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Liquid-phase Oppenauer oxidation of primary allylic and benzylic
alcohols to corresponding aldehydes by solid zirconia catalysts
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Abstract

Hydrous zirconia and grafted zirconium 1-propoxide catalysts were found active in the Oppenauer oxidation of cinnamyl alcohol, geraniol
and 4-tert-butylcyclohexanol (cis- andtrans-). The most active hydrous zirconia catalysts were formed by calcining at 250–300◦C. Grafted
zirconium 1-propoxide on silica gel and MCM-41 were active in the Oppenauer oxidation of geraniol with high selectivity to the desired citral
product. However, over an acidic support such as AlMCM, the grafted zirconium 1-propoxide catalysed the dehydration and isomerisation
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f the alcohol, leading to low yield to citral. Also, furfural was found to be an efficient oxidant for the titled Oppenauer oxidation
olid catalysts such as�-Al 2O3, Na–Al2O3, zeolite beta and Mg/Al hydrotalcite showed only moderate catalytic activity and selecti
he Oppenauer oxidation of geraniol. As compared to other solid catalysts, hydrous zirconia solid catalysts used in this work are
elective towards the formation of desired carbonyl oxidation products; additionally, these solid zirconia catalysts are easy to p
ecycle, and applicable to different alcohol substrates.
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. Introduction

The oxidation of primary alcohols to aldehydes or
econdary alcohols to ketones can be carried out under Op-
enauer oxidation[1]. The reaction avoids overoxidation to
arboxylic acids. Like the MPV reaction, Oppenauer oxida-
ion proceeds via a complex in which both the oxidant and the
lcohol are bound to the metal ion[2]. The alcohol reactant is
oordinated as the alkoxide. Hydride transfer occurs from the
lcoholate to the carbonyl group via a six-membered transi-

ion state. Aluminium alkoxide catalysts such as aluminium
-propoxide andtert-butoxide are commonly used because
f their ease of preparation and good solubility in alcohols
nd hydrocarbons. However, a stoichiometric amount is often
equired.

∗ Corresponding author. Present address: Department of Materials Sci-
nce, National University of Singapore, Science Drive 4, Singapore 117543,
ingapore. Tel.: +65 9761 0128; fax: +65 6776 3604.
E-mail address:shuhualiu@alumni.nus.edu.sg (S.H. Liu).

Side reactions may occur during the Oppenauer oxid
of primary alcohols[3]. Aldol condensation may take pla
when the aldehydes formed from the oxidation of prim
alcohols contain an�-hydrogen (Scheme 1). Aldol conden
sation is more extensive for aldehydes than ketones a
equilibrium lies far to the right for the former. The aldol u
dergoes further dehydration as the new double bond w
in conjugation with the carbonyl bond.

Aldehydes, which lack an�-hydrogen, like benzaldehyd
may undergo the Tishchenko reaction forming carboxylic
ters (Scheme 2).

The oxidants in Oppenauer oxidation are usually carb
compounds with high oxidation potentials, like aromatic
aliphatic aldehydes. Acetaldehyde, acrolein, acetophe
acetone, benzaldehyde,p-benzoquinone, benzophenone,
clohexanone, etc. have been used as the oxidant. Alth
acetone has a low oxidation potential, it is commonly u
in the Oppenauer oxidation reaction. Being inexpensiv
can be used in large excess to shift the equilibrium
wards the desired direction[4]. Although p-benzoquinon
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.06.013
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Scheme 1. Aldol condensation of aldehydes containing�-hydrogen.

Scheme 2. Tishchenko reaction between two aldehydes without�-
hydrogen.

and benzophenone were found to be very efficient as oxi-
dants, they both have very high boiling points (180◦C and
305◦C, respectively). The high temperatures may cause side
reactions with heat-sensitive aldehydes, e.g. citral. Furfural
has a lower boiling point (162◦C) and was found to be very
efficient for the homogeneous Oppenauer oxidation of sev-
eral important allylic alcohol substrates, including geraniol,
cinnnamyl alcohol, prenol and coniferyl alcohol, etc.[3]. The
reaction could be carried out under very mild conditions.
Furfuryl alcohol formed has a relatively low boiling point
(170◦C), allowing its convenient separation from the alde-
hyde products (citral with a b.p. 220◦C) and recovery by
distillation. Furfural alcohol is, itself, a useful product which
is used in the making of resins.

