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Abstract

The rearrangement of isophorone oxide over Al-MCM-41-type mesostructured catalysts with diff¢@&nin8lar ratios was investigated.
The main rearrangement products weredhdiketone and the keto aldehyde, whereas the product coming from the decarbonylation of the latter
was detected in minor amounts. The textural properties and the number of acid sites of AI-MCM-41 materials influence the extent of isophorone
oxide rearrangement reaction. The best catalytic performance in terms of epoxide conversion was obtained for a catalyst witty Almradlar Si
around 40 due to the proper contribution of acid site concentration and pore size. However, irrespective of the aluminium content of the catalyst
and the reaction temperature, the selectivity to the desired keto aldehyde was around 80%. AI-MCM-41 materials are superior catalysts compar
with zeolites in terms of both activity and aldehyde selectivity. Because of their large pore size, using Al-containing mesostructured materials a:
catalysts in isophorone oxide rearrangement avoids the diffusional problems present in zeolites.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction Cyclic o, B-epoxy ketones are interesting intermediates in
organic synthesis, because they are very reactive compounds.

The catalytic rearrangement of epoxides, leading to useSeve_ral products resulting from_ the rearrangement of such
ful intermediates in organic syntheses, has been widely stugPOxides are valuable raw materials for the preparation of per-
ied over both homogeneous and heterogeneous catflygls ~ fumes, synthetic food flavorings, and pharmaceuti¢&/g].
Acidic activation of epoxides for ring-opening reactions lead- 1he rearrangement af,s-epoxy ketones was originally in-
ing to aldehydes, ketones, ethers, or alcohols can be achiev¥gstigated by House et al. using homogeneous Lewis acids as
either by Bronsted acid catalysts via addition of a proton to th&atalysts(8]. The cyclica, f-epoxy ketones are rearranged via
epoxide oxygen or by Lewis acid catalysts via coordination 02" mtrgmolecular reaction to aldehydes and diones using boron
the epoxide oxygen to a multivalent catifd]. Using zeolitic trlfluorl_de gtherate as a hor_nogleneous catalyst. In the presence
materials as catalysts for the epoxide rearrangement reactiof:?y'e"v',s acujs, the oxirane ring is cleaved at fhearbon atoml,
has the advantage of a well-defined pore system compared witp dePicted irscheme 1Cleavage at the-carbon is energeti-

homogeneous systems or other heterogeneous catalysts, Sucﬁgléy;nfavotura;ble, becgluse It generfatlclas padrt|gl p03|t||ve _charges
metal oxides (e.qg., silica and alumina), metal sulfates, or preci on adjacent atomg9]. Cleavage is followed by acyl migra-

itated phosphatdd]. Indeed, zeolites in their proton form (e.g., tion (route A) or hydrogen migration (route B). Acyl migration

ZSM-5), as well as the weakly Lewis-acidic titanium containing results in ring contraction to yie.ld th? aldehyde, a regction path-
zeolites (e.g., TS-1 and Ti-Beta), have been found to catalysvé/ay favoured over hydrqgen migration When_ﬁEtoz_ Is used
this type of reactiofs]. as cataly§t., particularly if an additional substituent is present at
the g-position[10].
Heterogeneous catalysts have scarcely been used in the re-
* Corresponding author. Fax: +34 91 488 70 68. arrangement o&, 8-epoxy ketones, despite their advantages in
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2. Experimental

Scheme 1. Lewis acid-catalysed rearrangement of a cycheepoxy ketone.
(A) Acyl migration, (B) hydrogen migration. 2.1. Synthesis and characterization of catalysts

