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Abstract

Zr-zeolite beta with Si/Zr ratio of 75-200, as well as zeolite beta with both Zr (Si/Zr ratio of 100) and Al (Si/Al ratios of 100 and 25),
were synthesized in a seeded synthesis using HF as the mineralizer. The Al-free Zr-zeolite beta was found to catalyse the MPV reduction of
o, B-unsaturated aldehydes to the corresponding alcohols with high selectivity. In the reduction of cinnamaldehyde to cinnamyl alcohol, TONs of

55-77 mol molgr1 h~! were obtained with selectivity >98%. Zr-zeolite beta maintained good activity and selectivity in the presence of water and
benzoic acid. Reuse of the catalyst by washing with 2-propanol or recalcination led to recovery of activity. For the Al-containing Zr-zeolite beta,
2TAl NMR spectra showed that Al was incorporated into the zeolitic framework. This is in agreement with pyridine adsorption studies in which
Brgnsted acidity was detected. However, the increased acidity decreased the selectivity in the MPV reduction of cinnamaldehyde as a significant
amount of 1-cinnamyl 2-propyl ether was formed as a byproduct. Hence, Al-free Zr-zeolite beta is a useful chemoselective catalyst for the MPV

reduction of «, f-unsaturated aldehydes.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Zr-zeolite beta; Meerwein—Ponndorf—Verley reduction; Cinnamaldehyde; «, B-Unsaturated aldehydes; Chemoselectivity

1. Introduction

o, B-Unsaturated alcohols are of industrial interest because
many are important intermediates in the production of phar-
maceuticals, agrochemicals, and fragrances. They may be pro-
duced by oxidation of olefins [1] or alkylation of unsaturated
aldehydes [2]. A more general route is the chemoselective re-
duction of unsaturated ketones and aldehydes. On a laboratory
scale, stoichiometric reductions with borohydride, in combina-
tion with CeCls, or with oxazaborolidines lead to satisfactory
results, but cheaper reducing agents are desirable for larger-
scale reactions [3,4]. In homogeneous catalysis, a major break-
through was the discovery of chemoselective reduction with Hy
and a Ru-phosphine-diamine catalyst [5,6]. However, this cata-
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lyst requires extra base for its activation, is not easily recovered
from the reaction mixture, and may lose its activity in the recy-
cling. To overcome these problems, the selective reduction of
o, B-unsaturated aldehydes using heterogeneous catalysis has
been the focus of much research.

Catalysts based on supported metals, such as osmium, irid-
ium, ruthenium, rhodium, platinum, palladium, nickel, and
cobalt, have been extensively studied for the hydrogenation of
o, f-unsaturated aldehydes [7-15]. The hydrogenation of «, 8-
unsaturated aldehydes into saturated carbonyls is comparatively
easy to achieve. However, the selective hydrogenation of the
C=O0 group is much more difficult in the presence of a C=C
bond, because the hydrogenation of the C=C bond is thermody-
namically more favored (Scheme 1). To selectively hydrogenate
C=O0 groups, different approaches to modify the intrinsic cat-
alytic properties of metal oxide catalysts have been adopted.
The addition of promoters, such as Fe(IlI), Sn(Il), and Ge(IV),
and the selection of specific supports, such as zeolites, have
been found to be the most effective methods [7].
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Scheme 1. Reaction pathways in the hydrogenation of «, B-unsaturated aldehydes.

An alternative way to selectively reduce o, B-unsaturated
aldehydes to the corresponding unsaturated alcohols is offered
by the Meerwein—Ponndorf—Verley (MPV) hydrogen-transfer
reaction [16]. The reductant is usually an easily oxidizable sec-
ondary alcohol, such as 2-propanol. Only the carbonyl group
is reduced; other reducible groups, such as C=C double bonds
and C-halogen bonds, are not affected. This feature makes it
very appropriate for the production of «, S-unsaturated alco-
hols. The reaction is usually catalysed by metal alkoxides. The
homogeneously catalysed MPV reactions usually require sto-
ichiometric amounts of catalyst, and there is subsequently a
need to neutralize the residual catalyst in the medium with a
strong acid at the end of the reaction. Furthermore, because
the process takes place in a homogeneous phase, isolating the
products is very often a labor-intensive and time-consuming
task.

