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Abstract

The preparation of a series of niobium-basedaerogel samples under acidic and basic conditions is reported. The effect of the matrix (SiO2,
Al2O3, ZrO2) and of the gelation conditions (acidic or basic) on the surface area, the porosity, and the catalytic activity of the soli
oxidation of different substrates with hydrogen peroxide is investigated. The amount of niobium is constant in all samples.

The oxidation of unsubstituted (cyclooctene) and substituted (geraniol, nerol, and trans-2-pentene-1-ol) olefins is studied. Th
are moderately active but produce epoxides in good yields. The latter are influenced by the matrix properties (surface acidity a
area). The preparation method makes it possible to prepare catalysts that are resistant to leaching and can be recycled several t
appreciable loss of activity.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The synthesis of transition metal-containing catalysts
tive in selective oxidation reactions is an area of grow
interest in catalysis. Titanium-based catalysts have bee
most successful and thoroughly studied systems that
proved stable and active in oxidation reactions with hyd
gen peroxide and alkyl hydroperoxides[1]. Recently other
metals with redox properties such as Zr[2], W [3,4], V [5],
and Mo [4] have been incorporated into mixed-metal o
ides and used in these catalytic reactions. Two fundam
requirements for good catalytic performance and high sta
ity are high dispersion of the catalytically active compon
within the matrix (site isolation) and stability to leaching[6].
Recently Ziolek et al. reported that Nb-containing molecu-
lar sieves can be as active and stable as V- and Ti-conta
homologues[7]. These authors found that niobium-bas

* Corresponding author. Fax +39 041 234 8517.
E-mail address: strukul@unive.it(G. Strukul).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.11.028
l

catalysts show potential applications in different reaction
such as NO decomposition, NO reduction, oligomerizat
oxidative dehydrogenation of alkanes, and the oxidatio
olefins with hydrogen peroxide. In these catalysts MCM
is most commonly used as a support. In this case, in
poration of Nb into the matrix framework determines
formation of defects that are important in the overall c
alytic behavior of these materials. To date, modification
the catalytic activity in oxidation reactions by niobium o
ides when these are incorporated into different matrixes ha
not been investigated in much detail.

In oxidation catalysts, such as VOx-based catalysts, th
support plays an important role in the performance of
catalyst[8]. The differences in behavior have been attribu
to modifications in the nature of the interaction with the s
port. Supported niobia catalysts dispersed on high-sur
area Al2O3, SiO2, ZrO2, and TiO2 have already shown sig
nificant activity in the selective catalytic reduction of NOx

with NH3, and Nb2O5–SiO2 exhibited good selectivity in th
oxidation of methanol to formaldehyde[9]. In this case, the
matrix exerted a strong influence on the acidity of the m

http://www.elsevier.com/locate/jcat
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rial and on the coordination geometry of the niobia surf
species[10].

Therefore, we thought it would be interesting to stu
the influence of the matrix in niobium-based mixed ox
catalysts for the oxidation of olefins with hydrogen pero
ide, a reaction that has not been considered in much d
in the past[7]. In this work we describe the preparation
aerogel techniques and the characterization of a series o
bia mixed oxides dispersed on SiO2, Al2O3, and ZrO2 and
their use as catalysts in the oxidation of simple (cycloocte
and functionalized (geraniol, nerol, andtrans-2-pentene-1
ol) olefins with hydrogen peroxide.

2. Experimental

2.1. Materials

The following metal alkoxides were used: tetrametho
silane (TMOS) (Aldrich), tributoxyaluminum, and tetr
propoxyzirconium (Fluka). Other starting materials we
niobium chloride (Aldrich); isopropanol, ethanol, and a
monia (BDH); and nitric acid and acetylacetone (Fluka). The
oxidant was 35% hydrogen peroxide (Fluka). Substrates
solvent (methanol) were purchased from Fluka. All che
icals were purum or puriss grade and were used with
further treatment.