Various heterogeneous catalysts have been used in the Op-
penauer oxidation of alcohols to aldehydes[1,5]. Hydrous
zirconia [6–8], MgO [9], hydrotalcite[10], zirconia-based

l alcoho

catalysts[11], Al2O3 [12] and silica-supported zirconium
alkoxide [13,14] had been found to be efficient solid cata-
lysts for the Oppenauer oxidation of various primary alcohol
substrates.

Citral is a mixture of citral-a (geranial) and citral-b (neral).
It is a highly useful intermediate in the synthesis of several
products, such as ionones and methyl ionones. The conden-
sation of citral with acetone leads to pseudoionone, which in
turn can be converted into�-ionone and�-ionone. The latter
is a key intermediate in the production of Vitamin A. Pseu-
doionone itself is useful in the production of Vitamin E[15].

Both cinnamaldehyde and 4-tert-butylcyclohexanone
are used in the fragrance industry.trans-Cinnamaldehyde
has a strong spicy odour characteristic of cinnamon. 4-tert-
butylcyclohexanol is used to form 4-tert-butylcyclohexyl
acetate. 4-tert-butylcyclohexanol exists in thecis- and
trans-forms. The trans-isomer has a rich, woody odour
while thecis-isomer has a more intense flowery smell. The
conversion of 4-tert-butylcyclohexanol to the corresponding
4-tert-butylcyclohexanone via Oppenauer oxidation had
been reported over zeolite beta where thecis-isomer is
preferentially converted due to the shape-selectivity of the
catalyst[16].
Scheme 3. Oppenauer oxidation of cinnamy
 l, geraniol and 4-tert-butylcyclohexanol by furfural.
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Recently, we found that suitably pretreated hydrous zir-
conia[17] and grafted zirconium 1-propoxide on a number
of high surface supports (e.g. SBA-15)[18] are active cat-
alysts in the MPV reduction of a series of carbonyl sub-
strates. In this paper, the reverse liquid-phase Oppenauer
oxidation of (a) cinnamyl alcohol to cinnamaldehyde, and
(b) geraniol to citral using furfural as the oxidant was
investigated (Scheme 3). For comparison, the Oppenauer
oxidation of 4-tert-butylcyclohexanol (cis- andtrans-) to 4-
tert-butylcyclohexanone was also studied with furfural as the
oxidant (Scheme 3). Hydrous zirconia and other solid acids
were used as the catalysts.

2. Experimental

2.1. Catalyst preparation

The following catalysts were used in this study: a silica-
free hydrous zirconia, ZrO2–0, was prepared by precipitation
of ZrCl4 with ammonia. Two silica-containing hydrous zirco-
nia were prepared by digestion in a Pyrex flask for 2-days and
4-days, respectively. They contained 0.25% and 1.2 wt.% Si,
respectively. The grafted zirconium propoxide catalysts were
prepared following literature method[19]. �-Al2O3 (Merck)
w g-
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The molar ratio of oxidant to reductant was 2:1. In addition,
acetone was investigated as an oxidant; in this case, no toluene
was added as the solvent. Instead, 15 mL acetone was used
both as the solvent and oxidant.

In the Oppenauer oxidation of geraniol, 3.25 mmol
(500 mg) of geraniol (Alfa, >99%), 3.25 mmol (312 mg) fur-
fural or 3.25 mmol (345 mg) benzaldehyde (Fluka, >99%),
15 mL toluene and 250 mg catalyst were placed in the reac-
tion flask. The catalyst was dried at 100◦C prior to reaction.
The reaction mixture was heated under reflux with stirring.
Different ratios of oxidant to reductant were investigated.

