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Catalyst Parameters Determining Activity and Selectivity of Supported Gold
Nanoparticles for the Aerobic Oxidation of Alcohols: The Molecular
Reaction Mechanism
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Introduction

Homogeneous and heterogeneous gold nanoparticles show
interesting activity for a large number of reactions involving
alkynes,[1–6] alkenes,[7–12] selective hydrogenations,[13–18] and
oxidations[19–24] among others.[25]

Among the different reactions, selective oxidation of alco-
hols to carbonylic compounds is one of the most important
transformations in organic chemistry. It is the final goal for
solid catalysts to be able to perform this reaction with air at
atmospheric pressure and low temperature, as well as to re-
place current stoichiometric alcohol oxidation by a general
catalyst that is selective for any hydroxyl group. In response
to this goal, various gold,[26–27] palladium,[28] and gold/palladi-
um[29] catalysts have given good results. Among these noble
metals, gold, though less active than Pd or Au/Pd for some
alcohols, is of more general use and exhibits higher selectivi-
ty than either Pd or Au/Pd.[30–31] Owing to the interesting

catalytic properties of Au for selective oxidations, we have
carried out a detailed mechanistic study that addresses the
influence of the gold nanoparticle size, nature of the support
and influence of catalyst preparation procedure, to establish
a detailed reaction mechanism that can help to design a new
generation of more active gold catalysts for the aerobic oxi-
dation of alcohols.

Results and Discussion

The current research field of gold catalysis has been devel-
oped following the seminal contribution of Haruta, who (for
low temperature CO oxidation) showed that small gold
nanoparticles exhibited a high catalytic activity and that this
catalytic activity was a function of the gold particle size.[32]

Following this work, it would be of interest to ascertain
whether or not the same relationship between size and ac-
tivity also takes place in the catalytic oxidation of alcohols.
Aimed at determining the influence of the nanoparticles
size on gold catalytic activity for alcohol oxidation we have
prepared a series of six different samples of gold supported
on titania, in which the average particle size has been varied
in the range from 5 to 25 nm. For this study, titanium diox-
ide (P-25 Degussa) was considered a suitable support, as on
one hand it makes the transmission electron microscopy
study of the particle size easier (average particle size 35 nm,
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P-25 TiO2) and on the other hand, Au�TiO2 exhibits high
catalytic activity for alcohol oxidation reactions.[33–35]

In general, adjusting the average gold nanoparticle size in
prepared samples of Au�TiO2 can be achieved by varying,
in a controlled way, any of the experimental parameters
during the deposition–precipitation general procedure. Spe-
cifically, the pH (in the range between pH 9 and 4) at which
the precipitation is conducted is a key factor determining
the size of the resultant supported nanoparticles. Other pa-
rameters such as calcination temperature and the ratio be-
tween support and gold are interrelated and also have a de-
finitive effect on the particle size.[36–37] The particle size dis-
tribution was determined by transmission electron microsco-
py (TEM) and ranged from 5–25 nm. The catalytic activity
of these samples was tested for the aerobic oxidation of cin-
namyl alcohol, this alcohol was selected as model compound
because it allows to determine not only differences in activi-
ty, but also differences in chemoselectivity.

Figure 1 plots the turnover frequency (TOF) of cinnamal-
dehyde formation versus the average particle size. It can be
seen these that the activity of the catalysts decreases expo-
nentially with the increase in particle size. It has to be point-
ed out that the only product detected in all cases was cinna-
maldehyde and that the selectivity is independent on gold
particle size.

In an attempt to rationalize the experimental relationship
between TOF and gold particle size we proceeded to esti-
mate the number of external surface atoms for each catalyst
on the basis of the mean particle size. According to the
TEM images, which reveal that the shape of gold nanoparti-
cles is predominantly cubic, we assume that the titania sup-
ported gold nanoparticles can be modelled as a fcc crystal
lattice. Although this simple model represents an oversim-
plification, it allows the estimation of the number of particle
gold atoms (NT) according to Equation (1) in which hdi cor-

responds to the mean diameter of gold particles as deter-
mined experimentally by TEM and dat is the atomic diame-
ter of gold (0.288 nm). Considering that in the fcc crystal
one atom is surrounded by twelve others assuming a full
shell close packing model and NT is related to the number
of shells (m) [Eq. (2)] then the number of external atoms
can be estimated as indicated by Equation (3).[38–39]

NT ¼
ð10m3�15m2 þ 11m�3Þ

3
ð1Þ

hdi ¼ 1:105� dat �NT
1=3 ð2Þ

Ns ¼ 10m2�20mþ 12 ð3Þ

When the catalytic data are plotted versus the total
number of external gold atoms (NS) instead of the average
particle size, a linear plot is obtained (Figure 2). This indi-

cates that the intrinsic activity per external gold atom is in-
dependent of the particle size. A similar correlation has also
found for the aerobic oxidation of glucose by naked gold
nanoparticles.[26] Analysis of previous results, leads us to
conclude that to optimize the catalytic activity of gold for
oxidations the metal dispersion should be increased, as gold
particle size has no effect on selectivity, at least, for the re-
actant studied here.