2.2. Methods

BET surface areas and pore size were determined
N2 at 77 K on a Micromeritics ASAP 2000 apparatus. X-r
powder diffraction analysis was performed with an X’P
diffractometer operating with Cu-Kα Ni-filtered radiation,
a graphite monochromator, and a proportional counter w
a pulse height discriminator. The diffraction patterns w
measured step by step (0.05◦ in 2θ ).

GC-MS measurements were performed on a Hewl
Packard 5971 mass selective detector connected to a
lett–Packard 5890 II gas chromatograph.

2.3. Synthesis of Nb(OPr)5

Sodium (0.25 g) was dissolved in 50 ml of anhydro
isopropanol under a N2 atmosphere with vigorous stirring
When complete dissolution was attained, 0.586 g of Nb5
was added to the solution and the mixture was stirred
90 min. A clear solution of Nb(OPr)5 in isopropanol was
separate by centrifugation and brought to dryness in va
and the obtained solid was dissolved in 20 ml of isopropa

2.4. Preparation of aerogels under acid conditions

A modified niobium alkoxide precursor was synthesiz
according to the procedure reported in Ref.[11].
l

-

-

In a typical procedure, a solution of acetylacetone (acacH
45 µl),i-PrOH (3 ml), and Nb(OR)5 (1.97 ml acac/Nb(OR)5
2/1 molar ratio) was heated under reflux for 1 h under2

with stirring. The modified niobium precursor and the su
port precursor (TMOS 9.8 ml) were dissolved ini-PrOH
(10 ml). A hydrolyzing solution consisting of distilled wa
ter (6 ml) and nitric acid (0.27 ml) diluted ini-PrOH (6 ml)
was added dropwise to the alkoxide solution under vig
ous stirring. After 90 min, 40 mli-PrOH was introduced
into the system. The H2O/alkoxide/acid molar ratio obtaine
was 5:1:0.09. In the Si-containing sample no gelation
observed. The mixture was transferred to a stainless-stee
toclave for solvent evaporation.

In the synthesis of Al2O3- and ZrO2-based samples th
molar ratios of the different reagents (alkoxides, water,
propanol, and nitric acid) were kept constant and ident
to those reported above (Zr(O–i-Pr)4 14.4 ml; Al(O–Bu)3
20.1 ml), whereas differences in volume were compens
for with isopropanol. In these cases a large amount of a w
precipitate is formed with the addition of the hydrolizing
solution. The mixtures were transferred to a stainless-s
autoclave for solvent evaporation.

The samples prepared with this procedure are den
Nb2O5–SiO2(a), Nb2O5–Al2O3, and Nb2O5–ZrO2.

2.5. Preparation of the aerogel under basic conditions

Ethanol (25 ml) and 2.1 ml of NH3 were added to the
modified niobium precursor and TMOS (9.8 ml) soluti
under vigorous stirring. After 90 min, 60 mli-PrOH was
introduced to the system. Hydrolysis occurred within 5 m
The mixture was transferred to a stainless-steel autoclav
solvent evaporation.

The sample prepared with this procedure is deno
Nb2O5–SiO2(b).

2.6. Evaporation of the solvent

The conditions for obtaining a supercritical evaporat
of the solvent areVc = 48 ml, Pc = 48 atm,Tc = 235◦C.
The high-pressure system was flushed with N2, pressurized
to 7 atm, and heated at 240◦C. The autoclave was kept
a final temperature for 60 min to ensure complete ther
equilibration. The final pressure was about 80 atm. The p
sure was then released at constant temperature, and fi
the system was flushed with N2 and cooled down to room
temperature. All samples were calcined at 500◦C in air for
150 min (gas flow 30 ml/min; heating ramp 3◦C/min).