In the Oppenauer oxidation of 4-tert-butylcyclohexanol,
the reaction mixture contained 3.85 mmol (593 mg) of 4-tert-
butylcyclohexanol (Aldrich, 99%,cis- andtrans-), 11.6 mmol
(1.114 g) of furfural (Lancaster, 98%), 15 mL toluene as
solvent and 100 mg overnight-dried catalyst. The reaction
mixture was heated under reflux with stirring. The oxi-
dant:reductant was 3:1.

3. Results

3.1. Textural properties

Table 1shows the textural properties of the silica-free and
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as used as received. Na–Al2O3 was prepared by impre
ating 1 g dried�-Al2O3 in 100 mL 0.1 wt.% NaOH solutio
vernight followed by calcination at 500◦C for 12 h. Zeo

ite beta (Si/Al 13.1) and Mg/Al hydrotalcite were prepa
ccording to reported methods, respectively[20,21].

.2. Catalyst characterization

The surface area, pore size distribution, and pore vo
ere determined using a Quantachrome NOVA 2000.

erent degassing conditions were used to dry the sam
ydrous zirconia samples were degassed at 120◦C in a flow
f nitrogen for 4 h prior to measurements. Supports (s
el, MCM-41 and Al-MCM) and zeolite beta were dried
er nitrogen at 300◦C. For the grafted catalysts, a num
f procedures were used to remove water and any rema
olvent without destroying the grafted zirconium propox
hese include drying under vacuum at room temperatur
eating at 100◦C and 250◦C under nitrogen flow. The cry

alline phase of the samples was determined by powder X
iffraction using a Siemens D5005 diffractometer (Cu an
quipped with variable primary and secondary beam sli

.3. Catalytic testings

In the Oppenauer oxidation of cinnamyl alcohol, the re
ion mixture containing 8 mmol (1.074 g) of cinnamyl alco
Fluka, >97%), 16 mmol oxidant, 15 mL toluene as solv
nd 200 mg overnight-dried catalyst was heated unde
ux (110◦C) with stirring. The oxidants used were furfu
1.536 g, Lancaster, 98%) and citral (2.461 g, Fluka, 97
ilica-containing hydrous zirconia used in the oxidation
innamyl alcohol. The hydrous zirconia contained var
mounts of Si, ranging from 0 wt.% to 1.2 wt.% Si. The p
nce of Si led to a stabilization of surface area and poro
fter calcination at 300◦C, the silica-containing hydrous z
onia catalysts had higher surface area and pore volum
he silica-free sample. However, all the samples were
-ray amorphous, irrespective of the silica content.
The characterization results for grafted zirconium alk

de and other solid catalysts can be found in our prev
aper[17].

.2. Oppenauer oxidation of cinnamyl alcohol to
innamaldehyde

.2.1. Effect of oxidant
The effect of different oxidants was investigated. Aceto

n large excess, is commonly used as the oxidant in the
enauer oxidation under homogeneous catalysis. How
o conversion was observed even after 24 h when ac
as used both as the oxidant and solvent in the oxid
f cinnamyl alcohol. This could be due to the lower oxi

ion temperature of 56◦C. Use of citral was more success

able 1
extural properties of hydrous zirconia catalysts used in the Oppenau

dation of cinnamyl alcohol

atalyst code Surface area (m2/g) Pore volume (mL/g

rO2–0–300 186 0.15
rO2–0.25Si–300 286 0.75
rO2–1.2Si–300 316 0.74
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Table 2
Catalytic activity for Oppenauer oxidation of cinnamyl alcohol over different
oxidants with ZrO2–1.2Si–300 as catalyst

Reaction
time (h)

Citral Furfural

Conversion
(%)

Selectivity
(%)

Conversion
(%)

Selectivity
(%)

1 22.2 100 56.2 100
2 28.2 100 69.6 100
4 37.0 100 80.3 100

24 42.2 100 92.4 100

(Table 2). After 1 h reaction, a conversion of 22% was mea-
sured. The oxidation product was cinnamaldehyde. Furfural
was the best of the three oxidants studied. The reaction rate
was the highest and after 1 h, the conversion to cinnamalde-
hyde was 56.2%.