Influence of the nature of the support on the catalytic activi-
ty of gold nanoparticles : There is some controversy in the
literature about the role and the influence of the support on
the activity of supported gold nanoparticles. Rossi and co-
workers reported that naked gold nanoparticles can be
highly active for the aerobic oxidation of glucose and other
polyalcohols, the role of activated carbon as support is to
stabilize the nanoparticles against aggregation. On the other

Figure 1. TOF values for the oxidation of cinnamyl alcohol given as the
ratio of moles of cinnamaldehyde per mole Au per hour (measured at t=
20 min) versus the gold mean particle diameter in Au�TiO2 catalysts. Re-
action conditions: cinnamyl alcohol (1 mmol), toluene (5 mL), catalyst
(5 mol% Au), air (1 atm), 90 8C.

Figure 2. TOF values for the oxidation of cinnamyl alcohol versus the
number of external gold atoms (NS) present in the amount of Au�TiO2

catalysts with different particle size used in the aerobic oxidation reac-
tions (see Figure 1 for reaction conditions, NA: AvogadroKs number). r2=

0.99, slope=0.663.
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hand, we have reported a synergic effect between gold and
the ceria nanoparticles (npCeO2), the nanometric size of the
support boosts the catalytic activity. To discuss the potential
role of the support for gold catalyzed oxidations, we have
proceeded to prepare a series of supported gold catalysts
with the same gold content (1.5–2 wt%) and particle size
(3–4 nm), but with a variety of supports. It is clear that,
owing to inherent experimental limitations, this series of cat-
alysts has some minor variations in gold content and size
distribution. In spite of these variations, the series can be
considered homogeneous enough to prove or disprove the
influence of the support. The results shown in Figure 3 clear-

ly show that catalyst activity is strongly dependent on the
nature of the support (gold supported on ceria (Au/npCeO2)
the most and gold supported on activated carbon (Au/C) the
least active).

The data obtained indicate the suitability of ceria, particu-
larly in the form of nanoparticles, as compared to titania
and carbon as supports. In a first approximation, we propose
that lattice oxygen vacancies, which are more abundant in
nanoparticulated ceria,[40] can be the factor that enhances
the activity of the support by favouring interaction and
physisorption of molecular oxygen. We will come back to
this point later.

It is also worth commenting on the low catalytic activity
of Au/C for the aerobic oxidation of cinnamyl alcohol in tol-
uene and in the absence of base. In contrast, it has been re-
ported that Au/C is highly active for the aerobic oxidation
of polyols in basic aqueous solutions. Under these condi-
tions colloidal gold is equally active also.[6] However, in the
absence of base, as it is here, colloidal gold is catalytically
poorly active.

Optimization of preparation procedure and gold content for
Au/npCeO2 : As Au/npCeO2 is a highly active catalyst for
the aerobic alcohol oxidation. We have optimized the prepa-
ration procedure and gold content, in order to produce the
most active catalyst possible. In this context, one issue that
has attracted attention in the literature is whether or not the
preparation procedure influences the catalytic activity of
supported gold nanoparticles or it is just a way of achieving
different metal dispersion,[41] to address specifically this
point and considering that reduction by thermal treatment
and reduction by using an alcohol as reducing reagent are
the two most widely used reduction procedures, we have
prepared a series of six samples in which gold has always
been deposited on nanocrystalline ceria by the deposition–
precipitation method of a tetrachloroauric acid solution at
pH 10 and after that the activation procedure has been
varied. Figure 4 shows the samples prepared as well as the

TOF values measured for these samples for the aerobic oxi-
dation of cinnamyl alcohol. Two samples were prepared by
reducing gold with benzyl alcohol at 70 or 160 8C. It was ex-
pected that higher reduction temperatures would produce
the gold nanoparticles more quickly and consequently, more
active gold nanoparticles could be generated. Analogously
the samples were also reduced by thermal calcination at
100, 200 and 400 8C in air and in one case at 400 8C under
hydrogen. It was expected that thermal treatment at high
temperatures could produce particle agglomeration, whereas
lower temperatures and hydrogen atmosphere could lead to
partial reduction with a larger population of positive gold
atoms. As it can be seen in Figure 4, the different metal re-
duction treatments studied here have no influence on the
final catalytic activity, the samples giving a reproducible and
fairly constant TOF value, regardless of the reduction proce-
dure.

In contrast, the gold content of the support plays an im-
portant role determining the catalytic activity. Samples dif-
fering in the gold/support mass ratio were prepared by de-
ACHTUNGTRENNUNGposition–precipitation (pH 10) of HAuCl4 and low tempera-
ture reduction with hydrogen. The most active catalysts for

Figure 3. The time-conversion plot for cinnamyl alcohol oxidation with
different gold catalysts. Reaction conditions: cinnamyl alcohol (1 mmol),
toluene (5 mL), catalyst (0.2 mol% Au), air (1 atm), 90 8C. *: 1.8 wt%
Au/npCeO2 (hdi=4.4 nm); ~: 2 wt% Au/CeO2 (hdi=4.2 nm); &: 1.5 wt%
Au�TiO2 (hdi=3.6 nm); ^: 2 wt% Au/C (hdi=3.6 nm); *: without cata-
lyst.

Figure 4. TOF values for the oxidation of cinnamyl alcohol given as the
ratio of moles of cinnamaldehyde per mole Au per hour (measured at t=
20 min) for Au/npCeO2 synthesized with different gold loadings and dif-
ferent reducing pretreatments. Reaction conditions: cinnamyl alcohol
(1 mmol), toluene (5 mL), catalyst (0.2 mol% Au), air (1 atm), 90 8C.
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the oxidation of cinnamyl alcohol are those that contain the
lowest gold percentage on the support.