ied the rearrangement of highly active chalcone oxides to 1,3- Al-containing MCM-41-type catalysts with BAl ratios of
diphenylpropane-1,2-diones at room temperature using silice—100 were prepared in our laboratory according to a sol—
gel as a catalygtl1]. Meyer et al. reported liquid- and vapour- gel procedure at room temperature described previdasly
phase rearrangement of isophorone oxide with high yields (ugwo solutions were prepared under gentle stirring: solution A,
to 80%) to keto aldehyde over zeolitic materiglg8]. Recently, formed by 20 g of tetraethylorthosilicate (TEOS; Alfa) and
Elings et al.[13] investigated the rearrangement of variousaluminium isopropoxide (AIP; Aldrich; from 0.2 to 3.9 g de-
cyclic a, B-epoxy ketones (i.e., isophorone oxide, 2,3-epoxy-3{ending on the initial SiAl molar ratio in the synthesis gel),
methylcyclohexan-1-one, and pulegone oxide) with the use o&nd solution B, formed by 36.5 g of hexadecyltrimethylammo-
solid acid catalysts, including silica, zeolites, and clays, as afium chloride (CTACI; Aldrich) and 6.6 g of hydrogen chloride.
alternative to the classical homogeneous BEt,O system. Once these solutions were perfectly homogenised, solution A
Zeolites are microporous materials of limited pore size, prowas added to solution B, and the mixture was kept under stir-
ducing a strong diffusional hindrance for both reactants anding at room temperature for 75 min. Thereafter, 54 g of a 2 wt%
products and thus rapid deactivation. Therefore, in the presaiqueous ammonia solution was added dropwise and stirred for
ence of bulky compounds, the activity of zeolites is restrictedl h. The obtained sample was filtered, washed with deionizated
to active sites located on the external surface. In this contexwater, and dried at 11 for 12 h. The final product was ob-
compared with zeolites, the mesoporous MCM-41 material$éained by calcination in static air at 55 for 12 h.
discovered by researchers at Mobil Oil Comp4i¥] may be The catalytic samples synthesised were characterized by dif-
convenient catalysts in processes involving high-volume moleferent techniques. Mesoscopic ordering was checked through
cules, because they have high surface areas and large mesop¥reay diffraction (XRD) patterns acquired with a Philips
diameters. Indeed, the incorporation of Al atoms into the wallsX’"PERT MPD diffractometer using Cugkradiation. Typically,
turned these materials into solids with acid sites of mediunthe data were collected from 0.60 10° (29), with a resolu-
strength, with potential applications for the catalytic conversiortion of 0.02. The SyAl atomic ratio of the calcined samples
of bulky moleculeg15,16] Moreover, these catalysts can be was obtained by inductively coupled plasma—atomic emission
synthesized over a wide range of/ 8l ratios, making it possi- spectroscopy with a VARIAN VISTA-AX apparatus. Textural
ble to modify and adjust their acidic properties. properties of catalysts were determined by means of nitrogen
Recently, Al-containing MCM-41 materials were reported toadsorption—desorption isotherms at 77 K with a Micromeritics
be more effective than zeolites and other mesoporous catalystSAP 2010 porosimeter after outgassing of the calcined sam-
for both liquid- and vapour-phase Beckmann rearrangement gfles under vacuum at 20C for 5 h. The surface areas were
cyclohexanone oxim.7,18] Although works dealing with the  obtained according to the BET equation, whereas the pore size
use of solid acids in Claisen rearrangement are rather scarcdistribution in the mesopore region was determined by applying
Mathew et al. reported the use of AI-MCM-41 with different the BJH method to the adsorption branch of the isotherm. The
Si/Al ratios in the rearrangement of allyl phenyl ether andtotal pore volume was calculated from the nitrogen adsorption
observed a close relationship between acidity and conversioat p/po = 0.99.
[19]. Moreover,a-pinene oxide rearrangement to campholenic  The coordination of aluminium atoms in the framework of
aldehyde in liquid phase over Al-MCM-41-type mesostructurecthe solids was checked BYAI-MAS-NMR spectra of the cal-
materials has been documen{g@]. In this work high conver- cined samples. The spectra were recorded at 104.26 MHz in
sion was observed in comparison with other catalysts, such a& VARIAN Infinity 400 spectrometer at spinning frequency
SiOy, Bo03/Si0y, and ZnC}, but selectivity was dependent on of 4 KHz. Intervals of 30 s between successive accumu-
the aluminium content, varying from 49 to 66%. lations were selected. The external standard reference was
We recently studied the catalytic rearrangement of 1,2{Al(H.0)s*3], and all measurements were carried out at room
epoxyoctane in liquid phase over different solid catalysts withtemperature. Catalyst acidity was determined by ammonia
various acid properties and structural features, including diverseemperature-programmed desorption (TPD) in a Micromerit-
zeolites and mesostructured mater[alk,22] The mesoporous ics 2910 (TPD/TPR) equipment. Previously, the samples were
materials presented much higher activities per active site conputgassed under a helium flow (50 Nmimf) at a heating
pared with the zeolitic materials, probably due to their largerate of 15°Cmin~1 up to 560°C and kept at this tempera-
pore sizes. This previous work prompted us to apply AI-MCM-ture for 30 min. After cooling to 180C, an ammonia flow
41-type mesostructured materials as catalysts in the rearrangef- 35 Nmlmin! was passed through the sample for 30 min.
ment of epoxides of varying natures with applications to fineThe physisorbed ammonia was removed by flowing helium
chemistry. In the present paper we report for the first time thet 180°C for 90 min. The desorption of the chemically ad-
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sorbed ammonia was monitored while the temperature was
increased up to 561C at a rate of 18C min~! and maintained
for 30 min. The ammonia concentration in the effluent stream A-MCM-41 (3)
was measured by means of a thermal conductivity detector.

