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Introduction

Oxidation reactions are an important step in the synthesis of
fine chemicals. Catalytic 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.[1–3] How-
ever, at present, many molecules and catalysts are unreactive
with molecular oxygen and, therefore, more reactive forms of
terminal oxidant are employed; often these involve using
a non-green stoichiometric oxygen source such as permanga-
nate or chromates.[4, 5]

The selective oxidation of hydrocarbons is an essential trans-
formation in the pharmaceutical industry,[5–8] even though this
remains difficult to achieve whilst observing the tenets of
green chemistry. There is, therefore, a pressing need to identify
environmentally friendly catalysts, which can be used for such
oxidations and which can operate using molecular oxygen.
The oxidation of alkenes has, therefore, become an exciting
topic in heterogeneous catalysis and a number of studies have
been performed on such oxidations using gold as the cata-
lyst.[1, 9–13] The key aspects of selective oxidation reactions using
supported gold catalysts have been reviewed recently by Rossi
et al.[14] Tsang et al. showed that gold nanoparticles supported
on Si nanowires are very active in the oxidation of hydrocar-
bons in the absence of solvent.[15] Choudhary and co-work-
ers[2, 3, 16, 17] demonstrated that gold nanoparticles supported on
metal oxides are active catalysts for the oxidation of styrene
using tertiary-butyl hydroperoxide (TBHP) as radical initiator. A
recent study reported by Bodong et al. has shown that Au is
active for cyclohexene oxidation using TBHP, with 51 % selec-
tivity to epoxy cyclohexane.[18]

The allylic oxidation of alkenes to allylic alcohols and a,b-un-
saturated ketones is an important pathway in natural product
synthesis.[14, 19, 20] We have shown that supported gold nanopar-
ticles are active for a range of such alkene oxidations using
oxygen as oxidant and TBHP as radical initiator.[1, 9, 21] In this
paper we extend our previous studies concerning the oxida-
tion of cyclic alkenes to investigate whether straight chain al-

kenes can be oxidised in a similar way. In this paper we exam-
ine the use of supported gold nanoparticulate catalysts for the
selective, solvent-free oxidation of 1-hexene using oxygen to-
gether with catalytic amounts of a peroxy initiator. In addition,
we show that 1-hexene can be oxidised selectively under
green conditions with 90 % oxidation products accounted for
under mild solvent-free conditions. Finally, we show by optimi-
sation of the reaction conditions, namely the support, catalyst
preparation method and choice of metal, that the conversion
of 1-hexene can be increased with simultaneous increase in
the selectivity to 1-hexene-3-ol and 1-hexene-3-one.

Results and Discussion

Blank reaction

When using oxygen as a terminal oxidant, 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 can participate in radical reactions in the absence of a cat-
alyst, especially in the presence of radical initiators. In the ab-
sence of catalyst and tertiary-butyl hydroperoxide (TBHP), no
conversion was observed over the temperature range studied
in this paper (Table 1). A trace of conversion to the epoxide
was observed at 40 and 50 8C after the addition of TBHP to the
reaction, as shown in Table 1; other products were detected
but the yields of these were negligible.

To evaluate the effect of radical initiator concentration on 1-
hexene oxidation, four different concentrations of TBHP were
used (0.064–0.96 mmol): not unreasonably, the oxidaion of 1-
hexene is increased by increasing the amount of TBHP present
in the reaction media. At low TBHP concentration, no reaction
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was observed even at 50 8C. Therefore, a concentration of
0.064 � 10-2 mol TBHP was selected as the standard concentra-
tion for further studies (Table 1).

Effect of stirring rate

An important factor in catalysis is the mass transport limitation.
To examine if the reaction is performed under mass limitation
conditions, the stirring speed of the reaction was studied; the
results at 40 8C are shown in Figure 1. It can be seen that, by
increasing the stirring speed, the conversion of 1-hexene in-
creases. However, the reactivity of the catalyst stabilised at
800 rpm and above, indicating that the reaction is operating
under kinetic control. A similar data set was obtained for reac-
tion at 50 8C. Therefore, a stirring speed of 800 rpm was select-
ed for subsequent studies.