2.7. TPD of pyridine

The thermally programmed desorption (TPD) of pyrid
was employed for the determination of the acid sites[12].
A sample of the calcined catalyst (5 mg) was activated i
air flow (30 ml/min) at 500◦C for 60 min, cooled to RT
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and saturated for 5 min with a stream of pyridine co
ing from saturator kept at RT. The sample was then pu
with He (25 ml/min) at 100◦C. The temperature was coole
to 40◦C, and then the TPD was started (heating ra
10◦C/min, maximum temperature 400◦C). The desorption
of pyridine was monitored by a FID detector connected
line.

2.8. Catalytic oxidation procedures

Catalytic reactions were performed in 10-ml glass v
equipped with a condenser and a small magnetic bar.
catalyst (30 mg), substrate (2 mmol), solvent (metha
1 ml), and H2O2 (1 mmol) were placed in the vial und
N2 flow. The reaction vessels were sealed and place
an oil bath at constant temperature (70 and 90◦C), and an
external magnetic stirrer ensured agitation. At different
action times the vials were cooled to room temperature,
the corresponding reaction mixtures were analyzed by
Product identification was performed by GC-MS analy
and by comparison with authentic samples. Residual H2O2
was determined by iodometric titration.

3. Results and discussion

3.1. Preparation

To check the effect of the matrix on the behavior of n
bium in the oxidation reactions considered, matrixes w
different characteristics were chosen, namely, (i) SiO2, a
high-surface-area, relatively inert material, prepared bot
under acid and basic conditions; (ii) Al2O3, a medium-
surface-area material with amphoteric properties[13], gen-
erally capable of interacting with the active phase; (iii) ZrO2,
a transition-metal oxide, generally of medium-low surfa
area. Since all of the prepared mixed oxides were made o
ements of different valences,acidic properties were expecte
in all samples.
All aerogels were prepared via sol–gel methods. Un
the conditions reported in Section2, gelation for the Nb2O5–
SiO2(b) sample, which was synthesized under basic co
tions, occurs in 4–5 min, and a colorless gel is obtain
The homologous sample obtained under acidic condition
did not show any apparent gelation. In this case, the su
critical evaporation of the solvent is a fundamental step
obtaining a transparent gel. In the case of the Al2O3- and
ZrO2-based samples, the acidic conditions led to the for
tion of a large amount of white gel with the addition of t
hydrolyzing solution.

All gels were aged in air for 20 h. They were sub
quently dried in an autoclave. Finally, samples were calc
at 500◦C for 150 min in air flow. They all contained 0.5
Nb.

3.2. Characterization

X-ray powder diffraction (Fig. 1A) analysis of the differ-
ent catalysts indicated no niobia was detected in any samp
which is a reasonable indication that no Nb2O5 segregation
occurs during the preparation procedure and Nb is well
persed in the respective oxide matrix[14]. Fig. 1A shows
the typical X-ray diffraction patterns of amorphous SiO2 and
indicates the presence of the typical features ofγ -Al2O3
and tetragonal/monoclinic ZrO2. In principle, the low Nb
amount (0.5 wt%) is not a limitation to detection, since
XRD pattern (Fig. 1B) of a 0.5 wt% Nb-containing mecha
ical mixture of Nb2O5 in silica shows clearly the two mo
intense peaks at 22.76 and 36.67 typical of hexagonal ni

Surface area and pore size distribution were determine
from N2 adsorption/desorption isotherms; some typical o
are shown inFig. 2A. A summary of the morphologica
properties of the different samples is given inTable 1.

