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Abstract

The rearrangement of isophorone oxide over Al-MCM-41-type mesostructured catalysts with different Si/Al molar ratios was investigated
The main rearrangement products were theα-diketone and the keto aldehyde, whereas the product coming from the decarbonylation of th
was detected in minor amounts. The textural properties and the number of acid sites of Al-MCM-41 materials influence the extent of is
oxide rearrangement reaction. The best catalytic performance in terms of epoxide conversion was obtained for a catalyst with a molar/Al ratio
around 40 due to the proper contribution of acid site concentration and pore size. However, irrespective of the aluminium content of th
and the reaction temperature, the selectivity to the desired keto aldehyde was around 80%. Al-MCM-41 materials are superior catalyst
with zeolites in terms of both activity and aldehyde selectivity. Because of their large pore size, using Al-containing mesostructured m
catalysts in isophorone oxide rearrangement avoids the diffusional problems present in zeolites.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The catalytic rearrangement of epoxides, leading to
ful intermediates in organic syntheses, has been widely s
ied over both homogeneous and heterogeneous catalysts[1,2].
Acidic activation of epoxides for ring-opening reactions le
ing to aldehydes, ketones, ethers, or alcohols can be ach
either by Brönsted acid catalysts via addition of a proton to
epoxide oxygen or by Lewis acid catalysts via coordination
the epoxide oxygen to a multivalent cation[3]. Using zeolitic
materials as catalysts for the epoxide rearrangement reac
has the advantage of a well-defined pore system compared
homogeneous systems or other heterogeneous catalysts, s
metal oxides (e.g., silica and alumina), metal sulfates, or pre
itated phosphates[4]. Indeed, zeolites in their proton form (e.g
ZSM-5), as well as the weakly Lewis-acidic titanium contain
zeolites (e.g., TS-1 and Ti-Beta), have been found to cata
this type of reaction[5].

* Corresponding author. Fax: +34 91 488 70 68.
E-mail address: juan.melero@urjc.es(J.A. Melero).
0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
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Cyclic α,β-epoxy ketones are interesting intermediates
organic synthesis, because they are very reactive compo
Several products resulting from the rearrangement of s
epoxides are valuable raw materials for the preparation of
fumes, synthetic food flavorings, and pharmaceuticals[6,7].
The rearrangement ofα,β-epoxy ketones was originally in
vestigated by House et al. using homogeneous Lewis acid
catalysts[8]. The cyclicα,β-epoxy ketones are rearranged v
an intramolecular reaction to aldehydes and diones using b
trifluoride etherate as a homogeneous catalyst. In the pres
of Lewis acids, the oxirane ring is cleaved at theβ-carbon atom,
as depicted inScheme 1. Cleavage at theα-carbon is energeti
cally unfavourable, because it generates partial positive cha
on adjacent atoms[9]. Cleavage is followed by acyl migra
tion (route A) or hydrogen migration (route B). Acyl migratio
results in ring contraction to yield the aldehyde, a reaction p
way favoured over hydrogen migration when BF3 ·EtO2 is used
as catalyst, particularly if an additional substituent is prese
theβ-position[10].

Heterogeneous catalysts have scarcely been used in th
arrangement ofα,β-epoxy ketones, despite their advantage
terms of ease of recovery and recycling. Rao and Rao s

http://www.elsevier.com/locate/jcat
mailto:juan.melero@urjc.es
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Scheme 1. Lewis acid-catalysed rearrangement of a cyclicα,β-epoxy ketone.
(A) Acyl migration, (B) hydrogen migration.

ied the rearrangement of highly active chalcone oxides to
diphenylpropane-1,2-diones at room temperature using s
gel as a catalyst[11]. Meyer et al. reported liquid- and vapou
phase rearrangement of isophorone oxide with high yields
to 80%) to keto aldehyde over zeolitic materials[12]. Recently,
Elings et al. [13] investigated the rearrangement of vario
cyclic α,β-epoxy ketones (i.e., isophorone oxide, 2,3-epoxy
methylcyclohexan-1-one, and pulegone oxide) with the us
solid acid catalysts, including silica, zeolites, and clays, a
alternative to the classical homogeneous BF3 · Et2O system.

