are formed at similar levels,
however there is a significant amount of the disproportiona-
tion product 1-hexene, indicating that a large quantity of the
apparent oxidation product would have arisen from this
pathway. However as the reaction proceeds both the dispro-
portionation and oxidation products decrease whilst the

Fig. 10 Temperature effect for the conversion of 1-hexen-3-ol. Reaction con-
ditions: substrate (5 ml), 0.5% Au–0.5% Pd/TiO2 (0.06 g), 4 h, O2 (balloon).

Fig. 11 Temperature effect for the selectivity during the (E)-2-hexen-1-ol oxi-
dation. Reaction conditions: substrate (5 ml), 0.5% Au–0.5% Pd/TiO2 (0.06 g),
4 h, O2 (balloon). 2-Hexene (stripe, diagonal, right upwards), hexanal (solid
black), (E)-2-hexenal (stripe, horizontal), (E)-3-hexen-1-ol (chequered), 4-hexen-
1-ol (stripe, vertical), (E)-2-hexenoic acid (stripe, diagonal, right downwards).

Fig. 12 Temperature effect for the selectivity during the 1-hexen-3-ol oxi-
dation. Reaction conditions: substrate (5 ml), 0.5% Au–0.5% Pd/TiO2 (0.06 g),
4 h, O2 (balloon). 1-Hexene (stripe, diagonal, right upwards), 3-hexanone (solid
black), 1-hexen-3-one (stripe, horizontal), 3-hexanol (chequered).

Fig. 13 Effect of reaction time for the conversion of (E)-2-hexen-1-ol (■), (E)-2-
hexen-ol with TBHP (◆), 1-hexen-3-ol (▲), 1-hexen-3-ol with TBHP (●). Reaction
conditions: substrate (5 ml), 0.5% Au–0.5% Pd/TiO2 (0.06 g), 4 h, air (1 bar).
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isomerisation product increases in selectivity. This indicates
that the isomerisation pathway is the major component in the
reaction system. A plot of the yield of each product versus reac-
tion time (Fig. 16) indicates that all the reaction pathways are
occurring in parallel as the yield to all the products steadily
increases. The exception to this is the formation of 1-hexene
which under such reaction conditions could be oxidised back
to 1-hexen-3-ol. The selectivity towards the hydrogenation
product (3-hexanol) is minimal at all reaction times. The use
of a radical initiator to try and increase the initial activity was
also investigated (Fig. 13); in all cases the addition of the

radical initiator tert-butyl hydroperoxide (TBHP) made no
difference to the conversion of the alcohol, an effect that has
been previously reported.17,26

In conclusion we have investigated in detail the products of
the reactions of 2-hexen-1-ol and 1-hexen-3-ol using gold, gold
palladium and palladium catalysts under green conditions. We
have found that there are four main reaction pathways that
occur in these systems. The oxidation pathway is much less
prevalent that has previously been assumed with isomerisation
being the main reaction under almost all conditions. Further-
more, manipulation of the catalyst design process has shown
that a significant amount of the putative oxidation products
arise from a disproportionation reaction and not from an oxi-
dation pathway. However, we have demonstrated that the
design of the catalysts and control of the reaction conditions
can afford a certain degree of control over the reaction pro-
ducts. This work underlines the consideration that needs to be
given to competing reaction pathways under oxidising con-
ditions, since often these products can be the result of a non-
oxidative disproportionation reaction.
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