3.2.2. Effect of silica in hydrous zirconia
Silica-free hydrous zirconia, calcined at 300◦C, showed

poor catalytic activity in the Oppenauer oxidation of cin-
namyl alcohol, using furfural as the oxidant. Even after 24 h,
the conversion was less than 20% (Fig. 1). Silica-containing
hydrous zirconia, ZrO2–0.25Si–300, was more active; the
conversion was 60% after 4 h. The activity increased with Si
content of the hydrous zirconia. Over ZrO2–1.2Si–300, the
conversion was 80% after 4 h.

3.3. Oppenauer oxidation of geraniol to citral

3.3.1. Effect of oxidant
A comparison of furfural and benzaldehyde as oxidant was

carried out. The reaction was carried out at 110◦C. Both fur-
fural and benzaldehyde are common tertiary aldehydes with
no active�-H and they had been used in both homogeneous
[3] and heterogeneous[6,13]catalytic systems for Oppenauer
oxidation. Use of furfural resulted in better catalytic activity
a

F ts () ZrO2– t:
2

Table 3
Effect of oxidant for geraniol oxidation with ZrO2–1.2Si–250 as catalyst

Reaction
time (h)

Furfural Benzaldehyde

Conversion
(%)

Selectivity
(%)

Conversion
(%)

Selectivity
(%)

1 44.7 84.1 37.4 91.8
2 60.5 86.0 49.0 90.4
4 68.0 90.4 61.4 88.4
6 78.6 91.0 64.2 87.1

24 85.3 93.8 77.5 66.7

was between 84% and 94% when furfural was used as the ox-
idant. However, for benzaldehyde, the selectivity decreased
with reaction time, from >90% (2 h) to <70% (24 h). GC–MS
results showed that the some isomerization side-reactions oc-
curred for the formed citral product.

3.3.2. Effect of ratio of furfural to geraniol
The study of the thermodynamics of Oppenauer oxidation

revealed that the reaction can be described as a redox equilib-
rium[1]. In order to increase the conversion, one way is to use
a larger amount of oxidant. In this study, three different fur-
fural/geraniol ratios were applied. When the furfural/geraniol
ratio was increased from stoichiometric amount to fourfold
excess, the conversion of geraniol after 24 h increased from
70% to 90%. A higher furfural/geraniol ratio of 8 did not in-
crease the conversion significantly (Fig. 2). This is unusual,
since the MPVO reaction is a reversible one; if one increases
the amount of oxidant (in our case, furfural), the alcohol sub-
strate can be converted completely. The most possible ex-
planation is that after long time reaction (24 h), the hydrous
zirconia catalyst was deactivated to great extent, resulting in
the incomplete conversion of geraniol.

3.3.3. Catalytic activity of hydrous zirconia
In this study, the furfural to geraniol ratio was fixed at

1 s
nd selectivity than benzaldehyde (Table 3). The selectivity

ig. 1. Conversion of cinnamyl alcohol over hydrous zirconia catalys�
00 mg.
0–300, (�) ZrO2–0.25Si–300 and (©) ZrO2–1.2Si–300. Catalyst weigh

:1. Silica-containing hydrous zirconia, ZrO2–1.2Si–T, wa
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Fig. 2. Effect of ratio of furfural to geraniol in the Oppenauer oxidation of geraniol (�) 1:1 (�) 4:1 and (�) 8:1 with ZrO2–1.2Si–250 as catalyst. Catalyst
weight: 250 mg.

calcined at different temperatures to obtain a series of cat-
alysts.Table 4compares the conversion and selectivity af-
ter 1 h over these differently-calcined zirconia catalysts. The
highest conversion ( 53%) was obtained in the catalysts cal-
cined at 250–350◦C. Catalysts calcined at higher tempera-
tures were less active. A conversion of 24% was obtained
over the 500◦C-calcined sample. It is only after 24 h that
the conversion increased to >70%. The selectivity towards
citral was >90%. Side products were due to the isomerisa-
tion of geraniol where the double bond was shifted in posi-
tion (e.g. linalool) and dehydration of the geraniol and the
isomeric alcohols (e.g. 1,3,6-octatriene-3,7-dimethyl and 7-
methyl-3-methylene-1,6-octadiene). The selectivity towards
citral increased with calcination temperature of the hydrous
zirconia so that citral was the only product detected over the
500◦C-calcined zirconia.