Zeolites are microporous materials of limited pore size, p
ducing a strong diffusional hindrance for both reactants
products and thus rapid deactivation. Therefore, in the p
ence of bulky compounds, the activity of zeolites is restric
to active sites located on the external surface. In this con
compared with zeolites, the mesoporous MCM-41 mater
discovered by researchers at Mobil Oil Company[14] may be
convenient catalysts in processes involving high-volume m
cules, because they have high surface areas and large mes
diameters. Indeed, the incorporation of Al atoms into the w
turned these materials into solids with acid sites of med
strength, with potential applications for the catalytic convers
of bulky molecules[15,16]. Moreover, these catalysts can
synthesized over a wide range of Si/Al ratios, making it possi-
ble to modify and adjust their acidic properties.

Recently, Al-containing MCM-41 materials were reported
be more effective than zeolites and other mesoporous cata
for both liquid- and vapour-phase Beckmann rearrangeme
cyclohexanone oxime[17,18]. Although works dealing with the
use of solid acids in Claisen rearrangement are rather sc
Mathew et al. reported the use of Al-MCM-41 with differe
Si/Al ratios in the rearrangement of allyl phenyl ether a
observed a close relationship between acidity and conve
[19]. Moreover,α-pinene oxide rearrangement to camphole
aldehyde in liquid phase over Al-MCM-41-type mesostructu
materials has been documented[20]. In this work high conver-
sion was observed in comparison with other catalysts, suc
SiO2, B2O3/SiO2, and ZnCl2, but selectivity was dependent o
the aluminium content, varying from 49 to 66%.

We recently studied the catalytic rearrangement of 1
epoxyoctane in liquid phase over different solid catalysts w
various acid properties and structural features, including div
zeolites and mesostructured materials[21,22]. The mesoporou
materials presented much higher activities per active site c
pared with the zeolitic materials, probably due to their lar
pore sizes. This previous work prompted us to apply Al-MC
41-type mesostructured materials as catalysts in the rearra
ment of epoxides of varying natures with applications to fi
chemistry. In the present paper we report for the first time
-
a

p

-
f
n

-
d
-

t,
s

-
ore

ts
f

e,

n

as

-

e

-
r

e-

e

catalytic performance of Al-MCM-41 materials with differe
Si/Al molar ratios on the liquid-phase isophorone oxide
arrangement.

2. Experimental

2.1. Synthesis and characterization of catalysts

Al-containing MCM-41-type catalysts with Si/Al ratios of
5–100 were prepared in our laboratory according to a
gel procedure at room temperature described previously[23].
Two solutions were prepared under gentle stirring: solution
formed by 20 g of tetraethylorthosilicate (TEOS; Alfa) a
aluminium isopropoxide (AIP; Aldrich; from 0.2 to 3.9 g d
pending on the initial Si/Al molar ratio in the synthesis gel
and solution B, formed by 36.5 g of hexadecyltrimethylamm
nium chloride (CTACl; Aldrich) and 6.6 g of hydrogen chlorid
Once these solutions were perfectly homogenised, solutio
was added to solution B, and the mixture was kept under
ring at room temperature for 75 min. Thereafter, 54 g of a 2 w
aqueous ammonia solution was added dropwise and stirre
1 h. The obtained sample was filtered, washed with deioniz
water, and dried at 110◦C for 12 h. The final product was ob
tained by calcination in static air at 550◦C for 12 h.