2.2. Catalytic experiments
. . . . AI-MCM-41 (2)
The catalytic experiments were carried out at°80in a
0.1-L stirred batch autoclave, equipped with a temperature con-
troller and a pressure gauge under stirring (550 rpm) and au-
togenous pressure. This experimental setup was also provided
with a device to feed the epoxide into the Teflon-lined reactor
once the reaction temperature was reached. The solvent and the
catalyst are initially placed in the Teflon-lined reactor. The zero
time qf the reaction is taken _vvhgn the tem_perature reaches the 100 7'5 5'0 2'5 0 _2'5 50
setpoint value and the epoxide is loaded into the reactor. The 5 (ppm)
composition of the reaction mixture was as follows: 1.25 g of
isophorone oxide, 50 g of toluene (water contet@.03 wt%) Fig. 1.27Al MAS-NMR spectra of calcined samples.
and 0.1 g of catalyst. Toluene was stored with zeolite A to min-

imise its water content. The catalyst, prior reaction, was drie§yas enhanced at low Al content. Starting from a/8imo-

overnight at 140C to remove adsorbed water. lar ratio of 100, the incorporation was ca. 90%, whereas from
The reaction products were analyzed with a VARIAN 3800jptia| Si/Al molar ratios of 5 and 20, the incorporation de-

gas chromatograph equipped with a capillary column (HPzreased to ca. 37 and 50%, respectively. However, a question
FFAP) with dimensions 6@ 0.32 mm, using a flame ionization 4 pe considered is whether this aluminium was tetrahedrally

detector. Identification of the different reaction products WaSncorporated into the silica framework. As-synthesised mate-
performed by mass spectrometry (VARIAN SATURN 2000) (g exhibited a unique signal centred at 50 ppm in A&l

using standard compounds. MAS-NMR spectra, indicating a tetrahedral environment of Al
atoms regardless of their content in the synthesis medium. In

Signal (a. u.)

AI-MCM-41 (1)

3. Resultsand discussion contrast?’Al MAS-NMR spectra of the samples after calcina-
) tion in air at 550°C exhibited two clear peaks centred-a0
3.1. Catalyst properties and ~50 ppm originating from octahedrally and tetrahedrally

coordinated aluminium species, respectivélig( 1). The rela-

The main physicochemical and textural properties of the Al+jye proportion of octahedral aluminium increased as the molar
MCM-41 materials prepared in this work are summarized ing;/a| ratio of the catalyst decreased, although its contribution
Table 1 Chemical analysis of calcined samples yielded molagyas always clearly lower than that corresponding to tetrahedral
Si/Al ratios higher than those present in the starting syntheg|yminjum for the three samples. These results demonstrate that

sis mixture, although the degree of aluminium incorporatione jncorporation of aluminium atoms in MCM-41 silica walls
was hindered as the aluminium content in the synthesis mixture

Table 1 _ ‘ increased.
Physicochemical properties of the AI-MCM-41 type catalysts For all of the calcined samples, the XRD spectraig. 2
Catalysts Al-MCM-41  AI-MCM-41  Al-MCM-41 show solely a main peak in the range 2.7-3.5 nm £