To overcome these problems, the MPV reaction has been
investigated over different heterogeneous catalysts, including
metal oxides [17], hydrous zirconia [18-20], hydrotalcites
[21-26], zeolites [27-34], and even metal alkoxides immobi-
lized on mesoporous materials [35—40]. Many of these cata-
lysts have been applied in reactions of saturated ketones (e.g.,
substituted cyclohexanones), which are much easier to reduce
than unsaturated aldehydes. Only a few heterogeneous catalysts
were applied in the MPV reduction of «, f-unsaturated aldehy-
des. We previously reported that suitably pretreated hydrous
zirconia was an active catalyst in the MPV reduction of an im-
portant «, B-unsaturated aldehyde, cinnamaldehyde [20]. The
calcination temperature of the hydrous zirconia was found to
be an important parameter because it affects the surface den-
sity of hydroxyl groups that are necessary for ligand exchange
with the reductant, 2-propanol. Mg—Al mixed oxides could also
catalyze the MPV reduction of various «, S-unsaturated alde-
hydes, but with only moderate activity [26].

We have found that Zr-zeolite beta is a very efficient cata-
lyst for the reduction of alkyl- and aryl-saturated ketones [41].
Lewis acid sites resulting from the incorporation of Zr into the
zeolite framework were considered the active centers of the ze-
olite. In the present work, we investigated the use of Zr-zeolite
beta in the MPV reduction of «, S-unsaturated aldehydes. We
also studied the effect of Al on the activity and selectivity of
zeolite Zr-beta.

2. Experimental
2.1. Preparation of Zr- and (Zr,Al)-zeolite beta

The preparation of Zr-zeolite beta has been reported pre-
viously [41]. Basically, Al-free Zr-zeolite beta (Si/Zr ratio of
75-200), was prepared in a seeded synthesis using HF as the
mineralizer. The samples are denoted as Zr(n), where n denotes
the Si/Zr ratio. Two Al-containing Zr-beta samples, ZrAl(100)
(Si/Zr ratio of 100, Si/Al ratio of 100) and ZrAl(25) (Si/Zr
ratio of 100, Si/Al ratio of 25), were synthesized in an analo-
gous way to the synthesis of Al-free Zr-beta. After hydrolyzing
tetraethyl orthosilicate (TEOS) with tetracthylammonium hy-
droxide (TEAOH), a solution of ZrOCl, - 8H,O (Merck, 99%)
and AI(NOs3)3-9H;0 (Merck, 99%) in water was added, and
the mixture was stirred until all ethanol formed by the hydrol-
ysis of TEOS was evaporated. HF and dealuminated zeolite
beta seed crystals were added. The final gel composition was
1.0 Si02:0.01 ZrOy:x Al,03:0.56 TEAOH:7.5 H,0:0.56 HF,
where x was 0.005 and 0.02. The crystallization was carried out
in a Teflon-lined stainless steel autoclave at 140 °C for 20 days.
The solid product obtained was filtered, washed with deionized
water, dried at 100 °C, and activated at 580 °C for 4 h.

2.2. Catalyst characterization

The surface area and pore volume were determined by nitro-
gen adsorption (Quantachrome NOVA 2000). The crystalline
phase of all samples was determined by powder X-ray diffrac-
tion (XRD). The powder patterns were recorded on a Siemens
D5005 diffractometer (Cu anode operated at 40 kV and 40 mA)
equipped with variable slits. The diffractograms were measured
from 5° to 50° (20) using a step size of 0.02° and a dwell time
of 1 s/step.