In general, the aerogels showed a type III isotherm w
a type H1 desorption hysteresis loop[15]. Table 1 indi-
cates that relatively large surface areas can be obtaine
all samples as a consequence of the aerogel prepar
method. As expected, the surface area is larger for the S2-
g
Fig. 1. (A) Powder X-ray diffraction analysis of the different Nb containing catalysts. (B) Comparison between Nb2O5–SiO2(b) and a 0.5 wt% Nb containin
mechanical mixture of Nb2O5 in silica showing the two most intense peaks at 22.76 and 36.67 typical of hexagonal niobia.
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Fig. 2. (A) BET adsorption isotherms and (B), BJH poresize distribution of the different Nb containing catalysts. In both cases the zirconia containing sample
refers to they axis on the right hand side.
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Table 1
Morphological properties of the different niobium containing samples

Sample Surface area
BET (m2/g)

Pore distribution
maxima (nm)

Pore volume
(ml/g)

Nb2O5–SiO2(a) 940 35 5.04
Nb2O5–SiO2(b) 916 19 3.24
Nb2O5–Al2O3 197 36 1.54
Nb2O5–ZrO2 133 4, 32a 0.33

a Bimodal distribution.

based catalysts and decreases in the order Nb2O5–SiO2(a)
∼ Nb2O5–SiO2(b) > Nb2O5–Al2O3 > Nb2O5–ZrO2. The
pore size distribution, derived from the desorption bra
of the isotherm, shows a large, unimodal distribution
the range of large mesopores (maxima in the 18–36
range) for all samples. The only exception is Nb2O5–ZrO2
(Fig. 2B), for which a bimodal distribution is observed (ma
ima at 4 nm and at 32 nm). For this sample a double h
teresis loop is quite evident inFig. 2A. The pore volume
increased in the order Nb2O5–SiO2(a)> Nb2O5–SiO2(b) �
Nb2O5–Al2O3 > Nb2O5–ZrO2.

3.3. Acidity measurements

A general characterization of the acidity properties of the
catalyst surface was made by pyridine desorption.Fig. 3
shows the pyridine TPD profiles of the different catalys
from which the presence of different amounts and differ
types of acid sites can be inferred. As can be seen, two b
are evident in all samples. A deconvolution of the differ
curves made it possible to resolve the different compone
a low-temperature one at 160–170◦C, present in all samples
indicative of relatively weak acid sites; another one at 2
210◦C, present only in the silica-based samples, indica
of medium acid sites; and finally one at 280–290◦C, present
in Nb2O5–Al2O3 and Nb2O5–ZrO2, indicative of stronger
acid sites. The relative amounts of the total acid sites
s

Fig. 3. Pyridine TPD profiles of the different Nb containing catalysts.

Table 2
Acid site dosage determined by pyridine TPD experiments (Fig. 3)

Sample Pyridine rel-
ative amount
(a.u.)

160◦C
acid sites
(a.u.)

200◦C
acid sites
(a.u.)

280◦C
acid sites
(a.u.)

Nb2O5–SiO2(a) 26 6 20
Nb2O5–SiO2(b) 52 33 19
Nb2O5–Al2O3 41 8 33
Nb2O5–ZrO2 100 3 97

the contribution of the individual components in the cata
samples are reported inTable 2. With respect to the tota
amount of pyridine adsorbed, the samples show the a
ity order Nb2O5–ZrO2 � Nb2O5–SiO2(b) > Nb2O5–Al2O3
> Nb2O5–SiO2(a), however, whereas the two silica-bas
samples possess only weak or moderate acid sites, in the
of Nb2O5–ZrO2 and Nb2O5–Al2O3 the acidity is mainly due
to strong sites (seeTable 2).
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Chart 1.

3.4. Oxidation of cyclooctene

The oxidation of cyclooctene (Chart 1) with 35% hydro-
gen peroxide was chosen as the reference reaction to
pare the behavior of the different catalysts. Cycloocten
an interesting test reagent because of the high stabilit
the corresponding epoxide. Reactions were carried out
methanol, a solvent that is commonly preferred for ind
trial applications, as it is cheap and completely miscib
with hydrogen peroxide. In a previous report on the ep
idation of cyclohexene, other authors[7,16] have found tha
the use of acetonitrile as the solvent is very important
maximizing selectivity for epoxide, whereas in methanol
reaction gave almost exclusively glycol. Indeed, acetonitrile
can add H2O2 under basic conditions to form peroxycarbo
imidic acid, which is able to convert alkenes into epoxi
without any catalyst[17], so its use may be misleading. O
the other hand, protic media, such as methanol, have
recognized to increase the electrophilicity of the metal cen
ter (hence its Lewis acidity) in, for example, Ti-containi
zeolites as catalysts[18]. For this reason and because of
results reported below, methanol was the solvent of cho