@ @ ) 3.29-249°) corresponding to theigo reflection of 2D hexag-
Si/Al (starting composition) 5 20 100 onal symmetry with intensity varying slightly with aluminium
Si/Al (calcined sample) 14 38 114 tent. | | the ; tg=3d ith
Degst (NP 20 23 e content. In general, the-spacing at 2 = ecreases Wi
Dp (NP 19 30 31 increasing aluminium content/ (= 3.5, 3.3, and 2.7 nm for
Surface area (Rg~1) 720 1049 1115 Si/Al = 100, 20, and 5, respectively), and less well-resolved
Pore volume (crig—1)¢ 0.34 0.78 0.87 XRD patterns are obtained. Additional peaks are not observed,
Acidity (mmol g‘l)d 0.52 0.23 0.11 indicating the absence of long-range order. Therefore, larger
Tmaximum (°C) 266 268 270 amounts of aluminium incorporated in the pore walls cause a
Al (mmolp g~1)© 1.15 0.43 0.15

decrease in the long-range order in Al-containing MCM-41 ma-
& Maximum pore size distribution calculated from the adsorption branch Usterials[23].

" the BJH method. o Fig. 3 exhibits the nitrogen adsorption isotherms at 77 K
Pore dlame:gr ceilculated assuming c;ilmdncal geomet®@fnm) =4 x for the three calcined samples Al-MCM-41 (1) (2) and (3)
ore volume (crag—+)/surface area (fg~ 1000. . . ) . L ! '
P Total pore(voﬁmg/measuredangz 0.)9;_ along with their respective pore size dlstr|bl,_|t|ons. Th_e Al-
d Calculated from ammonia TPD measurements. MCM-41 (2) and (3) samples have a type IV isotherm in the

¢ Total aluminium species per g of calcined sample. IUPAC classification, typical for mesoporous materials. Note-
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Fig. 2. XRD spectra of calcined samples.

10

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

BET surface area, pore volume, and average pore size
present a common trend, with a continuous increase with
increasing molar JiAl ratio (see Table ). Thus the BET
surface area values increase from 720 to 11%5m, pore
volume (measured aP/Py = 0.99) increases from 0.34 to
0.87 cnt g1, and average pore size increases fra®0 nm
to 2.5 nm. Therefore, the aluminium content has a strong influ-
ence on the textural properties of the material finally obtained,
because it leads to a change from mesoporous materials, Al-
MCM-41 (3) and (2), to a microporous materid){ < 2.0 nm)
in the case of the AI-MCM-41 (1) sample.

The acid properties of AI-MCM-41 samples were investi-
gated by NH TPD analysis [fig. 4); the results are reported
in Table 1 As expected, the number of acid sites increased
with increasing aluminium content incorporated within the
mesoscopic structure. Nevertheless, a number of Al atoms re-
mained inaccessible to ammonia molecules. This accessibility

worthy common features in the isotherms of both samplesvas clearly enhanced with lower Al content in the synthesis
are a mono-multilayer adsorption zone at low relative presmixture, reaching the highest values for the material synthe-
sure, a distinct jump of capillary condensation in mesoporesised with an initial molar ratio of 100. Chemical and NH

at P/Py = 0.1-04, and an almost constant adsorption zoneTPD analysis clearly indicate that low Al content in the syn-
at high relative pressures due to multilayer adsorption on théesis mixture favours the incorporation and accessibility of Al
particle surface. The inflection point of these isotherms is situatoms in the mesoscopic structure. All samples demonstrate the
ated atP/ Py ~ 0.25, and the different stages are clearly sepapresence of sites with medium acid strength, as indicated by the
rated. This is not the case with the adsorption isotherm for théemperature maximum of ammonia desorption within the range
Al-MCM-41 (1) sample, which does not show capillary con- 266—270 C. Regardless of their aluminium content, all of the
densation in the mesopores, just mono-multilayer adsorption @amples present acid sites of similar strength, at least based on
micropore filling. This isotherm can be classified as type | fol-the data obtained from TPD measurements. Additionally, all of
lowing IUPAC criteria, which is typical for microporous materi- the samples also show one or two shoulders in the main signal
als. These types of isotherms have been previously reported fat temperatures-450°C, probably arising from dehydroxila-
MCM-41 materials with small pore sizes, synthesised throughion processes promoted at high temperatures.
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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.
Fig. 5. Epoxide conversion vs. reaction time in the isophorone oxide re-
arrangement over different AI-MCM-41 at 8C. (@) AI-MCM-41 (1), (H) Al-
(o] MCM-41 (2), (A) Al-MCM-41 (3).