The catalytic samples synthesised were characterized b
ferent techniques. Mesoscopic ordering was checked thro
X-ray diffraction (XRD) patterns acquired with a Philip
X ′PERT MPD diffractometer using Cu-Kα radiation. Typically,
the data were collected from 0.6◦ to 10◦ (2θ), with a resolu-
tion of 0.02◦. The Si/Al atomic ratio of the calcined sample
was obtained by inductively coupled plasma–atomic emis
spectroscopy with a VARIAN VISTA-AX apparatus. Textur
properties of catalysts were determined by means of nitro
adsorption–desorption isotherms at 77 K with a Micromeri
ASAP 2010 porosimeter after outgassing of the calcined s
ples under vacuum at 200◦C for 5 h. The surface areas we
obtained according to the BET equation, whereas the pore
distribution in the mesopore region was determined by appl
the BJH method to the adsorption branch of the isotherm.
total pore volume was calculated from the nitrogen adsorp
atp/p0 = 0.99.

The coordination of aluminium atoms in the framework
the solids was checked by27Al-MAS-NMR spectra of the cal-
cined samples. The spectra were recorded at 104.26 MH
a VARIAN Infinity 400 spectrometer at spinning frequen
of 4 KHz. Intervals of 30 s between successive accu
lations were selected. The external standard reference
[Al(H2O)6

+3], and all measurements were carried out at ro
temperature. Catalyst acidity was determined by amm
temperature-programmed desorption (TPD) in a Microme
ics 2910 (TPD/TPR) equipment. Previously, the samples w
outgassed under a helium flow (50 Nml min−1) at a heating
rate of 15◦C min−1 up to 560◦C and kept at this tempera
ture for 30 min. After cooling to 180◦C, an ammonia flow
of 35 Nml min−1 was passed through the sample for 30 m
The physisorbed ammonia was removed by flowing hel
at 180◦C for 90 min. The desorption of the chemically a



124 R. van Grieken et al. / Journal of Catalysis 236 (2005) 122–128

wa

am
.

con
au

vid
cto
d
ero
s t
Th
o

in
rie

00
P

n
as
0)

Al
in

ola
the
tion

us

rom
e-
stion
rally
ate-

Al
. In

a-

lly

olar
tion
dral

e that
lls
ture

-
m

r
ved
ved,
rger
e a
a-

K
3),
Al-
the
te-
sorbed ammonia was monitored while the temperature
increased up to 560◦C at a rate of 15◦C min−1 and maintained
for 30 min. The ammonia concentration in the effluent stre
was measured by means of a thermal conductivity detector

2.2. Catalytic experiments

The catalytic experiments were carried out at 80◦C in a
0.1-L stirred batch autoclave, equipped with a temperature
troller and a pressure gauge under stirring (550 rpm) and
togenous pressure. This experimental setup was also pro
with a device to feed the epoxide into the Teflon-lined rea
once the reaction temperature was reached. The solvent an
catalyst are initially placed in the Teflon-lined reactor. The z
time of the reaction is taken when the temperature reache
setpoint value and the epoxide is loaded into the reactor.
composition of the reaction mixture was as follows: 1.25 g
isophorone oxide, 50 g of toluene (water content<0.03 wt%)
and 0.1 g of catalyst. Toluene was stored with zeolite A to m
imise its water content. The catalyst, prior reaction, was d
overnight at 140◦C to remove adsorbed water.

The reaction products were analyzed with a VARIAN 38
gas chromatograph equipped with a capillary column (H
FFAP) with dimensions 60×0.32 mm, using a flame ionizatio
detector. Identification of the different reaction products w
performed by mass spectrometry (VARIAN SATURN 200
using standard compounds.

3. Results and discussion

3.1. Catalyst properties

The main physicochemical and textural properties of the
MCM-41 materials prepared in this work are summarized
Table 1. Chemical analysis of calcined samples yielded m
Si/Al ratios higher than those present in the starting syn
sis mixture, although the degree of aluminium incorpora

Table 1
Physicochemical properties of the Al-MCM-41 type catalysts

Catalysts Al-MCM-41
(1)

Al-MCM-41
(2)

Al-MCM-41
(3)