Effect of catalyst mass

To study the effect of catalyst mass on 1-hexene oxidation, the
catalyst amount was varied in the range 0.05–0.2 g per 10 g of
substrate. It can be seen in
Table 2 that the conversion of 1-
hexene increases with increasing
catalyst mass, as does the selec-
tivity to 1, 2-epoxyhexane. In
contrast, the selectivity to 2-
hexenal decreases with catalyst
mass.

Effect of radical initiator
concentration

To examine the effect of radical
initiator concentration, different

concentrations of TBHP were
used at different reaction tem-
peratures and the results ob-
tained are summarised in
Table 3. In the absence of TBHP,
traces of the reaction were ob-
served with no detectable epoxi-
dation; the major product was
1,2-hexandiol. Introducing TBHP
to the reaction media resulted in
an increase in conversion with
allylic oxidation as the major
pathway, over the temperature
range studied. The selectivity for
epoxide formation increases by
increasing TBHP concentration
along with temperature. These
results indicate that the oxida-
tion of 1-hexene in our system
may proceed through a radical
mechanism and the rate deter-
mining step might be the pro-

duction of the oxygen free radical. Similar result have been re-
ported previously.[18]

Table 1. The oxidation of 1-hexene with/without TBHP in the absence of catalyst.[a]

Temp. TBHP Conv. Selectivity [%]
[8C] [mol�10�2] [%] 1,2-epoxyhexane 1-hexen-3-one 2-hexenal 1-hexen-3-ol 3-hexen-1-ol

30

0 0 0 0 0 0 0
0.0064 0 0 0 0 0 0
0.032 0 0 0 0 0 0
0.064 0.02 0 54.2 0 33 0
0.096 0.05 0 40.5 7.7 23.1 5.2

40

0 0 0 0 0 0 0
0.0064 0.03 0 42.4 0 31.1 0
0.032 0.1 0 28.1 14.4 30.1 6.9
0.064 0.1 0 36.1 8.8 25.7 3.4
0.096 0.1 0 25.4 14 30.8 6.2

50

0 0.03 0 20.6 26.3 22.5 17.4
0.0064 0.03 0 33.4 10.7 40.7 5.8
0.032 0.1 3.4 31.4 12.5 35.8 5.3
0.064 0.2 2.6 27.7 13.7 31.7 5.3
0.096 0.2 3.4 19.4 17.7 27.8 12.1

[a] Reaction conditions: 10 mL 1-hexene, 24 h, atmospheric pressure.

Figure 1. The effect of stirring on 1-hexene oxidation using 1 % Au/graphite
as catalyst. Reaction conditions: 10 mL of substrate, 0.12 g of catalyst, TBHP
(0.064 � 10�2 mol), 40 8C, glass reactor, 24 h, atmospheric pressure.

Table 2. Effect of catalyst amount on the selectivity of 1-hexene conversion using 1 %Au/graphite.[a]

Catalyst Conv. Selectivity [%]
amount [%] 1,2-epoxy-

hexane
1-hexen-
3-one

2-hexenal 1-hexen-
3-ol

3-hexen-
1-ol

2-hexen-
1-ol

1,2-hexanediol

0.05 1.5 8.2 26.7 16.2 26.4 10.2 2.4 0.8
0.12 2 11.4 29.1 12.5 25.8 8.7 2.2 1.1
0.15 2.1 12 29.8 12.3 25.5 8.6 2 1
0.2 2.4 18.1 28.6 10.4 23.7 7.9 2.2 1

[a] Effect of catalyst amount on the selectivity of 1-hexene conversion using 1 %Au/graphite Reaction condi-
tion: 10 mL of substrate, TBHP (0.064 � 10�2 mol), 40 8C, glass reactor, 24 h, atmospheric pressure.
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Effect of the support

The nature of the support is
known to play an important role
in catalyst activity and different
supports may lead to different
activities, even under the same
conditions throughout.[21–24] To
investigate the role of the sup-
port, four different oxides were
contrasted with a rather different
material, graphite, for the oxida-
tion of 1-hexene; the results are
summarised in Table 4. Higher
activity was observed when
using TiO2 and Al2O3 relative to
SiO2 or MgO, at 50 8C. Neverthe-
less, all such supports resulted in
similar activity when the reac-
tions were performed at lower
temperature (40 8C). All supports
shown similar selectivity: overall,
all the oxide supports are less ef-
fective than graphite which
gives very low reactivity in the
absence of gold.