Silica-free hydrous zirconia catalysts, ZrO2–0–T, were
also tested for the Oppenauer oxidation of citral. The sam-
ple calcined at 250◦C was the most active for the oxidation
and a conversion of 54.4% was obtained after 1 h (Table 5).
After 24 h, the conversion reached almost 90% (Fig. 3). The
activity of ZrO2–0–250 is very similar to that of the silica-
containing hydrous zirconia, ZrO2–1.2Si–250. However, the
influence of calcination temperature on the catalytic activity
is more pronounced in the silica-free sample. The conver-

T
C ver
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C
t

)

2
2
3
3
4
4
5

C

sion decreased significantly for silica-free hydrous zirconia
calcined at 350◦C and higher. After 1 hand 24 h reaction,
ZrO2–0–350 had a conversion of 40% and 59%, respectively.
The 500◦C-calcined sample had an even lower activity with a
conversion of 5.10% and 38% after 1 h and 24 h, respectively.

3.3.4. Catalytic activity of grafted zirconium propoxide
The grafted zirconium 1-propoxide catalysts were found

to be very active towards the Oppenauer oxidation of geraniol.

Table 5
Catalytic activity of ZrO2–0–T after 1 h for Oppenauer oxidation of geraniol
vs. calcination temperature

Calcination
temperature (◦C)

Conversion (%) Selectivity (%)

250 54.4 92.0
300 44.5 92.4
350 39.6 100
500 5.10 100

Catalyst weight: 250 mg.

Fig. 3. Effect of calcination temperatures on the catalytic activity of
ZrO2–0–T in the Oppenauer oxidation of geraniol (�) 250◦C, (©) 300◦C,
(�) 350◦C and (�) 500◦C.
able 4
atalytic activity after 1 h for Oppenauer oxidation of geraniol o
rO2–1.2Si–T vs. calcination temperature

alcination
emperature (◦C)

Conversion (%) Selectivity (%

00 44.7 83.2
50 53.7 84.1
00 52.3 87.3
50 49.4 91.4
00 38.4 93.0
50 33.7 94.8
00 24.4 100

atalyst weight: 250 mg.



272 S.H. Liu et al. / Journal of Molecular Catalysis A: Chemical 220 (2004) 267–274

Fig. 4. Activity of grafted zirconium 1-propoxide catalysts in oxida-
tion of geraniol (�) Zr(OR)x/SiO2, (�) Zr(OR)x/MCM41 and (�)
Zr(OR)x/AlMCM. Catalyst weight: 250 mg.

Within 1 h reaction, the conversion of geraniol reached >60%
(Fig. 4). For both Zr(OR)x/SiO2 and Zr(OR)x/MCM41, the
conversion leveled off at 80% after 24 h reaction; while for
Zr(OR)x/AlMCM41 catalyst, the conversion leveled off at
90% after 24 h reaction (data not shown inFig. 4). The pos-
sible reason for this conversion level-off is the catalyst de-
activation at prolonged reaction (24 h). The selectivity to the
citral product was 100% for Zr(OR)x/SiO2 (Fig. 5). However,
over Zr(OR)x/MCM41, the selectivity towards citral was ini-
tially 100% but decreased after 8 h to 68%, as the formed
citral underwent further isomerisation and dehydration side-
reactions. The side products were identified by GC–MS. The
conversion over Zr(OR)x/AlMCM was >90% after 7 h. How-
ever, the selectivity to citral was only 40% after 1 h and
decreased to 23% at longer time. Due to the acidic nature
of the AlMCM support, the dehydration of geraniol was a
competing reaction, resulting in higher conversion but lower
selectivity towards citral.