Si/Al (starting composition) 5 20 100
Si/Al (calcined sample) 14 38 114
DBJH (nm)a <2.0 2.3 2.5
Dp (nm)b 1.9 3.0 3.1
Surface area (m2 g−1) 720 1049 1115
Pore volume (cm3 g−1)c 0.34 0.78 0.87
Acidity (mmol g−1)d 0.52 0.23 0.11
Tmaximum(◦C)d 266 268 270
Al (mmolAl g−1)e 1.15 0.43 0.15

a Maximum pore size distribution calculated from the adsorption branch
ing the BJH method.

b Pore diameter calculated assuming cylindrical geometry asDp (nm)= 4×
pore volume (cm3 g−1)/surface area (m2 g−1) × 1000.

c Total pore volume measured atP/P0 = 0.99.
d Calculated from ammonia TPD measurements.
e Total aluminium species per g of calcined sample.
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Fig. 1.27Al MAS-NMR spectra of calcined samples.

was enhanced at low Al content. Starting from a Si/Al mo-
lar ratio of 100, the incorporation was ca. 90%, whereas f
initial Si/Al molar ratios of 5 and 20, the incorporation d
creased to ca. 37 and 50%, respectively. However, a que
to be considered is whether this aluminium was tetrahed
incorporated into the silica framework. As-synthesised m
rials exhibited a unique signal centred at 50 ppm in the27Al
MAS-NMR spectra, indicating a tetrahedral environment of
atoms regardless of their content in the synthesis medium
contrast,27Al MAS-NMR spectra of the samples after calcin
tion in air at 550◦C exhibited two clear peaks centred at∼0
and∼50 ppm originating from octahedrally and tetrahedra
coordinated aluminium species, respectively (Fig. 1). The rela-
tive proportion of octahedral aluminium increased as the m
Si/Al ratio of the catalyst decreased, although its contribu
was always clearly lower than that corresponding to tetrahe
aluminium for the three samples. These results demonstrat
the incorporation of aluminium atoms in MCM-41 silica wa
was hindered as the aluminium content in the synthesis mix
increased.

For all of the calcined samples, the XRD spectra inFig. 2
show solely a main peak in the range 2.7–3.5 nm (2θ =
3.29–2.49◦) corresponding to the d100 reflection of 2D hexag
onal symmetry with intensity varying slightly with aluminiu
content. In general, thed-spacing at 2θ ∼= 3◦ decreases with
increasing aluminium content (d = 3.5, 3.3, and 2.7 nm fo
Si/Al = 100, 20, and 5, respectively), and less well-resol
XRD patterns are obtained. Additional peaks are not obser
indicating the absence of long-range order. Therefore, la
amounts of aluminium incorporated in the pore walls caus
decrease in the long-range order in Al-containing MCM-41 m
terials[23].

Fig. 3 exhibits the nitrogen adsorption isotherms at 77
for the three calcined samples Al-MCM-41 (1), (2), and (
along with their respective pore size distributions. The
MCM-41 (2) and (3) samples have a type IV isotherm in
IUPAC classification, typical for mesoporous materials. No
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Fig. 2. XRD spectra of calcined samples.

worthy common features in the isotherms of both sam
are a mono-multilayer adsorption zone at low relative p
sure, a distinct jump of capillary condensation in mesopo
at P/P0 = 0.1–0.4, and an almost constant adsorption zo
at high relative pressures due to multilayer adsorption on
particle surface. The inflection point of these isotherms is s
ated atP/P0 ∼ 0.25, and the different stages are clearly se
rated. This is not the case with the adsorption isotherm for
Al-MCM-41 (1) sample, which does not show capillary co
densation in the mesopores, just mono-multilayer adsorptio
micropore filling. This isotherm can be classified as type I
lowing IUPAC criteria, which is typical for microporous mate
als. These types of isotherms have been previously reporte
MCM-41 materials with small pore sizes, synthesised thro
s
-
s

e
-
-
e

r

or
h

a sol–gel route based on the use of short-chain cationic su
tants[24]. The decrease in pore size at high Al content is
agreement with the reduction in thed-spacing observed in th
XRD spectra.