Effect of the preparation
method

One of the important parame-
ters which can affect the activity
of a catalyst is the preparation
method.[25] 1 % Au/graphite was
prepared using four different

methods (Table 5). Preparing the
catalyst by impregnation, depo-
sition precipitation or deposition
precipitation with urea leads to
catalysts that display very similar
activity. However, a sol-immobili-
sation method gave catalysts
with enhanced activity, possibly
due to a higher dispersion of
gold with much smaller nano-
particle size.[26] Indeed, the re-
sults in Table 5 show that modi-
fying the standard sol-immobili-
sation by washing the catalyst
under reflux resulted in signifi-
cant improvement in catalyst ac-
tivity with a selectivity profile
similar to that shown by stan-
dard sol immobilisation.[27] These
results demonstrate that sol-im-
mobilisation is the preferred
preparation method for catalysts
of this type for 1-hexene
oxidation.

Table 5. Effect of the preparation methods on 1-Hexene oxidation using 1 % Au/G.[a]

Preparation Conv. Selectivity [%]
method [%] 1,2-epoxy-

hexane
1-hexen-
3-one

2-hexenal 1-hexen-
3-ol

3-hexen-
1-ol

2-hexen-
1-ol

1,2-hexanediol

MSI 2.4 11.8 29.7 11.8 24.8 8.5 2.2 0.8
SI 2 11.4 29.1 12.5 25.8 8.7 2.2 1.1
IMP 0.9 3.7 31.3 29 15.2 8.4 2.3 0.2
DP 0.9 4.5 26.7 24.2 20.8 10.6 2.7 0.4
DPU 0.9 4.6 26.7 22.8 22.2 10.8 2.9 0.3

[a] Reaction conditions: 10 mL of 1-hexene, 0.12 g of catalyst, TBHP (0.064 � 10�2 mol), 40 8C, 24 h, atmospheric
pressure. MSI = modified sol immobilisation, SI = sol immobilisation, IMP = impregnation, DP = Deposition pre-
cipitation & DPU = Deposition precipitation with urea.

Table 3. TBHP and temperature effect on 1-hexene oxidation using 1 % Au/G.[a]

Temp. TBHP Conv. Selectivity [%]
[mol�10�2] [%] 1,2-epoxy-

hexane
1-hexen-
3-one

2-hexenal 1-hexen-
3-ol

3-hexen-
1-ol

2-hexen-
1-ol

1,2-hexanediol

30

0 0.1 0 3.3 0 6.2 1.8 0 88
0.0064 0.5 4.9 27.9 18.7 27 9.3 2.4 0.6
0.032 0.8 5.6 27.1 18.1 27.6 9.2 2.5 0.7
0.064 1 6.3 28.9 18.1 25.7 8.8 2.2 0.5
0.096 1.2 6.4 27.8 18.2 26.6 8.8 2.4 0.5

40

0 0.1 0 9.6 0 22.6 10.1 0 57.8
0.0064 1.2 8.5 27.5 13.9 27.3 8.9 2 3
0.032 1.6 11.1 30.1 8.8 27.7 7.5 2.6 2.1
0.064 2 11.4 29.1 12.5 25.8 8.7 2.2 1.1
0.096 2.1 12.4 30.1 11.6 27 8.1 1.8 0.7

50

0 0.1 0 13.6 0 34.8 13.7 0 38
0.0064 2 18.1 31.8 10 21.3 7 1.6 2.5
0.032 2.8 15.5 31.8 8.9 25.1 7.6 2.4 2.5
0.064 3 18 35.4 5.7 25.4 5.3 2.6 0.9
0.096 3.6 18.4 32.7 8.2 23.8 6.9 1.7 0.7

[a] Reaction conditions: 10 mL 1-hexene, 0.12 g catalyst, 24 h, atmospheric pressure.