Some typical reaction profiles obtained with the indiv
ual catalysts are shown inFig. 4, and a summary of th
conversions of cyclooctene and hydrogen peroxide is g
in Table 3. Cyclooctene epoxide was the only product o
served. InTable 3, a comparison between methanol a
acetonitrile, made with the use of the two Nb2O5–SiO2 cata-
lysts, is also presented. As can be seen, the latter solven
poorer reaction medium, leading to lower epoxide formation
and higher hydrogen peroxide consumption.

Fig. 4shows that at 70◦C the reaction is virtually finishe
after about 150–200 min with all catalysts except Nb2O5–
SiO2(a), which is still active even after 300 min. Notab
the use of an identical amount of a homogeneous com
such as Nb(OPr)5, the precursor used for the preparation
the catalysts, seems to lead to a better conversion wit
spect to the mixed-oxide catalysts. This result was some
unexpected, as Ziolek and co-workers[7], in studying the
possible effect of Nb leaching from NbMCM-41, found th
-

n

a

-

Fig. 4. Conversion vs time plots of the epoxidation of cyclooctene w
hydrogen peroxide, using different Nb containing catalysts.

Table 3
Oxidation of cyclooctene with hydrogen peroxide catalyzed by differen
niobium containing catalystsa

Catalyst Temperature Conversion (%)

(◦C) Cyclooctene H2O2

Nb2O5–SiO2(a) 70 36 65
Nb2O5–SiO2(b) 70 31 66
Nb2O5–SiO2(a)b 70 10 85
Nb2O5–SiO2(b)b 70 16 85
Nb2O5–Al2O3 70 15 46
Nb2O5–ZrO2 70 8 100
Nb2O5–SiO2(a) 90 61 71
Nb2O5–SiO2(b) 90 25 93
Nb2O5–Al2O3 90 13 39
Nb2O5–ZrO2 90 8 95

a Experimental conditions: catalyst, 30 mg; substrate, 2 mmol; 3
H2O2, 1 mmol; reaction time, 5 h.

b Reactions carried out in acetonitrile instead of methanol.

Nb oxalate (i.e., the precursor used in their preparation)
completely inactive in the epoxidation of cyclohexene.
deed, Nb oxalate is a rather thermally unstable species
its formation as a leached species from NbMCM-41 calcined
at 550◦C seems unlikely under catalysis conditions; a s
vent (acetonitrile) or hydroxy species appears to be a m
likely form of dissolution of Nb.

Fig. 4 and Table 3 indicate that the two silica-base
samples are the best catalysts for the epoxidation reac
and zirconia is the worst support, as it leads to exten
decomposition of hydrogen peroxide with very little epox-
ide productivity, in agreement with some previous obse
tions [14]. The efficiency in the use of hydrogen peroxid
that is, the amount that goes into epoxide, is about 50%
less. To improve this efficiency we also tested a differ
way to feed the oxidant to the reaction mixture. As
plained in Section2, H2O2 is generally added to the syste
all in one shot. Parallel experiments were carried out w
Nb2O5–SiO2(a) and Nb2O5–SiO2(b), in which the amoun
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Table 4
Effect of the introduction of the oxidant in different aliquots on the conv
sions of cyclooctene and hydrogen peroxidea

Sample Reaction time
(h)

Cyclooctene
(%)

H2O2
(%)