BET surface area, pore volume, and average pore
present a common trend, with a continuous increase
increasing molar Si/Al ratio (see Table 1). Thus the BET
surface area values increase from 720 to 1115 m2 g−1, pore
volume (measured atP/P0 = 0.99) increases from 0.34 t
0.87 cm3 g−1, and average pore size increases from<2.0 nm
to 2.5 nm. Therefore, the aluminium content has a strong in
ence on the textural properties of the material finally obtain
because it leads to a change from mesoporous materials
MCM-41 (3) and (2), to a microporous material (Dp < 2.0 nm)
in the case of the Al-MCM-41 (1) sample.

The acid properties of Al-MCM-41 samples were inves
gated by NH3 TPD analysis (Fig. 4); the results are reporte
in Table 1. As expected, the number of acid sites increa
with increasing aluminium content incorporated within t
mesoscopic structure. Nevertheless, a number of Al atom
mained inaccessible to ammonia molecules. This accessi
was clearly enhanced with lower Al content in the synthe
mixture, reaching the highest values for the material syn
sised with an initial molar ratio of 100. Chemical and N3
TPD analysis clearly indicate that low Al content in the sy
thesis mixture favours the incorporation and accessibility o
atoms in the mesoscopic structure. All samples demonstrat
presence of sites with medium acid strength, as indicated b
temperature maximum of ammonia desorption within the ra
266–270◦C. Regardless of their aluminium content, all of t
samples present acid sites of similar strength, at least bas
the data obtained from TPD measurements. Additionally, a
the samples also show one or two shoulders in the main s
at temperatures>450◦C, probably arising from dehydroxila
tion processes promoted at high temperatures.
Fig. 3. Nitrogen adsorption isotherms at 77 K and BJH pore size distributions (left top) of calcined samples.
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Fig. 4. NH3 TPD of calcined samples.

Scheme 2. Rearrangement of isophorone oxide (1) to 3,5,5-trimethyl-1,2-cyclo-
hexanedione (2) and 2-formyl-2,4,4-trimethylcyclopentanone (3) and subse-
quent deformylation of (3) to 2,4,4-trimethylcyclopentanone (4).

3.2. Catalytic epoxide rearrangement

Rearrangement of isophorone oxide (1) yields, as major
products,α-diketone (2) and keto aldehyde (3), whereas the
formation of (4) can be explained by deformylation of (3), as
depicted inScheme 2 [5]. From an industrial standpoint, th
desired compound is the keto aldehyde, an interesting i
mediate for the synthesis of other cyclopentanone deriva
with floral and fruity smells. The acid-catalysed reaction me
anism leading to the synthesis of keto aldehyde (2) has been
discussed for homogeneous catalysts[25]. Therefore, it is of
interest whether the product distribution changes in the p
ence of a heterogeneous catalyst system and also wheth
decarbonylation of the compound (3) to compound (4) can be
suppressed.

Fig. 5 shows the epoxide conversion results obtained o
the different Al-MCM-41 samples in the rearrangement
isophorone epoxide in liquid phase. Because some epo
may be isomerised thermally, a blank reaction in absence o
alyst was carried out; this yielded a negligible conversion un
the reaction conditions used in this work. However, when
MCM-41 materials were used as catalysts, epoxide conve
increased significantly with increasing reaction time. The h
est values were obtained over Al-MCM-41 (2) material (w
a molar Si/Al ratio of 38), for which the epoxide conversio
reached approximately 60% during the first 25 min of reac
and increased up to 90% in 2 h.
r-
s
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-
the

r

es
t-
r

n
-

Fig. 5. Epoxide conversion vs. reaction time in the isophorone oxide
arrangement over different Al-MCM-41 at 80◦C. (") Al-MCM-41 (1), (2) Al-
MCM-41 (2), (Q) Al-MCM-41 (3).