The low conversion observed with AI-MCM-41 (1) (molar
Si/Al ratio of 14; Dp < 2.0 nm) in comparison to that obtained
with Al-MCM-41 (2) (Dp > 2.0 nm) is presumably due to its
lower average pore size, which hinders the accessibility of the
epoxide to the active sites of the catalyst and the diffusion of
products out of the pore system. The epoxide conversion values
obtained over AI-MCM-41 (3) catalyst (molar /&l ratio of
114; Dp > 2.0 nm) are noteworthy; greater values should have
been expected, considering the large pore diameter of this ma-
terial. These results may be attributed to the lower aluminium
content of this catalyst, leading to a decrease of the number of
active sites present on its surface. Consequently, the extent of
isophorone oxide rearrangement reaction seems to be clearly
: influenced by textural properties as well as by the number of
products,e-diketone @) and keto aldehyde3], whereas the acid sites present in AI-MCM-41 materials used as catalysts. In

gorrrllatu%n'o;@% can ge gx'glamed by gef?rrr:yl?tlog ®(tafh this sense, a Al molar ratio of ca. 40 can be considered an op-
epicted inscheme: [5] From an industria S1andpoint, e .51 aluminium content of the Al-MCM-41 catalyst, allowing
desired compound is the keto aldehyde, an interesting inter;

mediate for the synthesis of other cyclopentanone derivative he proper combination of pore size and acid site concentration
with floral and fruity smells. The acid-catalysed reaction mech-2 be attained. .
anism leading to the synthesis of keto aldehyPehas been Fo_r all the sgmpl.es, a'second reaguon stage occurred afFer
discussed for homogeneous catalys]. Therefore, it is of 25 min of rgactlon, in which the reaction rat.e decreasgd. This
interest whether the product distribution changes in the preép_aly l_ae attributed to the control of the 4 eaction by the N ternal
ence of a heterogeneous catalyst system and also whether tﬂlgusmn of reactants and products W',th'n_ the mesoscppp chan-
decarbonylation of the compound)(to compound 4) can be nels. In.any case, the effect of deacuvauoq of the acid sites by
suppressed. a_ld_sorptlor_1 of organic compounds to explain the dec_reased ac-
Fig. 5 shows the epoxide conversion results obtained ovefVity obtained in this second stage should not be discounted.
the different A-MCM-41 samples in the rearrangement of The high absolute epomdg conversion (ca. 60%) attallned for
isophorone epoxide in liquid phase. Because some epoxidéd-MCM-41 (2) after 25 min of reaction may also explain the
may be isomerised thermally, a blank reaction in absence of caftarked decrease in activity for this catalyst as a consequence
alyst was carried out; this yielded a negligible conversion unde@f the substrate disappearance.
the reaction conditions used in this work. However, when Al-  Fig. 6 shows the molar product distribution obtained in
MCM-41 materials were used as catalysts, epoxide conversidgophorone epoxide rearrangement over Al-MCM-41 catalysts
increased significantly with increasing reaction time. The highwith varying aluminium content. It is remarkable that, re-
est values were obtained over AI-MCM-41 (2) material (with gardless the catalysts used, the main reaction product was
a molar SjAl ratio of 38), for which the epoxide conversion 2-formyl-2,4,4-trimethylcyclopentanone3)( with selectivity
reached approximately 60% during the first 25 min of reactioraround 80-90%, whereas the selectivity of 3,5,5-trimethyl-
and increased up to 90% in 2 h. 1,2-cyclohexanedione2) ranged from 10 to 20%. Conse-

] e
.