To rationalize the remarkable influence of the gold load-
ing on ceria nanoparticles, we carried out a study by means
of TEM of the particle size distribution for three representa-
tive samples. The results are included in Table 1 and they

show that although for the sample with the highest gold con-
tent, the average particle size distribution is significantly
larger, for the samples with 0.44 and 1.8 wt% gold on
npCeO2 the size distribution is almost coincident. Neverthe-
less, in spite of the same particle size, the sample with
0.44 wt% of gold is significantly more active than the
sample with 1.8 wt% of gold. A reasonable explanation to
justify the large differences in activity between two gold cat-
alysts prepared following the same method and exhibiting
the same particle size distribution, but different gold content
on the support relies on accepting that the free surface of
ceria nanoparticles plays a role in catalysis. If the free ceria
surface is covered by gold to a significant extent then the
catalytic activity is reduced. In other words, both gold and
ceria surfaces are required in the reaction mechanism. As
discussed below, the reaction mechanism on the ceria sur-
face cooperates with the catalysis by interacting with molec-
ular oxygen. By means of oxygen physisorption, nanocrystal-
line ceria acts as an oxygen pump ensuring the oxidation of
metal hydrides into water. This function requires that free
ceria surface is present in the system.

General synthetic utility of Au/npCeO2 for the aerobic oxi-
dation of alcohols in organic solvents : Up to now most of
the work on the aerobic alcohol oxidation by supported
gold nanoparticles has been carried out under solvent-less
conditions or in aqueous solutions.[18] However, most of the
primary alcohols are oxidized to the corresponding carboxy-
lates in aqueous basic solution and there are also certain cir-
cumstances in which an organic solvent is needed, owing to
the limited availability of the alcohol or its high melting
point. In these cases the use of an organic solvent is necessa-
ry to carry out the reaction properly. We have used a series
of organic solvents that, in contrast with most oxidations in
aqueous media, allow the reaction to proceed without base.
A literature survey shows that most gold metal catalysts are
inactive when the oxidation is carried out in the absence of
a base.[42] Figure 5 shows the time-conversion plot for the

aerobic oxidation of benzyl alcohol catalyzed by Au/npCeO2

in different solvents (toluene and trifluorotoluene are shown
to be the most appropriate solvents). Moreover, after the re-
action the catalyst can be recovered and reused. In contrast,
if acetonitrile and ethanol are used as solvents, the activity
of Au/npCeO2 is significantly lower and the catalyst deacti-
vates very quickly. This could be a result of the leaching of
gold when using more polar solvents. Indeed, the chemical
analysis of the used catalyst, after filtration and washing
with clean solvent indicates a 	10 wt% loss of the gold that
was initially present. This is also the case if 1-butyl-3-meth-
ylimidazolium hexa ACHTUNGTRENNUNGfluorophosphate ionic liquid (Bmim-
ACHTUNGTRENNUNG[PF6]) is used. Therefore, although the use of ionic liquids in
combination with noble metal nanoparticles has been fre-
quently reported in the literature as a convenient catalytic
system,[43–45] the results obtained in our case were clearly un-
satisfactory.

By using toluene as solvent, we have performed the aero-
bic oxidation of a wide range of alcohols in the presence of
Au/npCeO2 with the aim of showing the generality and limi-
tations of Au/npCeO2, particularly in those cases in which
heteroatoms or other functional groups are present. It is im-
portant to remark that oxidations were carried out with air
instead of pure oxygen, making the process safer and more
amenable from a practical point of view. Table 2 summarizes
the reaction conditions, the products obtained and the corre-
sponding selectivities.

Benzylic alcohols, either primary or secondary, were con-
verted to the corresponding benzylic aldehydes or ketones
in quantitative yields (see Table 2). The presence of substitu-
ents on the aromatic ring such as NO2-, Cl- or CH3O-, influ-
enced the reaction rate, but did not affect the selectivity of
the process or the resultant deactivation of the gold cata-
lysts.

We reported previously that for oxidations carried out in
the absence of solvent,[27] the catalyst Au/npCeO2 was also
found highly selective for the oxidation of organic substrates
containing C=C double bonds. Thus, primary and secondary

Table 1. Gold nanoparticle size and TOF values for the oxidation of cin-
namyl alcohol catalyzed by a series of Au/npCeO2 catalysts with different
gold content.[a]

Au [%] hdi [nm] TOF [h�1][b]

0.44 4.9 530
1.80 4.4 167
4.45 9.2 54

[a] Reaction conditions: cinnamyl alcohol (1 mmol), toluene (5 mL), cat-
alyst (0.2 mol% Au), air (1 atm), 90 8C. The Au/npCeO2 samples have
been reduced with 1-phenylethanol at 160 8C. [b] TOF values measured
at t=20 min.

Figure 5. The time-conversion plot for benzyl alcohol oxidation with Au/
npCeO2 (0.44 wt% Au) in different solvents: toluene (*), trifluoroto-
luene(&), ethyl acetate (~), Bmim ACHTUNGTRENNUNG[PF6] (&), acetonitrile (^), ethanol (M).
Reaction conditions: benzyl alcohol (1 mmol), solvent (5 mL), catalyst
(0.2 mol% Au), air (1 atm), 75 8C.
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a,b-unsaturated alcohols were oxidized to the corresponding
unsaturated aldehydes or ketones without observing intra-
molecular hydrogen transfer, cis,trans-isomerization, epoxi-
dation or polymerization of the C=C bond.