The low conversion observed with Al-MCM-41 (1) (mol
Si/Al ratio of 14;Dp < 2.0 nm) in comparison to that obtaine
with Al-MCM-41 (2) (Dp > 2.0 nm) is presumably due to it
lower average pore size, which hinders the accessibility of
epoxide to the active sites of the catalyst and the diffusio
products out of the pore system. The epoxide conversion va
obtained over Al-MCM-41 (3) catalyst (molar Si/Al ratio of
114;Dp > 2.0 nm) are noteworthy; greater values should h
been expected, considering the large pore diameter of this
terial. These results may be attributed to the lower alumin
content of this catalyst, leading to a decrease of the numb
active sites present on its surface. Consequently, the exte
isophorone oxide rearrangement reaction seems to be cl
influenced by textural properties as well as by the numbe
acid sites present in Al-MCM-41 materials used as catalyst
this sense, a Si/Al molar ratio of ca. 40 can be considered an o
timal aluminium content of the Al-MCM-41 catalyst, allowin
the proper combination of pore size and acid site concentra
to be attained.

For all the samples, a second reaction stage occurred
25 min of reaction, in which the reaction rate decreased.
may be attributed to the control of the reaction by the inte
diffusion of reactants and products within the mesoscopic c
nels. In any case, the effect of deactivation of the acid site
adsorption of organic compounds to explain the decrease
tivity obtained in this second stage should not be discoun
The high absolute epoxide conversion (ca. 60%) attained
Al-MCM-41 (2) after 25 min of reaction may also explain t
marked decrease in activity for this catalyst as a consequ
of the substrate disappearance.

Fig. 6 shows the molar product distribution obtained
isophorone epoxide rearrangement over Al-MCM-41 catal
with varying aluminium content. It is remarkable that,
gardless the catalysts used, the main reaction product
2-formyl-2,4,4-trimethylcyclopentanone (3) with selectivity
around 80–90%, whereas the selectivity of 3,5,5-trimet
1,2-cyclohexanedione (2) ranged from 10 to 20%. Conse
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Fig. 6. Molar product distribution obtained in isophorone epoxide re
rangement over Al-MCM-41 type mesostructured materials at 80◦C: (a) Al-
MCM-41 (1), (b) Al-MCM-41 (2), (c) Al-MCM-41 (3).

quently, these results indicate that the presence of an a
tional substituent in theβ-position of cyclic α,β-epoxy ke-
tones, such as isophorone oxide, when mesoporous acid
terials are used as catalysts, favours acyl migration, re
ing in ring contraction and consequently the formation of
aldehyde over hydrogen migration, leading to theα-diketone.
Moreover, Al-MCM-41 materials hinder the deformylatio
of 2-formyl-2,4,4-trimethylcyclopentanone (3), because 2,4,4
trimethylcyclopentanone (4) selectivities are almost negligible
i-

a-
t-

Table 2
Effect of reaction temperature on isophorone epoxide rearrangement ov
MCM-41 (2)

Temperature Conversiona

(%)
Selectivity (%)a

(2) (3) (4)

60 29.6 18.9 79.1 2.0
80 60.9 12.4 85.4 2.2

100 87.9 14.1 77.5 8.4

a Reaction time= 25 min.

Although conversion was found to be dependent on
Si/Al ratio of the Al-MCM-41 material, reaction product s
lectivity hardly varied with the varying aluminium conte
of the catalysts or reaction time. AsFig. 6 shows, selec
tivity toward the three reaction products detected was s
ilar over the three Al-MCM-41 catalysts tested and var
slightly with the course of the reaction. In this way, selec
ity toward 3,5,5-trimethyl-1,2-cyclohexanedione (2), 2-formyl-
2,4,4-trimethylcyclopentanone (3), and 2,4,4-trimethylcyclo
pentanone (4) was set at around 16, 80, and 4%, respectivel