Infrared spectra were recorded on a Biorad Excalibur spec-
trometer with a resolution of 2 cm™!. Typically, samples were
pressed into self-supported wafers of 8—10 mg. The wafers were
mounted in a Pyrex IR cell with NaCl windows and dried by
evacuating under vacuum (10~3 mbar) for 2 h at 300 °C. Af-
ter the wafers were cooled to room temperature, a background
spectrum was recorded. Pyridine was introduced for 15 min be-
fore the system was evacuated for 1 h; then the spectrum was
measured at room temperature. Further IR measurements were
made after evacuation at 100 and 200 °C.



Y. Zhu et al. / Journal of Catalysis 241 (2006) 25-33 27

29Si MAS NMR spectra of the samples were measured on
a Bruker DRX-400 wide-bore solid-state spectrometer with
4-mm rotors, operating at a resonance frequency of 79.46 MHz
with a spinning rate of 12 kHz, pulse length of 3 ps, and re-
cycle time of 20 s. The 2°Si chemical shifts are reported rel-
ative to TMS. The 2’ Al MAS NMR spectra were acquired
at 104.26 MHz, with a pulse width of 1.7 ps and a recycle
time of 5 s. The Al chemical shifts are referenced to aqueous
Al(NO3)3. The elemental composition of the samples was de-
termined by ICP-AES analysis after the sample was dissolved
in HE. A JEOL JSM-5200 scanning electron microscope was
used to determine crystal size and morphology.

2.3. Catalytic reactions

The MPV reduction was carried out in a 25-cm® round-
bottomed flask equipped with a septum port, reflux condenser,
and guard tube. The reaction mixture containing 1.3 mmol of
the aldehyde substrate and 5 g (83 mmol) of 2-propanol were
placed in the flask and heated to 82 °C. Then 100 mg of catalyst,
dried at 120 °C, was added to the reaction mixture. Aliquots
were removed at different reaction times, and the products
were analyzed by gas chromatography. An internal standard,
o-xylene, was added for most of the reactions. When no internal
standard was used, the carbon mass balance was checked and
found to agree to within 2%. The identity of the products was
verified by comparing the retention times and GC-MS spectra
with those of authentic samples.

3. Results and discussions
3.1. Catalyst characterization

The chemical and textural properties of the catalysts are
given in Table 1. Zirconium could be incorporated into zeolite
beta down to a Si/Zr ratio of 84. The efficiency of incorpora-
tion decreased with increasing zirconium content, so that the
discrepancy between expected and measured Si/Zr ratio be-
came larger. Therefore, the Al-containing zeolite beta catalysts
were synthesized at a Si/Zr ratio of 100. All the samples had
surface areas in the range of 470-530 m?/g, with those con-
taining aluminium having the higher surface areas. Scanning
electron microscopy measurements showed that these samples
had a smaller crystallite size than the pure Zr-zeolite beta; this
can be explained by a faster nucleation rate induced by the alu-
minum in the latter samples.

Table 1
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Fig. 1. XRD patterns of (a) Zr(100), (b) ZrAl(100), and (c) ZrAl(25).

The XRD patterns of Zr(100), ZrAl(100), and ZrAl(25)
showed the typical features of zeolite beta with sharp and broad
reflections, indicative of stacking disorders resulting from the
intergrown hybrid of two distinct but closely related poly-
morphs, A and B (Fig. 1). In particular, the 2-theta peak at
~8° is asymmetric due to the relative proportions of the poly-
morphs [42]. In the Al-free sample, Zr(100), and the low Al-
sample, ZrAl(100), one large peak appeared at 26 ~ 7.5° with
a shoulder at 20 & 8.3°, indicating the preferential formation of
polymorph B. However, in ZrAl(25), only one broad peak was
observed at 20 ~ 8°. The results demonstrate that aluminum
can influence the stacking sequence of Zr-zeolite beta with the
formation of more polymorph A.