Likewise, Au/npCeO2 can also oxidize secondary alcohols,
either cyclic or aliphatic, with high yields. Sterically encum-
bered alcohols such as 2-adamantanol and borneol were
equally oxidized to the corresponding ketones, although in
these cases larger molar percentages of gold were necessary
(see footnotes [c] and [d] in Table 2) to achieve high yields.

Primary aliphatic alcohols are selectively oxidized to the
corresponding aliphatic aldehydes up to moderate conver-
sions (see Table 2 for 1-octanol). When conversion increas-
es, selectivity towards the aldehyde decreases significantly,
owing to overoxidation of the aldehyde to the corresponding
carboxylic acid. This selectivity problem can be alleviated
by adding Au/npCeO2 catalyst with a higher gold content,
even though the initial reaction rate of this highly loaded
catalyst is somewhat lower. To illustrate this point, Figure 6
shows the time-conversion plot for the aerobic oxidation of
1-octanol using two different Au/npCeO2 catalysts. The
graph in Figure 6 shows that a 90% selectivity can be ach-
ieved at conversions lower than 45% for Au/npCeO2

4.5wt%. However, as the reaction progresses, selectivity de-
creases remarkably, owing to the formation of octanoic acid,
although small amounts of heptanal and heptanoic acid
(overall yield <5%) were also observed. The negative side
effect of this overoxidation is that the presence of carboxylic
acids in organic solvents in the absence of base causes
strong deactivation of the gold catalysts. This poisoning in
organic solvents is in contrast to our previous observation in
strongly basic aqueous solution in which high selectivity to-
wards octanoic acid at high conversions was achieved. Thus,

the highest yield for octanal in the aerobic oxidation in tolu-
ene was 45%. The Au/npCeO2 catalyst, even in those cases
in which significant amounts of carboxylic acids are formed,
was conveniently reactivated by washing with acetonitrile
followed by 0.5m NaOH aqueous solution and drying, recov-
ering the same activity and selectivity characteristic of the
fresh Au/npCeO2 catalyst.

Another issue from Table 2 that deserves special com-
ment, is the remarkable activity of Au/npCeO2 to promote
the aerobic oxidation of alcohols containing heteroatoms
such as oxygen, sulphur and nitrogen heterocycles. Particu-
larly relevant is the activity if nitrogen and sulphur atoms

Table 2. Oxidation of various alcohols with atmospheric air catalyzed by Au/npCeO2.

Substrate t [h] Conversion [%][a] Product Selectivity [%][a]

benzyl alcohol[b] 2 98 benzaldehyde 99
4-methylbenzyl alcohol[b] 2 >99 4-methylbenzaldehyde >99
4-methoxybenzyl alcohol[b] 2 >99 4-methoxybenzaldehyde >99
4-chlorobenzyl alcohol[b] 8 99 4-chlorobenzaldehyde >99
4-nitrobenzyl alcohol[b] 24 >99 4-nitrobenzaldehyde 96
1-phenylethanol[b] 2 98 acetophenone 97
cyclopropylphenylmethanol[b] 2 >99 cyclopropyl phenyl ketone >99
2-octanol[c] 3 97 2-octanone >99
2-adamantanol[c] 2 >99 2-adamantanone >99
(�)-borneol[d] 24 91 camphor 98
2-octen-1-ol[d] 2 90 2-octenal 91
3-octen-2-ol[b] 20 96 3-octen-2-one 94
1-octen-3-ol[b] 6 >99 1-octen-3-one 90
trans-carveol[b] 20 88 carvone 99
1-octanol[e] 4 47 octanal 91
meso-hydrobenzoin[b] 2 98 benzaldehyde 62
1,2-benzenedimethanol[b] 20 >99 phthalide 98
cis-1,2-cyclohexanediol[c] 20 10 1,2-cyclohexanedione 42
2-thiophenemethanol[f] 7 96 2-thiophenecarboxaldehyde 54
2-furfuryl alcohol[f] 20 99 2-furfural 50
2-pyridinemethanol[d] 7 99 2-pyridinecarboxaldehyde 65

[a] Conversion and selectivity were determined by GC-MS or HPLC-MS. [b] Substrate (1 mmol), toluene (5 mL), Au/npCeO2 0.45% (0.2 mol%), 90 8C,
atmospheric air as oxidant.[c] Same as [b], but Au/npCeO2 1.8 wt% (0.4 mol%). [d] Same as [b], but Au/npCeO2 1.8% (1.6 mol%). [e] Same as [b], but
Au/npCeO2 4.5% (1.6 mol%). [f] Same as [b], but Au/npCeO2 1.8% (3.2 mol%).

Figure 6. Temporal evolution of conversion and selectivity for the oxida-
tion of 1-octanol to 1-octanal with Au/npCeO2 in toluene. Reaction con-
ditions: 1-octanol (1 mmol), toluene (5 mL), catalyst (1.6 mol% Au), air
(1 atm), 90 8C. *: selectivity with 4.5 wt% Au/npCeO2; &: conversion
with 4.5 wt% Au/npCeO2; *: selectivity with 1.8 wt% Au/npCeO2; &

conversion with 1.8 wt% Au/npCeO2.
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are present, as it is known that these elements can strongly
bind to gold nanoparticles. The temporal profile of these ox-
idations shows that formation of the corresponding aldehyde
is very selective at low conversions, selectivity decreasing
with conversion. Product analysis showed that the selectivity
decrease is a result of the overoxidation of aldehydes to car-
boxylic acids and also to the formation of an array of by-
products derived from the oxidative decomposition of the
heterocycle.