Nb2O5–SiO2(a) 5 32 35
22 100 100

Nb2O5–SiO2(b) 5 35 65
22 62 100

a Experimental conditions: catalyst, 30 mg; substrate, 2 mmol; 3
H2O2 (total), 1 mmol; temperature, 70◦C.

of hydrogen peroxide was divided into nine aliquots t
were fed to the system every 30 min. This helps to k
the concentration of H2O2 in the system low and shoul
limit side decomposition reactions. The results of these
periments are collected inTable 4. As can be seen, onl
with Nb2O5–SiO2(a) does this stepwise mode of feedi
hydrogen peroxide lead to a significant improvement in
clooctene conversion and hydrogen peroxide efficiency.
tably, full conversion is observed after 22 h. Convers
a comparison betweenTables 4 and 3indicates that the us
of Nb2O5–SiO2(b) seems to be unaffected by the differe
H2O2 feeding procedure.

To improve the conversions the reaction temperature
increased to 90◦C. Again (Table 3), this seems to be bene
ficial only for Nb2O5–SiO2(a), which leads to an excellen
balance between the conversions of epoxide (61%) and
drogen peroxide (71%), indicating that only a small fract
of the latter is decomposed under the experimental co
tions used.

3.5. Catalyst recycling

Catalyst recycling tests were carried out for all samp
The oxidation of cyclooctene was tested with fresh samp
followed by a series of recycling with the solids isolated
filtration from the previous reaction mixture. The recove
solids were always dried for 20 h in the oven at 110◦C and
reused. After the third cycle the samples were calcined
500◦C. A summary of the results obtained in the differe
cycles is collected inTable 5. As can be seen, after fou
cycles there is no loss of activity (conversion) and the c
sumption of hydrogen peroxide remains the same. It m
be emphasized that the solutions separated from each
action mixture were completely inactive when fresh oxid
and substrate were added. In view of the good homogen
catalytic activity observed for Nb(OPr)5, this observation
strongly supports the heterogeneous character of the pr
catalysts.

Interestingly, in the case of Nb2O5–SiO2(a) the calcina-
tion at 500◦C after the third cycle leads to some improv
ment in both epoxide formation and hydrogen peroxide c
sumption.

In summary, after this series of experiments on the ep
idation of cyclooctene, Nb2O5–SiO2(a) appears to be th
-

s

t

Table 5
Effect of catalyst recycling in the oxidation of cyclooctene with hydroge
peroxide catalyzed by different niobium containing catalystsa

Recycle Catalyst Cyclooctene
conversion
(%)

Time
(min)

H2O2
conversion
(%)

Fresh Nb2O5–SiO2(a) 35 300 64
Nb2O5–SiO2(b) 31 255 66
Nb2O5–Al2O3 17 60 48
Nb2O5–ZrO2 7 30 100

1st Nb2O5–SiO2(a) 34 300 68
Nb2O5–SiO2(b) 36 240 60
Nb2O5–Al2O3 9 244 36
Nb2O5–ZrO2 11 40 100

2nd Nb2O5–SiO2(a) 39 300 65
Nb2O5–SiO2(b) 34 227 64
Nb2O5–Al2O3 8 200 36
Nb2O5–ZrO2 10 30 100

3rd after
calcination
at 500◦C

Nb2O5–SiO2(a) 46 265 60
Nb2O5–SiO2(b) 35 254 62
Nb2O5–Al2O3 9 208 35

a Experimental conditions: catalyst, 30 mg; substrate, 2 mmol; 3
H2O2, 1 mmol; temperature, 70◦C; reaction time, 5 h.

most interesting catalyst in terms of both activity and se
tivity for the use of hydrogen peroxide and thepossibility of
recycling.