In conclusion, we found that liquid-phase isophorone ox
rearrangement over Al-MCM-41-type mesostructured ma
als led to high yields (up to 80%) toward keto aldehyde (3) after
2 h of reaction, together with low formation of theα-diketone
(2) and negligible selectivity toward the decarbonylation pr
uct (4). Considering epoxide conversion, the best catalytic
formance was obtained over Al-MCM-41 material with a mo
Si/Al ratio of ca. 40. This catalyst combined appropriate p
size and number of acid sites, yielding a 90% epoxide con
sion and aldehyde selectivity of ca. 80% after 2 h of reactio

To study the influence of temperature over the extent of
reaction, isophorone oxide rearrangement was studied ove
Al-MCM-41 (2) catalyst at 60, 80, and 100◦C (Table 2). The
reaction time was 25 min with the purpose of obtaining co
parative epoxide conversions. The main product was 2-form
2,4,4-trimethylcyclopentanone (3), with selectivity around 80%
regardless of temperature, although the results inTable 2show
that the deformylation process seems slightly favoured w
temperature increase. As expected, conversion was enha
with the increase of the temperature. It is remarkable
isophorone epoxide conversion at 100◦C over Al-MCM-41 ma-
terials reached values close to 100% for a reaction time of
25 min with high aldehyde selectivity.

Finally, the results obtained in the present work were co
pared with those published by Hoelderich et al.[26] in the
liquid-phase isophorone oxide rearrangement over zeolitic
terials (seeTable 3). Most of zeolites tested yielded comple
conversion at 110◦C, albeit with long reaction times (6 h). Th
activity of ZSM-5 and ferrierite is probably related to the a
sites located in the outer surface of the zeolite crystals. Ind
the external acid sites likely influence the activity demonstra
by all of the zeolites tested.

Although the previous results show that zeolites efficien
catalyse the rearrangement of isophorone oxide to 2-form
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Table 3
Liquid-phase rearrangement of isophorone oxide over zeolites (data ad
from [26])a

Catalyst Conversion
(%)

Selectivity (%)

(2) (3) (4)

ZSM-5 (28) 88 14 68 1
ZSM-5 (60) 95 15 68 0
Al-BEA (25) 100 13 68 14
USY (70) 96 12 73 0
USY (96) 100 11 74 1
Ferrierite (18) 100 12 81 0

a Reaction conditions:t = 6 h; T = 110◦C; solvent: toluene; loading: 10
isophorone oxide/g catalyst. The numbers in parentheses correspond to
SiO2/Al2O3 ratios.

2,4,4-trimethylcyclopentanone, it is worthwhile to comp
them with the catalytic results obtained in this work using
MCM-41 materials as catalysts. Molar product distributions
tained over Al-MCM-41 (2) catalyst at different temperature
(seeTable 2) show that Al-containing mesostructured mate
als yield high selectivities to the valuable product keto aldeh
(3), with values even higher to those obtained over ferrierite
USY zeolites. Moreover, Al-MCM-41 materials present mu
higher activity, yielding isophorone epoxide conversions cl
to 100% under reaction conditions similar to those used w
zeolites (100◦C; toluene as solvent; 12.5 g isophorone oxide/g
catalyst), but with very short reaction times (25 min). Th
results can be assigned to the larger pores of mesostruc
materials that avoid the diffusional problems present in zeo
catalysts.

4. Conclusions

Al-MCM-41 materials effectively catalyse isomerisation
isophorone oxide toward 2-formyl-2,4,4-trimethylcyclopen
none, which is an useful compound for the synthesis of
fumes and synthetic flavours. Epoxide conversion is dire
related to the pore size and amount of acid sites of Al-MC
41 catalysts. A Si/Al molar ratio of ca. 40 is an optimal value
combining an appropriate number of acid sites and pore d
eters. For all of the catalysts, selectivity toward the aldeh
decreases slightly with increasing reaction time, with value
ca. 80% obtained after 2 h of reaction. The temperature af
ed

e

-

e
d

e

ed

-
y

-
e
f
ts

epoxide conversion, but does not significantly modify the pr
uct distribution. The aluminium-containing mesostructured
alysts display high activity and selectivity toward the aldeh
isomer compared with zeolitic materials.
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