The Au/npCeO2 catalyst was also tested for the aerobic
oxidation of vic-diols. In this way, the reaction of 1,2-ben-
ACHTUNGTRENNUNGzenedimethanol gave rise to the formation of the corre-
sponding isobenzofuranone in quantitative yields. The for-
mation of this lactone can be explained by a route involving
initial oxidation of one methanol group to aldehyde fol-
lowed by acetalisation and a second oxidation of the hemia-
cetal. Scheme 1 shows the proposed route to explain the for-
mation of the aromatic lactone. On the other hand, hydro-
benzoin undergoes oxidative C=C cleavage to form benzal-
dehyde as the main product (Scheme 2).

Finally, we have also studied the reuse of the 0.45 wt%
Au/npCeO2 catalyst by using the aerobic oxidation of ben-
zylic alcohol as test reaction. The results are presented in
Figure 7. Upon reuse, the catalyst maintains the initial activ-
ity throughout the six consecutive runs assayed, without ap-
preciable decay in the selectivity. As for the solvent-less
conditions, it is important to remark that the Au/npCeO2

catalyst has to be exhaustively washed with a 0.5m aqueous
NaOH solution, to maintain the activity through the consec-
utive runs. Apparently basic washings are effective because
they get rid of the carboxylic acids strongly adsorbed on the
catalyst surface that ultimately lead to catalyst poisoning. In
fact, if reuse is attempted without basic washings, the cata-

lytic activity of Au/npCeO2 is dramatically reduced (see
Figure 7). However, even this deactivated catalyst recovers
the activity of fresh Au/npCeO2 after NaOH washings.

One important issue when working with heterogeneous
systems is to determine whether or not leaching of gold
occurs during the course of the reaction. To address this
point we performed the aerobic oxidation of benzylic alco-
hols in toluene at 90 8C and the solid was removed by hot
filtration after 30 minutes. The resultant clear solution was
heated at 90 8C for longer periods without observing any
conversion under these conditions. Furthermore the solution
was analyzed by atomic absorption spectroscopy, whereby
the presence of gold could not be detected.

On the other hand the basic aqueous solutions employed
for the washings of Au/npCeO2 before reuse were also ana-
lyzed for the presence of gold. In fact, gold was detected in
all these washings and its quantification indicates that fol-
lowing the experimental procedure for catalyst reactivation
produces around 2% depletion of the initial amount of gold
present of ceria. This analysis of the washing waters was
also performed for each of the runs corresponding to the
consecutive reuses of the Au/npCeO2 catalyst for the aero-
bic oxidation of benzylic alcohol, observing consistently the
presence of gold in identical concentration. Additionally the
gold content on Au/npCeO2 after six consecutive catalytic
runs was also analyzed by X-ray fluorescence spectroscopy.
The results indicate a certain decrease in the gold loading
that was estimated in about 10% of the initial loading. The
total gold depletion on Au/npCeO2 after six uses is consis-
tent with the analysis of the washing waters and indicates
that gold leaching only occurs during the washings with
NaOH.

Kinetic parameters and mechanistic aspects

Mechanistic experiments : Concerning the reaction mecha-
nism for the aerobic oxidation of alcohols catalyzed by gold
we addressed in the first place the possibility that the reac-
tion mechanism involved carbon-centred free radicals as re-
action intermediates. This possibility was however disregard-
ed because the presence of unsaturated products arising
from the ring aperture was not detected during the oxida-

Scheme 2. The proposed intermediate for the formation of benzaldehyde
by oxidation of meso-hydrobenzoine.

Scheme 1. The proposed intermediates for the formation of the corre-
sponding lactone by oxidation of 1,2-benzenedimethanol.

Figure 7. Evolution of the yield of benzaldehyde during six consecutive
catalytic uses for the oxidation of benzyl alcohol with Au/npCeO2

(0.44 wt%) catalyst.
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tion of cyclopropyl phenyl carbinol to the corresponding cy-
clopropyl phenyl ketone. Also there was no influence on the
initial reaction rate and conversion by the presence of radi-
cal trapping compounds such as 2,2,6,6-tetramethylpiperi-
dine-N-Oxide (TEMPO) and hydroquinone. At this point a
second reaction mechanism was considered that could pro-
ceed by the intermediacy of positively charged species. To
check this, we have studied the influence of the ring the sub-
stituents with various electron donating/electron withdraw-
ing ability in the para-position of benzylic alcohol, on reac-
tion rate. Figure 8 shows the plot of the logarithm of the

rate constants plotted against s and s+ that represents the
Hammett and Brown–Okamoto parameters for each sub-
stituent. As it can be seen in this figure there is a reason ACHTUNGTRENNUNGable
linearity between log (kx/kH) and the s+ parameters giving a
negative slope (1=�0.163, r2=0.99).

The low negative 1 value indicates that the reaction is fav-
oured by the presence in the para-position of electron do-
nating groups. Also the fact that the log kx/kH fits better with
s+ values indicates that the reaction intermediate should
have a carbocationic character on the benzylic carbon.