3.6. Oxidation of allylic alcohols

The oxidation of cyclooctene, in view of the stability
the corresponding epoxide, does not allow us to addres
lectivity issues related to the different acidities of the ca
lysts. For this reason three allylic alcohols, namely geran
nerol, andtrans-2-penten-1-ol (seeChart 1), were tested in
the oxidation with hydrogen peroxide. Geraniol and ne
show interesting properties, as they have two different d
ble bonds: one is in the allylic position with respect to
–OH group, and the other one (the 6–7 double bond
isolated. In principle, different epoxidation products can
observed, all giving the corresponding diols upon hydro
sis. In all cases we have observed only the oxidation of
2–3 double bond with the formation of the correspond
epoxyalcohol, and the subsequent ring opening due to
drolysis and formation of the corresponding diol (actua
a triol). This behavior is typical for tungsten and titanium
chemistry[19,20], where the –OH functionality is known t
coordinate to the transition metal center and olefin epoxida
tion occurs preferentially at the allylic position.

The reaction was carried out in the presence of meth
as the solvent and in the same conditions as used fo
epoxidation of cyclooctene.Fig. 5shows the profiles of con
version (A) and selectivity (B) versus time in the oxidati
of geraniol. As can be seen, silica-based catalysts (Fig. 5A)
show much better activity with respect to Nb2O5–Al2O3
and Nb2O5–ZrO2. In particular, the catalyst giving the be
performance is Nb2O5–SiO2(b), in terms of both activity
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Fig. 5. (A) conversion vs time plots and (B), selectivity to epoxide vs time plots for the oxidation of geraniol using different Nb containing catalysts.
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and selectivity. The latter parameter refers to epoxide ve
diol, as no other oxidation products were observed.Fig. 5B
clearly indicates that the two silica-based samples mainta
100% selectivity for epoxide for about 50–100 min, then
the concentration of epoxide in the system increases, th
lectivity decreases with the formation of diols. In the ca
of Nb2O5–SiO2(b) it remains relatively stable in the ran
of 85–90%, whereas with Nb2O5–SiO2(a) it drops quite sig
nificantly to less than 60%. The case of Nb2O5–Al2O3 and
Nb2O5–ZrO2 is quite different. Their conversions are po
and their selectivities for epoxide drop dramatically fro
the beginning of the reaction. In particular, in the case
Nb2O5–ZrO2 the selectivity for epoxide drops to a poor 20
after a reaction time of 5 h. This behavior, on the one ha
reflects the high content of strong acid sites evidence
pyridine desorption (Table 2) observed with alumina and zi
conia supports, but on the other hand it seems to sugges
hydrolysis occurs on the silica-supported samples with a
ferent mechanism with respect to the alumina/zirconia s
ples. We tentatively suggest that with the former supp
the epoxide is probably rapidly desorbed and is hydroly
by readsorption on the acid sites, only after a certain c
centration is established in solution (approximately 25–3
conversion). With the latter supports hydrolysis probably
curs mainly on site without desorption of the epoxide.

The general trend that emerges fromFig. 5B is that all
acid sites are capable of hydrolyzing the oxirane ring; h
ever, weak or medium-strength acid sites make it possib
maintain a fair selectivity for epoxide.

A summary of the results obtained with the different s
strates is reported inTable 6. Again, selectivity refers to
epoxide versus diol, as no other oxidation products w
observed. The general observations on the activity obta
from Fig. 5A for geraniol apply to all substrates report
(see inFig. 6A the conversion versus time curves for nero
Indeed, with trans-2-penten-1-ol both Nb2O5–Al2O3 and
Nb2O5–ZrO2 were found to be inactive. What is intrigu
ing is the selectivity observed with the different cataly
in the case of nerol (Fig. 6B). With this substrate, the se
-

t

Table 6
Oxidation of different allylic alcohols with hydrogen peroxide catalyzed
different niobium containing catalystsa

Substrate Sample Substrate
conversion
(%)

Epoxide
selectivity
(%)

H2O2
conversion
(%)

Geraniol Nb2O5–SiO2(a) 44 58 90
Nb2O5–SiO2(b) 50 83 95
Nb2O5–Al2O3 12 45 65
Nb2O5–ZrO2 21 22 95