Table 4. Effect of support on 1-hexene oxidation using 1 % Au/support.[a]

Catalyst T Conv. Selectivity [%]
[8C] [%] 1,2-epoxy-

hexane
1-hexen-
3-one

2-hexenal 1-hexen-
3-ol

3-hexen-
1-ol

2-hexen-
1-ol

1,2-hexanediol

Au/graphite
40 2 11.4 29.1 12.5 25.8 8.7 2.2 1.1
50 3 18 35.4 5.7 25.4 5.3 2.6 0.9

Au/TiO2

40 1.7 10.9 32.5 13.4 24.2 7.9 1.9 0.6
50 2.5 14.7 33.3 11.3 22.2 7.2 1.5 1.7

Au/SiO2

40 1.5 4 34.3 15 26.8 8.6 2.2 0.6
50 2 4.5 38.5 12 24.7 7.9 2 1.5

Au/Al2O3

40 1.8 11.6 31.7 12.5 23.8 8.3 2.3 0.6
50 2.5 14.2 31.8 10.6 21 7.5 2.4 2

Au/MgO
40 1.8 13 36.5 9.8 23.6 8.6 2.5 0.2
50 2 15.1 48.7 12.7 12.2 6 2.1 1.2

[a] Reaction conditions: 10 mL 1-hexene, 0.12 g catalyst, TBHP (0.064 � 10�2 mol), 24 h, atmospheric pressure.
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Sol-immobilization methods utilise colloidal sols having
a well-defined particle size distribution, in which the nanoparti-
cles are stabilized in solution by the adhesion of specific sur-
factant and polymer molecules ensuring that nanoparticles
cannot interact28. The stabilised nanoparticles are then typical-
ly deposited onto a solid surface to enable them to have utility
in a chosen application.[29] However, removal of these stabilis-
ing molecules is problematic and until recently has only been
successfully achieved using thermal and oxidative methods
that lead to extensive growth in the size of the nanoparti-
cles.[30–35] However, we have recently shown that when PVA is
used as a stabilising ligand it can be removed after the nano-
particles have been supported by extraction with water.[27] It
can be seen from Table 5 that when a catalyst prepared by the
sol immobilisation method was extracted with hot water, it dis-
played enhanced activity when compared to material derived
from a standard sol method.

Analysis of Figure 2 reveals that the activity of the extracted
catalyst increases with time. In addition, increasing reaction
temperature resulted in an increase in catalytic activity of the
extracted sol catalyst. Furthermore, this enhancement between
standard sol and washed sol catalyst increases with increased
reaction temperature with 66 % improvement in conversion at
30 8C to almost quadrupling the conversion at 50 8C. However,
the selectivities for standard and washed sol method were
quite similar (Table 7). The selectivity toward 2-hexenal 10 de-
creases with increasing temperature and is coupled with an in-
crease in epoxide formation. The
reactivity of graphite alone in
the absence of gold was fairly
minimal with 2-hexenal 10 and
1-hexen-3-one 8 being the major
products (Table 7).

Bimetallic catalysts

Compared in Table 6 is the activ-
ity of supported Au, Pd and Au�
Pd catalysts for 1-hexene oxida-
tion. It can be seen that the
highest activity was for Au and
Au�Pd catalysts with 2 % conver-
sion. However, it was noted that
there appeared to be no syner-
gistic effect on conversion, upon
addition of Pd to Au, for this oxi-
dation reaction. This is in distinct
contrast with two other redox
reactions we have previously
studied in detail, namely the oxi-
dation of primary alcohols[36] and
the direct synthesis of hydrogen
peroxide[37] where very pro-
nounced synergistic effects are
observed, both on activity and
selectivity.