On the other hand a primary isotopic effect was observed
when comparing the reaction rates of p-methylbenzyl and a-
deutero-p-methylbenzyl alcohols. Figure 9 shows the influ-
ence of the monodeuteration in the benzylic position, on the
time conversion plot for the initial reaction period. From
these plots, kH/kD ratio was estimated to range from 1.7–2.0
for temperatures between 60–100 8C. These values (particu-
larly considering that they were obtained for the a-mono-
deuterated derivative) indicate that a remarkable isotopic
effect is taking place, supporting the idea that a C�H bond
breaking occurs in the rate-determining step of the reaction
mechanism.

To reconcile the linearity between log (kx/kH) versus s+ .
that indicates development of positive charge in the benzylic
position, with the observation of a large kinetic isotopic

effect. We propose that the rupture of the benzylic C�H
bond progresses faster than the formation of the C=O and
that the C�OH develops a partial positive charge in the
transition state (see Scheme 3).

Macroscopic kinetic work : Firstly we have experimentally
determined the stoichiometry of the global oxidation reac-
tion occurring on Au/CeO2. To address this issue we mea-
sured the oxygen consumption for the oxidation of benzylic
alcohol at 90 8C. Figure 10 shows a correlation between
oxygen consumption and the number of moles of benzalde-
hyde formed concomitantly. This plot strongly supports that
the moles of benzaldehyde formed are double than the
moles of oxygen consumed, in agreement with the reaction
stoichiometry indicated in Equation (4).

For the determination of the kinetic rate expression, the
influence of reactant concentration has been studied. Thus,
a series of benzylic alcohol oxidations were carried out at
constant concentration, but varying the oxygen pressure
(Figure 11). By measuring the initial reaction rate (r0), we

Figure 8. Hammett plots for competitive oxidation of benzyl alcohol and
p-substituted benzyl alcohols. &: log (kX/kH) versus s ; D : log (kX/kH)
versus s+ . Reaction conditions: benzyl alcohol (1 mmol), 0.44 wt% Au/
npCeO2 (0.2 mol%), toluene (5 mL), 90 8C, air (1 atm).

Figure 9. Isotopic effect in the aerobic oxidation of p-methylbenzyl alco-
hol (*) and a-deutero-p-methylbenzyl alcohol (*) using 0.44 wt% Au/
npCeO2 as catalyst. Reaction conditions: benzylic alcohol (1 mmol), Au/
npCeO2 (0.2 mol%), toluene (5 mL), 81 8C and atmospheric air as oxi-
dant.

Scheme 3. The proposed transition state in the aerobic oxidation of alco-
hols with gold catalysts.
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observed that r0 is independent of the oxygen pressure in
the interval of pressures studied here. This zero order de-
pendence of r0 versus oxygen pressure can be interpreted as
an indication that the reoxidation of the metal hydride by
molecular oxygen proceeds quickly and is not rate-control-
ling.

In another set of experiments, we studied the influence of
the temperature on the reaction rate in the range from 60–
90 8C for the aerobic oxidation p-methylbenzyl alcohol. By
plotting log r0 versus the inverse of the temperature, a good
linear correlation was obtained from which the kinetic pa-
rameters, apparent activation energy (Ea) and log A could
be estimated as 59.5 kJmol�1 and 22.4, respectively
(Figure 12).

Additionally, the dependence of the reaction rate for the
benzylic alcohol oxidation on the mol percentage of gold
catalyst present in the reaction was investigated for the
range between 0.05–0.2 mol% Au (Figure 13). In these ex-
periments we used Au/npCeO2 (0.45 wt% gold) and increas-

ing amounts of catalyst were added to the reaction system.
The plot of the initial reaction rate versus the amount of
gold in the system shows that the reaction rate follows a
linear relationship with the gold content in the system, indi-
cating a first order dependence between the concentration
of gold in the reaction and the reaction rate.

The dependence of the reaction rate with the initial alco-
hol concentration for a given amount of Au/npCeO2 catalyst
at constant O2 pressure was established for the oxidation of
1 and 2-octanol. Figure 14 presents the plots of the initial re-
action rate versus the alcohol concentration for the aerobic
oxidation in toluene. For both alcohols it was observed that
r0 increases with the initial alcohol concentration to reach a
plateau corresponding to the maximum reaction rate. This
behaviour is in accordance with a Langmuir–Hinselwood re-
action mechanism (Scheme 4) and is in agreement with that

Figure 10. Relationship between amount of benzaldehyde produced and
O2 uptake for the oxidation of benzyl alcohol with molecular oxygen cat-
alyzed by 0.44 wt% Au/npCeO2. Reaction conditions: benzyl alcohol
(3 mmol), 0.44 wt% Au/npCeO2 (0.2 mol%), toluene (15 mL), 90 8C, O2

(air, 1 atm). Slope (O2 uptake/benzaldehyde formed)=0.54 (r2=0.99).

Figure 11. Initial reaction rate as a function of the oxygen pressure. Reac-
tion conditions: benzyl alcohol (1 mmol), 0.44% Au/npCeO2 (0.2 mol%),
toluene (5 mL), 90 8C, PO2

=0.2–3.2 atm. Slope=�1.6M10�5.

Figure 12. Arrhenius plots for the oxidation of p-methylbenzyl alcohol.
The r0 values were regarded as the pseudo-zero-order rate constants
(kobs) because the concentration of p-methylbenzaldehyde produced was
proportional to time. Reaction conditions : p-methylbenzyl alcohol
(1 mmol), 0.44 wt% Au/npCeO2 (0.2 mol%), toluene (5 mL), 60–90 8C,
atmospheric air as oxidant. Line Fit: ln ACHTUNGTRENNUNG(kobs)=22.42–7150.96/T (r2=0.99).