F lysts in
Z

Table 6
Catalytic activity of solid catalysts used in the Oppenauer oxidation of geran-
iol after 4 h

Catalyst (%) Conversion (%) Selectivity (%)

Zeolite beta (Si/Al 13.1) 28.4 0
Mg/Al hydrotalcite (Mg/Al 3) 29.0 92.2
�-Al2O3 59.9 96.5
Na–Al2O3 52.3 100
Zr(OR)x/SiO2 77.6 100
Zr(OR)x/MCM41 79.3 87.8
Zr(OR)x/AlMCM 88.0 32.9

Catalyst weight: 250 mg.

3.3.5. Catalytic activity of other solid catalysts
Table 6compares the activity and selectivity of several

solid catalysts in the Oppenauer oxidation of geraniol to cit-
ral. Although zeolite beta was reported to be very efficient
in the Oppenauer oxidation of 4-tert-butylcyclohexanol (cis-
andtrans-) to the corresponding ketone[16], it was found in
this study that it could not efficiently catalyse the Oppenauer
oxidation of geraniol to citral. The conversion was 28.4% af-
ter 4 h but no citral was formed over zeolite beta (Si/Al 13.1).
Instead, over this acidic catalyst, the main products were the
isomeric alcohols of geraniol and dehydration products of
geraniol and its isomers.

Calcined layered double hydroxides (LDHs) were
reported to be active in the hydrogenation of citral[21].
However, this study showed that it is less active in the re-
verse Oppenauer oxidation of geraniol. Hydrous zirconia and
grafted zirconium propoxide catalysts were more active than
the Mg/Al hydrotalcite (Table 6). The activity over Mg/Al
hydrotalcite (Mg/Al 3) was rather limited with 29.0% conver-
sion of geraniol and 92% selectivity to citral after 4 h reaction.

Over�-Al2O3, a 60% conversion and a selectivity of 96%
to citral were achieved after 4 h reaction. NaOH-impregnated
�-Al2O3, Na–Al2O3, had a slightly lower conversion of
52% but a selectivity of 100% towards citral. This may be
ig. 5. Selectivity to citral for grafted zirconium 1-propoxide cata
r(OR)x/AlMCM. Catalyst weight: 250 mg.
oxidation of geraniol (�) Zr(OR)x/SiO2, (�) Zr(OR)x/MCM41 and (�)
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Table 7
Catalytic activity for Oppenauer oxidation of 4-tert-butylcyclohexanol over
different catalysts by using acetone and furfural as the oxidant

Catalyst Conversion (selectivity) (%)

Acetone Furfural

1 h 24 h 1 h 24 h

Zeolite beta-13.1 2.80 (100) 9.43 (100) 5.57 (100) 23.6 (100)
ZrO2–1.2Si–300 1.60 (100) 7.61 (100) 25.1 (100) 60.9 (100)
Zr(OR)x/SiO2 1.10 (100) 3.82 (100) 31.6 (100) 43.4 (100)

Catalyst weight: 100 mg.

explained by the removal of the acidic sites responsible for
the dehydration side reactions when the�-Al2O3 was treated
by NaOH solution.

3.4. Oppenauer oxidation of 4-tert-butylcyclohexanol to
4-tert-butylcyclohexanone

The oxidation of 4-tert-butylcyclohexanol (cis- and
trans-) was studied over three catalysts—zeolite beta (Si/Al
13.1), ZrO2–1.2Si–300 and Zr(OR)x/SiO2. Both acetone and
furfural were used as the oxidant (Table 7). A much higher
conversion of 4-tert-butylcylcohexanol was obtained with
furfural than acetone. This is not surprising, as the reaction
temperature was higher when furfural was used instead of
acetone. In addition, the oxidation potential of furfural is
higher than that of acetone[1]. Both hydrous zirconia and
Zr(OR)x/SiO2 were more active than zeolite beta. For the
three catalysts, only 4-tert-butylcyclohexanone was formed.

4. Discussion

For Oppenauer oxidation in this work, the decrease in
the activity of hydrous zirconia with calcination tempera-
ture suggests that the hydroxyl groups are important in the
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temperature, as compared to the Si-containing catalysts. Our
previous work had showed that the incorporation of Si in
hydrous zirconia, even at low concentration, is able to stabi-
lize the surface area relative to the Si-free hydrous zirconia
[17].