Nerol Nb2O5–SiO2(a) 46 86 93
Nb2O5–SiO2(b) 65 83 100
Nb2O5–Al2O3 20 77 40
Nb2O5–ZrO2 11 70 100

trans-2- Nb2O5–SiO2(a) 36 84 60
Penten-1-ol Nb2O5–SiO2(b) 39 95 85

Nb2O5–Al2O3 0 45
Nb2O5–ZrO2 0 95

a Experimental conditions: catalyst, 30 mg; substrate, 2 mmol; 3
H2O2, 1 mmol; temperature, 70◦C; reaction time, 5 h.

lectivity ranking is approximately the same as with ger
iol. However the selectivities are in general much be
and all catalysts seem to follow an epoxide desorpti
readsorption mechanism prior to hydrolysis. The differe
between strong and weak acid sites that seemed to justif
results obtained with geraniol appears to be more elusiv
this case.

3.7. Stereochemical and mechanistic considerations

The reason for this different behavior relies most likely
the different geometries of the two epoxides. In fact, sim
to what was observed with previously reported WO3–SiO2
mixed oxide catalysts[20], these epoxidation reactions a
stereoselective, inthe sense that thetrans olefin (geraniol)
gives thetrans epoxide, whereas thecis olefin (nerol) gives
the cis epoxide. The latter is sterically more hindered th
the former, and this might explain why it desorbs m
quickly from the active site.
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Fig. 6. (A) conversion vs time plots and (B), selectivity to epoxide vs time plots for the oxidation of nerol using different Nb containing catalysts.
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Scheme 1.

The oxidation occurring exclusively at the allylic C=C
double bond observed with the present catalysts, the ste
chemical correlation between allylic alcohols and epoxid
and the possibility of catalyst recycling reported inTable 5
seem to suggest for the oxygen transfer step a mecha
similar to the one suggested by Kumar et al.[20] for the
epoxidation of geraniol with hydrogen peroxide catalyz
by TS-1, shown inScheme 1. The mechanism is very sim
ilar to the classic one suggested by Sharpless for sol
species[21] and consists of (i) the activation of the oxida
at the metal center, (ii) the pivotal role of the allylic alc
holic function in bringing the C=C double bond close to th
peroxy oxygen, and (iii) the concerted transfer of oxygen
the so-called butterfly transition state, which is respons
for the stereochemistry of the epoxide.

4. Conclusions

The results reported in this work clearly show that aero
preparation methods are a viable way to prepare large-
niobia mixed oxides dispersed on different supports w
controlled morphological properties. These samples are
-

deed effective catalysts for theselective oxidation of simple
olefins and allylic alcohols with hydrogen peroxide to g
the corresponding epoxides. Reactions can be convenient
carried out in solvents such as methanol, and this ma
attractive for practical use.

The major effect exerted by the different oxides wh
mixed with niobia is the generation of acid sites of diffe
ent strengths that can have a major influence on the activity
and selectivity toward the different substrates and on the
composition of the oxidant and hence on the efficiency w
which the latter is employed in the reaction. In this resp
the mode of feeding hydrogen peroxide to the system
have a strong influence. In fact, a stepwise addition can
to 100% efficiency. Silica-based catalysts are by far the m
active and selective.

Catalysts can be recycled several times with no los
activity and some benefits with respect to epoxide selec
ity. These properties are related to the preparation met
which allows the formation of amorphous Nb2O5 entities
that are well dispersed and tightly held within the matr
This ensures the formation of materials that are very stab
against leaching and sintering under catalytic conditions.

Finally, in the case of allylic alcohols, the regioselectiv
of the reaction and the stereochemical correlation betw
the substrate and the product obtained make it possib
suggest an oxygen transfer pathway that is very simila
what has been known for more than 30 years from homo
neous catalysis.
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