Effect of reaction time

A detailed time on line study of the oxidation of 1-hexene is
presented in Figure 3. The catalyst chosen for this study was
the 1 %Au/G material, as this has been extensively character-
ised in our previous studies.[1] The particle size distribution of
the 1 wt %Au/graphite catalyst prepared using the sol-immobi-
lisation method shows this comprises small particles, ranging
in size mainly between 1 and 5 nm in diameter with most

Figure 2. Effect of reaction time and washing catalyst, ^ sol-immobilised cat-
alyst, & washed sol-immobilised catalyst. Reaction conditions: 10 mL 1-
hexene, 0.12 g catalyst, TBHP (0.064 � 10�2 mol), 40 8C, atmospheric pressure.

Table 6. Effect of bimetal on 1-hexene oxidation.[a]

Catalyst Conv. Selectivity [%]
[%] 1,2-epoxy-

hexane
1-hexen-
3-one

2-hexenal 1-hexen-
3-ol

3-hexen-
1-ol

2-hexen-
1-ol

1,2-hexanediol

Au/G 2 11.4 29.1 12.5 25.8 8.7 2.2 1.1
Au�Pd/G 2 10.9 29.5 11.9 25.6 10.3 2.4 1.4
Pd/G 0.8 3.7 20.2 22 23.9 15.4 3.9 1.4

[a] Reaction condition : 10 mL of substance, 0.12 g of catalyst, TBHP (0.064 � 10�2 mol), 40 8C, glass reactor,
24 h, atmospheric pressure.

Table 7. Effect of the preparation methods on 1-Hexene oxidation using graphite, 1 %Au/graphite and 1 %Au/
graphite (reflux).[a]

Temp. Catalyst Conv. Selectivity [%]
[8C] [%] 1,2-epoxy-

hexane
1-hexen-
3-one

2-hexenal 1-hexen-
3-ol

3-hexen-
1-ol

2-hexen-
1-ol

1,2-hexanediol

30
graphite

0.3 0.7 32.1 33.1 15.2 7.2 2.2 0
40 0.3 0.9 32.9 33.3 14.8 6.8 2 0
50 0.5 1.4 35.8 34.6 10.8 6.7 1.8 0

30
1 %Au/G

0.9 6.3 28.9 18.1 25.7 8.8 2.2 0.5
40 2.0 11.4 29.1 12.5 25.8 8.7 2.2 1.1
50 3 17.1 33.5 6.2 24.1 5.9 2 1.1

30
1 %Au/G
(refluxed)

1 8.6 29.3 11.4 32.1 9.2 2.9 1.9
40 2.4 11.8 29.7 11.8 24.8 8.5 2.2 0.8
50 3.7 19.1 35.3 6.1 24 5.8 1.9 1

[a] Reaction conditions: 10 mL 1-hexene, 0.12 g of catalyst, TBHP (0.064 � 10�2 mol), 24 h, atmospheric pressure.
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being 2–3 nm in diameter, very few particles greater than 5 nm
were detected. It can be seen that, as expected, by increasing
the reaction time, the conversion of 1-hexene increases. It is
noted that this increase in conversion appears to be linear
with time, which suggests that with longer reaction runs great-
er conversion of 1-hexene 1 should be achievable. The effect
on selectivity however, was very
marked (Figure 4): the selectivity
towards the epoxide product
dramatically increases with reac-
tion time suggesting that this is
one of the initially formed prod-
ucts of the oxidation. In contrast,
the selectivity to 2-hexenal 15
decreased dramatically as the re-
action proceeded suggesting al-
though this may initially be
formed, it is either oxidised to
another product or it is the
result of an impurity in the start-
ing material. The selectivity of 1-
hexen-3-one (14) also increases
with reaction time, which is
likely to be a result of the oxida-
tion of 1-hexen-3-ol (12), which
remains quite constant through-
out the reaction time, suggest-
ing it is oxidised at a similar rate
to which it is formed. Performing
the reaction of 2-hexenal (15)
under standard reaction condi-
tions did not result in the forma-
tion of any 1,2-epoxyhexane
(11), consistent with the latter
arising from a different reaction
pathway, as argued below.