Figure 13. Effect of the amount of Au/npCeO2 catalyst on the reaction
rate oxidation of benzyl alcohol. Reaction conditions: benzyl alcohol
(1 mmol), 0.44 wt% Au/npCeO2 (0–54 mg), toluene (5 mL), 90 8C, O2

(air, 1 atm).
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found by others for the aerobic oxidation of alcohols utilis-
ing heterogeneous ruthenium catalysts.[46–47] According to
this model, the free alcohol and the metal site would be in
equilibrium with the M–alcoholate. Subsequently the M–al-
coholate will react irreversibly to give rise to the reaction
product and the M–hydride. The hydride shift from the alco-
hol to gold represents the rate-determining step.

It can be observed (Figure 14) that the maximum rate for
primary 1-octanol (although smaller than the maximum rate
of secondary 2-octanol) is reached for alcohol concentration
lower than for 2-octanol. In accordance with the Langmuir–
Hinselwood model the previous observation indicates that
the binding constant of the metallic site for the primary al-
cohol is larger than for 2-octanol, because for the later sec-
ondary alcohol a larger excess is needed to reach the pla-
teau. By using the Lineweaver–Burke formalism to plot the
double inverse of the reaction rate and alcohol concentra-
tion, KM and Vmax for 1- and 2-octanol were determined.
These values can serve to understand the results of competi-
tive primary versus secondary alcohol oxidation. Thus, even
though the maximum reaction rate for 2-octanol is higher
than for 1-octanol (see Table 3), when a mixture of the pri-
mary and secondary alcohols is submitted to oxidation, the
primary alcohol is preferentially converted with respect to
the secondary.

Proposed reaction mechanism : Based on the previous mech-
anistic and kinetic experiments for aerobic oxidation cata-

lyzed by Au/npCeO2, reaction mechanism is presented in
Scheme 5. According to this, the catalytic oxidation will go
through three main reaction steps. The first one will be the

formation of M–alcoholate species that will be in equilibri-
um with the free alcohol. Under conditions in which a high
concentration of alcohol is present a large majority of the
metal sites will be coordinated forming the alcoholate.

This metal alcoholate species would undergo a metal–hy-
dride shift giving rise the carbonylic product and a metal–
hydride intermediate. This step will be rate-determining, as
it is deduced from the observation of a primary isotopic
effect. The hydride shift and the metal–alcoholate bond
breaking will be concerted events, but asynchronous. The
hydride shift would progress in a larger extent than the
metal alcoholate bond breaking. This proposal will be com-
patible with the moderate negative 1 value obtained for the
different substituent in the para-position of the phenyl ring
for the oxidation of benzyl alcohols. The third step will be
the rapid oxidation of the metal hydride by oxygen to form
water while recovering the initial metallic site. In this regard
we point out that our previous in situ IR spectroscopy stud-
ies have shown that formation of the carbonyl compound
occurs in a previous step and independent to the formation
of water, while water is only formed when oxygen is admit-
ted into the cell.[30] Also, gold-hydrides are known to be
high in energy and very reactive.[48,49]

Figure 14. Effect of the concentration of alcohol in the reaction rate oxi-
dation of 2-octanol (*) and 1-octanol (*). Reaction rates measured for
conversions lower than 10%. Reaction conditions: [alcohol] (0.075–4m in
toluene), toluene (2.5 mL), 14 mg of 0.44 wt% Au/npCeO2, 90 8C.

Scheme 4. Simplified reaction mechanism for the aerobic oxidation of al-
cohols catalyzed by Au/npCeO2. R

1=alkyl, aryl; R2=alkyl, aryl, H.

Table 3. Kinetic parameters in the aerobic oxidation of 1-octanol and 2-
octanol by Au/npCeO2 calculated by using Lineweaver–Burke plot.

Km [M] Vmax [10
3
mmin�1]

1-octanol 0.344 2.07
2-octanol 1.209 5.72

Scheme 5. The proposed mechanism for the Au/npCeO2-catalyzed aero-
bic oxidations of alcohols.
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Conclusion

From the results presented in this manuscript it is possible
to say that the activity of gold catalyst for the aerobic oxida-
tion of alcohols involves the presence of a high density of
positive gold atoms that could act as Lewis-acid sites. These
sites coordinate with alcohols to form gold alcoholates and
they also accept hydrides. In this regard the role of the sup-
port should be on the one hand, to provide stability for posi-
tive gold species by interfacial gold-support interactions, and
on the other hand to facilitate oxygen activation to promote
the reoxidation of metal hydrides. Apparently these features
and particularly the second one, have been achieved to a re-
markable extent by cerium nanoparticles. Thus, cerium
nanoparticles interact strongly with supported gold, as evi-
denced by the temperature of hydrogen reduction and also
O2 can be adsorbed through oxygen vacancies on the sur-
face.[50] The combination of these properties explains the
high and general activity of Au/npCeO2 even in organic sol-
vents, as we have shown here, and is in agreement with the
reaction mechanism proposed.