(e}

)
CHO -Co
—
(0] (0] (6}

3) (©)

Scheme 2. Rearrangement of isophorone oxijien(3,5,5-trimethyl-1,2-cyclo-
hexanedione?) and 2-formyl-2,4,4-trimethylcyclopentanon8) (and subse-
quent deformylation of3) to 2,4,4-trimethylcyclopentanond)(

3.2. Catalytic epoxide rearrangement

Rearrangement of isophorone oxid® ields, as major
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Fig. 6. Molar product distribution obtained in isophorone epoxide rear-
rangement over AI-MCM-41 type mesostructured materials &GQa) Al-

MCM-41 (1), (b) Al-MCM-41 (2), (c) A-MCM-41 (3).

quently, these results indicate that the presence of an ad
tional substituent in the8-position of cyclic o, 8-epoxy ke-

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

Temperature  Conversi8n Selectivity (%}
(%)
o
CHO j
o o 0
2 (©) 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

2 Reaction time= 25 min.

Although conversion was found to be dependent on the
Si/Al ratio of the AI-MCM-41 material, reaction product se-
lectivity hardly varied with the varying aluminium content
of the catalysts or reaction time. ASig. 6 shows, selec-
tivity toward the three reaction products detected was sim-
ilar over the three AI-MCM-41 catalysts tested and varied
slightly with the course of the reaction. In this way, selectiv-
ity toward 3,5,5-trimethyl-1,2-cyclohexanedior®,(2-formyl-
2,4,4-trimethylcyclopentanone3); and 2,4,4-trimethylcyclo-
pentanone4) was set at around 16, 80, and 4%, respectively.

In conclusion, we found that liquid-phase isophorone oxide
rearrangement over Al-MCM-41-type mesostructured materi-
als led to high yields (up to 80%) toward keto aldehy8)eafter
2 h of reaction, together with low formation of thediketone
(2) and negligible selectivity toward the decarbonylation prod-
uct (@). Considering epoxide conversion, the best catalytic per-
formance was obtained over AI-MCM-41 material with a molar
Si/Al ratio of ca. 40. This catalyst combined appropriate pore
size and number of acid sites, yielding a 90% epoxide conver-
sion and aldehyde selectivity of ca. 80% after 2 h of reaction.

To study the influence of temperature over the extent of the
reaction, isophorone oxide rearrangement was studied over the
Al-MCM-41 (2) catalyst at 60, 80, and 10C (Table 2. The
reaction time was 25 min with the purpose of obtaining com-
parative epoxide conversions. The main product was 2-formyl-
2,4,4-trimethylcyclopentanon8)( with selectivity around 80%
regardless of temperature, although the resulf&alre 2show
that the deformylation process seems slightly favoured with
temperature increase. As expected, conversion was enhanced
with the increase of the temperature. It is remarkable that
isophorone epoxide conversion at P@over Al-MCM-41 ma-
terials reached values close to 100% for a reaction time of just
25 min with high aldehyde selectivity.

Finally, the results obtained in the present work were com-

ared with those published by Hoelderich et [@6] in the
|E]uid-phase isophorone oxide rearrangement over zeolitic ma-
terials (se€Table 3. Most of zeolites tested yielded complete

tones, such as isophorone oxide, when mesoporous acid M@ nyersion at 116C, albeit with long reaction times (6 h). The
terials are used as catalysts, favours acyl migration, resulisctivity of ZSM-5 and ferrierite is probably related to the acid
ing in ring contraction and consequently the formation of thesjtes |ocated in the outer surface of the zeolite crystals. Indeed,

aldehyde over hydrogen migration, leading to theiketone.

the external acid sites likely influence the activity demonstrated

Moreover, Al-MCM-41 materials hinder the deformylation by all of the zeolites tested.

of 2-formyl-2,4,4-trimethylcyclopentanon8)( because 2,4,4-

Although the previous results show that zeolites efficiently

trimethylcyclopentanonel] selectivities are almost negligible. catalyse the rearrangement of isophorone oxide to 2-formyl-
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Table 3 epoxide conversion, but does not significantly modify the prod-
Liquid-phase rearrangement of isophorone oxide over zeolites (data adaptestt distribution. The aluminium-containing mesostructured cat-
a . . .. ..
from [26) alysts display high activity and selectivity toward the aldehyde
Catalyst Conversion  Selectivity (%) isomer compared with zeolitic materials.
(%)
o
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