The acidic properties of Al-free and Al-containing Zr-zeolite
beta samples were determined by IR spectroscopy after the
adsorption of pyridine at room temperature and desorption at
200 °C. The appearance of the band corresponding to Lewis
acid sites in the IR spectra (1450 cm™!) was clearly observed
for all samples (Fig. 2). With increasing aluminium content in
the samples, the bands at 1545 and 1620-1640 cm—! increased
in intensity. These bands are due to the formation of pyridinium
ions and indicate the existence of Brgnsted acid sites. The ab-
sorption band at 1490 cm ™! has been assigned to the presence
of coordinated pyridine as well as pyridine chemisorbed at pro-

Chemical and textural properties of Zr(Al)-zeolite beta samples tested in MPV reactions

Catalyst Si/Me ratio? BET surface area Crystal size Microporous pore volume Total pore volume
Si/Zr Si/Al (m?/g) (um) (em?/g) (em?/g)

Zx(75) 84 >4000 499 ~1 0.24 0.27

Zr(100) 107 >4000 490 ~1 0.23 0.27

Zr(200) 194 >4000 474 1-2 0.22 0.26

ZrAl(100) 104 103 510 0.5-1 0.23 0.31

ZrAl(25) 105 27 533 0.5-1 0.21 0.24

4 Determined by ICP.
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Fig. 2. IR spectra of pyridine adsorption at 25 °C and desorption at 100 °C over
(a) Zr(100), (b) ZrAl(100), and (c) ZrAl(25).
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Fig. 3. 2%Si MAS NMR of calcined (a) Zr(100), (b) ZrAl(100), and (c)
ZrAl(25).
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tonic acid sites. Its intensity also increased with increasing alu-
minium content in the samples.

From the 2Si MAS NMR spectra of calcined Zr(100),
ZrAl(100), and ZrAl(25), three bands at § ~ —116.0, —113.2,
and —111.7 ppm could be resolved (Fig. 3). These bands are
all in the range of Q* and can be assigned to Si(4Si) species
occupying different crystallographic sites. In addition, a very
weak band at 104.9 ppm was also present in ZrAl(25), which
can be due to both Si(3Si, Al) and Si(3Si, OH) species. The
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Fig. 4. 27Al MAS NMR of calcined (a) Zr(100), (b) ZrAl(100), and (c)
ZrAl(25).

bands broadened as the amount of aluminium in the Zr-zeolite
beta samples increased. This is similar to the observations by
Camblor et al. [43] for Al-zeolite beta synthesized in the flu-
oride media. The observed band broadening was attributed to
the presence of connectivity defects generated by dealumina-
tion during calcinations, as well as a decrease in local order due
to a higher concentration of aluminium.

2TAIMAS NMR spectra of calcined Zr(100), ZrAl(100), and
ZrAl(25) are shown in Fig. 4. Not surprisingly, no signal re-
lated to aluminium could be detected in the Al-free Zr-zeolite
beta sample. In the case of ZrAl(100) and ZrAl(25), a well-
resolved band appeared at 55.4 ppm. This resonance band can
be assigned to aluminium in the tetrahedral coordination envi-
ronment that results when aluminium is incorporated into the
zeolite lattice. In the ZrAl(25) sample, which has a high alu-
minium content, an additional weak band at —0.8 ppm was
observed. This is attributed to octahedral aluminium species,
possibly extra-framework aluminium that formed during calci-
nation. However, it has also been proposed that a fraction of the
aluminium can reversibly change its coordination from tetrahe-
dral to octahedral without leaving its framework sites [44].