Experimental Section

Preparation of Au/npCeO2

Synthesis of nanoparticulated ceria : The preparation of nanoparticulated
ceria was carried out following a reported procedure.[51] In short, an
aqueous solution of Ce ACHTUNGTRENNUNG(NO3)4 (375 mL, 0.8m) was treated, under stirring
and at ambient temperature, with an aqueous solution of ammonia
(1.12 L, 0.8m). The colloidal dispersion of CeO2 nanoparticles was heated
in a PET vessel at 100 8C for 24 h. The resulting yellow precipitate was
filtered and dried under vacuum overnight. The cerium oxide synthesised
has, owing to the small size of the nanoparticles, a very high surface area
(180 m2g�1).

Au was deposited on the nanoparticulated ceria by using the following
procedure: A solution of HAuCl4·3H2O (800 mg) in deionised water
(160 mL) was brought to pH 10 by addition of a solution of NaOH 0.2m.
Once the pH value was stable the solution was added to a gel containing
colloidal CeO2 (4.01 g) in H2O (50 mL). After adjusting the pH of the
slurry at a value of 10 by addition of a 0.2m solution of NaOH 0.2m, the
slurry was continuously stirred vigorously for 18 h at RT. The Au/npCeO2

solid was then filtered and exhaustively washed with several litres of dis-
tilled water until no traces of chlorides were detected by the AgNO3 test.
The catalyst was dried under vacuum at room temperature for 1 h. Then
1-phenylethanol (30 g) was treated with the supported catalyst (3.5 g) at
160 8C and the mixture was allowed to react for 20 min. The catalyst was
filtered, washed with acetone and water, and dried under vacuum at RT.
The total Au content of the final catalyst Au/npCeO2 was 4.5 wt% as de-
termined by chemical analysis. For the preparation of 1.8 and 0.45 wt%
Au/npCeO2 the method used was the same as above, but changing only
the amount of HAuCl4·3H2O aqueous. This catalyst Au/npCeO2 is com-
mercially available from Instituto de Tecnolog8a Qu8mica (ITQ) (http://
www.upv.es/itq).

Preparation of 1 wt% Au/C catalyst : A colloidal solution of gold nano-
particles stabilized by polyvinyl alcohol were deposited on activated
carbon (KB-B-100, provided by Aldrich), following the procedure report-
ed by Porta et al.[52] Under vigorous stirring an aqueous solution of
HAuCl4 (2 L, 100 mgmL�1) was treated with an aqueous solution of poly-
vinyl alcohol (PVA) (10 mL, 27 mgmL�1). To this, a fresh solution of
NaBH4 (38 mL, 0.1m) was added. The AuNPs generated were immobi-
lised simply by adding the active carbon (2 g) into the metal dispersion.

After 1 h the slurry was filtered and the total gold adsorption was
checked by atomic absorption spectroscopy of the filtrate.

Preparation of Au/TiO2 catalysts : The Au�TiO2 catalysts were prepared
by the deposition–precipitation method by using P-25 titanium oxide
from Degussa as support. Particles of different sizes were obtained by
changing the pH used in the deposition of gold nanoparticles over the
TiO2 support and the calcination temperature.

Au�TiO2 (5.2 nm mean diameter): A solution of HAuCl4·3H2O (60 mg)
in of deionised water (30 mL) was brought to pH 6.3 by addition of a so-
lution of NaOH (0.2m). Once the pH value was stable, P-25 Degussa
TiO2 (1.0 g) was added. The slurry was vigorously stirred for 1 h at 70 8C.
The Au/TiO2 catalyst was then filtered and exhaustively washed with
water. The catalyst was dried at 80 8C during 6 h and calcined using the
following temperature program: room temperature, 3 8Cmin�1, 200 8C,
2 h. The total Au content of the final catalyst Au/TiO2 was 2.9 wt% as
determined by chemical analysis.

Au�TiO2 (7.3 nm mean diameter): This Au�TiO2 catalyst was prepared
following the same procedure used in the synthesis of Au�TiO2 (3.2 nm),
but at pH value of 5.0 instead of 6.3. The dried solid was calcined at
400 8C during 2 h. The gold content of the final catalyst was 3.0 wt%.

Au�TiO2 (16.7 nm mean diameter): The catalyst was prepared at pH 4.5
and calcined at 400 8C for 2 h. The gold content of the final catalyst was
2.8 wt%.

For crystal analysis and indexation, Au/npCeO2 samples were examined
by bright- and dark-field electron microscopy in a Jeol 2200 HRTEM
(high-resolution transmission electron microscopy) operated at an accel-
erating voltage of 200 kV. The TEM images and the particle size distribu-
tion corresponding to Au/TiO2 samples were obtained in a Philips-CM10
operated a 100 kV. Chemical analyses of gold in the catalysts were car-
ried out after dissolving the solids by attack with a 2:1 mixture of HNO3/
HF on a Varian-10 Plus Atomic Absorption Spectrometer or directly of
the solids using a Philips Minipal 25 fm Analytic X-Ray apparatus and a
calibration plot.

Typical procedure for the aerobic oxidations of alcohols : A suspension of
0.44 wt% Au/npCeO2 (0.2 mol%) in toluene (5 mL) was treated with
benzyl alcohol (1 mmol). The resulting mixture was then heated at 90 8C
for 1 h and benzaldehyde was produced in >99% GC yield. After the re-
action, the catalyst was separated by filtration and washed with acetone.
The recovered Au/npCeO2 was washed with an aqueous solution of
NaOH (0.5m) and water (100 mL) and dried under vacuum before recy-
cling.
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