Based on these experimental
observations likely pathways for

these oxidations are proposed in Scheme 1. We have not per-
formed a detailed mechanistic investigation at this time, since
others have made extensive detailed studies of this type par-
ticularly for cyclic alkenes such as a-pinene.[38] However, we
make these suggestions as possible reaction pathways that

Figure 3. Effect of reaction time for the conversion of 1-hexene. Reaction
conditions: 10 mL 1-hexene, 0.12 g of catalyst, TBHP (0.064 � 10�2 mol),
40 8C, atmospheric pressure.

Figure 4. Effect of reaction time for the selectivity during the oxidation of 1-
hexene. ^ 1,2-epoxyhexane, & 1-hexen-3-one, ~ 2-hexanal, ^ 1-hexen-3-ol,
& 3-hexene-1-ol, ~ 2-hexen-1-ol. Reaction conditions: 10 mL 1-hexene, 0.12 g
of catalyst, TBHP (0.064 � 10�2 mol), glass reactor, 40 8C, atmospheric
pressure.

Scheme 1. Possible pathways which account for the observed products from 1-hexene oxidation.
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lead to the observed products. For the purpose of simplicity,
summary percentages for the various products are included
below, for a typical experiment using standard reaction condi-
tions. The major pathway would seem to feature abstraction of
a hydrogen radical from 1-hexene (1) by breaking an allylic C�
H bond, presumably by attack of an oxygen-derived mono-rad-
ical (2) which is converted into the neutral species 3 as the key
intermediate allylic radical (4) is formed. This is then converted
into the corresponding hydroperoxides 5 and 6, possibly via
precursor peroxy radicals, not surprisingly with the former pre-
dominating, as it is derived from the more stable secondary al-
lylic radical form of precursor 4. Peroxide bond cleavage, possi-
bly induced by metallic gold would then lead to the alkoxy
radicals 7 and 8, both of which could then abstract a proton,
most likely from 1-hexene (1) to generate the two allylic alco-
hols 12 and 13, which are formed in yields of approximately
25 and 2 %, respectively. Both of these would be readily oxi-
dised to the corresponding carbonyls 14 and 15, formed in
yields of approximately 30 and 12 %, respectively. An alterna-
tive pathway, which does not require the intermediacy of the
alcohols 12 and 13, involves 1,2-hydrogen shifts to give more
stable allylic radicals (not shown) which, upon loss of a hydro-
gen radical, would lead to the observed carbonyls 14 and 15.

Alternatively, being surrounded by 1-hexene molecules, the
highly reactive alkoxy species 7 and 8 could add to the termi-
nus of the former to provide the ether radicals 9 and 10
which, being secondary carbon-centred species, are much
more stable. Both of these could then decompose to give the
epoxide 11, formed in around 11 % yield, together with the
originating allylic radical 4. The epoxide 11 could also be
formed by an alternative pathway initiated by direct addition
of the peroxy radical species 2 to 1-hexene (1) to provide the
secondary carbon-centred radical 18, decomposition of which
in a manner related to that involving the related radicals 9 and
10, would leave the epoxide 11. The very small amount of diol
19 [�1 %] most likely arises by epoxide hydration.

Finally, the significant amount of the 3-alken-1-ol 17 which
is formed [�10 %] presumably features reformation of an allyl-
ic radical 16 followed by proton abstraction. This homoallylic
product would be much more difficult to oxidise and hence
formation of the corresponding aldehyde was not observed.

Presumably, the kinetics in operation prevent significant
contributions to the product mix being made by favoured 5-
exo-trig cyclisations of the ether radicals 9 and 10, although
such cyclic products could be contained in the minute
amounts of unidentified by-products.

Conclusions

We have demonstrated that gold supported on graphite is
a promising catalyst for the oxidation of 1-hexene with the ad-
dition of a catalytic amount of a peroxy initiator. We have
shown that catalysts that have previously been demonstrated
to be useful for the oxidation of cyclohexene and cyclooctene
can also be applied to the oxidation of straight chain alkenes,
with all the products identified. Furthermore we have shown
that the catalyst is effective under mild, solvent-free conditions

using oxygen from air as the oxidant, thus representing a sig-
nificant improvement in the environmental impact of this
reaction.