As demonstrated in the Oppenauer oxidation of both cin-
namyl alcohol and geraniol, hydrous zirconia catalysts with
higher Si contents are more active (Fig. 1, Tables 4 and 5),
especially for catalysts calcined at high temperature (e.g.
500◦C). This can be attributed to the higher surface area (i.e.
higher accessible surface hydroxyl binding sites) associated
with the catalysts with higher Si content (Table 1).

The oxidation of allylic alcohols (cinnamyl alcohol and
geraniol) was more facile than aliphatic alcohol (4-tert-
butylcyclohexanol). The presence of a double bond adjacent
to the hydroxyl group facilitates the formation of the alkox-
ide species with the surface hydroxyl groups because of the
effect of electron delocalization.

The influence of the oxidant is also important. Furfural
has an aromatic five-membered ring. It is less bulky than
an aromatic six-membered ring as found in benzaldehyde.
The bulky group in benzaldehyde is likely to hinder the for-
mation of the six-membered transition state in the hydride
transfer, as compared to furfural. Acetone showed rather low
activity and this may be attributed to the rather low reac-
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Different solid catalysts had been used for the Oppen
xidation of a variety of alcohols, especially primary al
ols[5–14]. Kuno et al.[6,7] used hydrous zirconia prepar

rom the precipitation method for the reaction. Howeve
ompared to our thermally-stable and high surface are
rous zirconia which was incorporated with a small amo
f Si, our catalytic results are better. The catalytic activit
i-free hydrous zirconia in our work is comparable to tha
uno’s report. Another difference is that we used furfu
relatively lower-boiling-point oxidant, for the reactio

lthough furfural had been found efficient for Oppena
xidation in homogeneous catalytic systems[3], it is only
ccasionally used in heterogeneous catalytic system[6,13].
e believe that the use of furfural as oxidant in hydr

irconia-catalysed systems facilitates the products sepa
nd makes the Oppenauer oxidation amenable to sca
hen compared with the calcined layered double hydro

atalysts, our hydrous zirconia is easy to prepare and
le. As showed in Rao’s report[10], the ratio of Mg/Al in
alcined layered double hydroxides had to be adjusted
ully; in addition, the preparation and recycling procedu
re somewhat tedious. With respect to Al2O3 catalyst[12],
e found that a much larger amount of it had to be used fo

eaction. Choplin and co-workers[13,14]demonstrated th
he silica anchored mononuclear (tris)isopropoxyzircon

SiO)Zr(Oi Pr)3, is an efficient catalyst for the Oppena
xidation of alcohols, and this grafted catalyst is very s

ar to our grafted zirconium 1-propoxide catalysts on s
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gel and pure-silica MCM-41. Through our work, we found
that the supports used for grafting had great influence on the
catalytic activity and especially the selectivity towards the
desired aldehyde product. When pure siliceous supports, e.g.
silica gel and pure-silica MCM-41, are used, the selectiv-
ity to the aldehyde products are much higher than that when
acidic AlMCM support was used. Although zeolite beta had
been reported to be efficient in the Oppenauer oxidation of
4-tert-butylcyclohexanol[16], we found that catalytic activ-
ity and selectivity of zeolite beta for Oppenauer oxidation
are highly reactant-dependent. For instance, it is not efficient
for the Oppenauer oxidation of cinnamyl alcohol (data not
showed) and geraniol. For geraniol oxidation, although mod-
erate conversion was measured, no any desired citral product
was obtained, with all the consumed geraniol converting into
side-products. By contrast, hydrous zirconia used in this work
is applicable to a variety of alcohol substrates, including pri-
mary and secondary alcohols, allylic and aliphatic alcohols,
etc.

5. Conclusions

Furfural was found to be an efficient oxidant in the
Oppenauer oxidation of cinnamyl alcohol, geraniol and
4 nia
c
z re
a over
a ium
1 n of
t
z rate
c tion
o e.g.
l ite,
A face
a ctive
t asy
t ohol
s
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