Experimental Section

Catalysts preparation

All catalysts metal percentages are percentage metal by weight of
support.

Sol- immobilisation

1 % Au, Pd and Au�Pd bimetallic catalysts were prepared by the
sol-immobilisation method. For example, a 0.5 %Au + 0.5 %Pd/
graphite catalyst was prepared as follows: Aqueous solutions of
PdCl2 (Johnson Matthey, 6 mg in 1 mL) and HAuCl4·3 H2O (Johnson
Matthey, 12.25 g in 1000 mL) were prepared. Polyvinyl alcohol
(PVA) (1 wt % solution, Aldrich, Mw = 10 000, 80 % hydrolyzed) was
added to the solution and stirred with HAuCl4.3 H2O for 15 min.
0.1 m of NaBH4 (>96 % Aldrich, NaBH4/Au (mol/mol = 5)) was fresh-
ly 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 addi-
tion of sulphuric acid. Graphite (1.98 g, 10 m2 g�1) was added to
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 8C overnight.

Impregnation method

A 1 %Au/G catalyst (1 g) was prepared as follows: a solution of
HAuCl4·3 H2O (0.408 mL of 12.25 g HAuCl4·3 H2O in 1000 mL) was
added to graphite (0.99 g). The mixture was stirred for 5 min until
a paste was formed, dried at 110 8C for 16 h and calcined at 400 8C
for 3 h in static air.

Deposition precipitation

A 1 %Au/G catalyst (1 g) was prepared as follows: graphite (0.99 g)
was mixed with 150 mL distilled water and stirred at 60 8C. To this,
a solution of HAuCl4·3 H2O (0.408 mL of 12.25 g HAuCl4·3 H2O in
1000 mL) was added, subsequently a solution of NaOH 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 1 L dis-
tilled water. The catalyst was dried at 110 8C for 16 h and then cal-
cined in static air at 400 8C for 3 h.

Deposition-precipitation with urea (DPU)

A 1 % wt Au/G catalyst was prepared as follows: an aqueous solu-
tion of HAuCl4·3 H2O (0.408 mL of 12.25 g HAuCl4·3 H2O in 1000 mL)
was added to distilled water (400 mL) containing a graphite sup-
port (1.98 g) and urea (10 g). Upon stabilisation of the acidic pH,
the suspension was heated to 80 8C for a total of 3 h to decom-
pose urea and raise the resultant pH to �7. The suspension was
subsequently filtered hot, washed with distilled water (1 L) and
then was dried overnight at 110oC for 16 h and calcined in static
air at 400 8C for 3 h.
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Catalyst testing and characterisation

Oxidation of 1-hexene using air was performed in a glass reactor
consisting of a 50 mL round-bottomed flask fitted with a reflux
condenser. Typically supported gold catalyst (0.12 g) was suspend-
ed in 1-hexene (10 mL) at 40 8C followed by the addition of a small
amount of the radical initiator TBHP (typically 0.1 mL). The result-
ing mixture was stirred at 40 8C for 24 h. A sample of the reaction
mixture was removed for analysis after the reaction was complet-
ed. This was performed by using gas chromatography (Varian star
CP-3800) with CP-wax 52 column and a flame ionization detector.
1H NMR spectroscopy (Bruker DPX 400 spectrometer; CDCl3) was
used to confirm the presence of 1-hexen-3-one and other prod-
ucts. Using this reactor set-up we were unable to analyse for CO2;
however, in previous studies[9] we have shown that CO2 formation
is minimal. Prior to carrying out the experiments we investigated
the potential for loss of reactants and products during the course
of the reaction through evaporation by carrying out detailed mass
balance experiments. The losses incurred through incomplete con-
densation in the condenser were in significant over the reaction
period used in this study. For example refluxing 1-hexene in the re-
actor for 24 h resulted in at most 2 % loss of the material in the
reactor.
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