3.2. MPV of cinnamaldehyde over Zr-zeolite beta

Cinnamaldehyde (3-phenyl-2-propenal, CoHgO) is an «, -
unsaturated aldehyde used in the fragrance industry to give
spicy and “Oriental” notes [45]. It is also an important interme-
diate in the synthesis of cinnamyl alcohol and dihydrocinnamyl
alcohol, both of which are also used in the perfume industry.
Particularly, the reduced unsaturated product, cinnamyl alco-
hol, is valuable in perfumery for its odor and fixative properties.
Furthermore, it is a starting material for cinnamyl esters, sev-
eral of which are valuable fragrance compounds. In addition,
cinnamyl alcohol has applications in the formulation of animal
repellant compositions, insect attractants, photosensitive poly-
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Table 2

MPYV reduction of cinnamaldehyde over various catalysts

Entry Catalyst Conversion® (%) TOF? Selectivity? (%)
1 Zx(75) 69.9 57.3 >98
2 Zr(100) 80.6 74.7 >98
3 Zr(155) 61.7 77.2 >98
4 Zr(200) 40.5 67.7 >98
5 ZrAl(100) 59.1 54.7¢ 95.0
6 ZrAl(25) 41.8 38.8¢ 64.1
7 Zr-SBA-15 20.3 2.4 100
8 Zr-beta (im)d No reaction - -
9 Si-beta No reaction - -

10 Ti(100) No reaction - -

11 Sn(125) No reaction - -

Reaction conditions: 1.3 mmol cinnamaldehyde, 83 mmol 2-propanol, 100 mg
catalyst, under reflux and stirring at 82 °C.
4 Conversion and selectivity after 1 h.
Turnover frequency in mol molzr] h~! calculated after 1 h.
Al was not considered when calculating TOF.
ZrOCl, impregnated on Si-beta.
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Fig. 5. MPV reduction of cinnamaldehyde over (@) Zr(100), (A) ZrAl(100),
and (M) ZrAl(25). Dashed lines and open symbols refer to selectivity. Reaction
conditions: 1.3 mmol cinnamaldehyde, 83 mmol 2-propanol, 100 mg catalyst,
under reflux and stirring at 82 °C.

mers, and multicolor inks. Consequently, the selective reduction
of cinnamaldehyde to cinnamyl alcohol is important both acad-
emically and industrially.

Al-free Zr-zeolite beta is a very selective catalyst for the
MPV reduction of cinnamaldehyde (Table 2). The selectivity
to the desired cinnamyl alcohol was >98% and remained high
throughout the reaction (Fig. 5). The only byproduct detected
was 1-cinnamyl 2-propyl ether. The rate of conversion of cin-
namaldehyde was also very high and was found to be related to
the Si/Zr ratio. Zr(100) exhibited the best activity, with nearly
all cinnamaldehyde reduced to cinnamyl alcohol after 4 h of re-
action. Zr(75) had the lowest turnover frequency (TOF) of all of
the Al-free Zr-zeolite beta samples. This observation indicates
that zirconium in zeolite beta is not equally efficient. At low
loading, zirconium is incorporated in the zeolite framework;
as the zirconium loading increases, extra framework zirconium
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Scheme 2. MPV reduction of cinnamaldehyde over Zr(Al)-beta leading to cin-
namy] alcohol and other side products.

species may be formed. The extra-framework zirconium species
are less active than the framework zirconium species, leading to
the observed lower TOF over Zr(75). A similar observation was
reported by Renz et al. in their studies of Baeyer—Villiger oxi-
dation over zeolite Sn-beta [46].

The conversion and selectivity in the MPV reduction of cin-
namaldehyde were greatly influenced by the presence of alu-
minium in Zr-zeolite beta (entries 5 and 6 in Table 2). After
1 h, the conversion was only 59% over ZrAl(100) and 42%
over ZrAl(25), compared with 80% over Zr(100). The selec-
tivity to the desired product, cinnamyl alcohol, was only 64%
over ZrAl(25) and decreased further to <25% after 6 h (Fig. 5).
Besides the main byproduct, 1-cinnamyl 2-propyl ether, two hy-
drogenated saturated products, 3-phenylpropanal and 3-phenyl-
1-propanol, were also detected. No aldol condensation products
were observed in any of the experiments, probably due to the
high excess of 2-propanol used in the reaction mixture.

The formation of the byproduct 1-cinnamyl 2-propyl ether
can be explained by a Brgnsted-catalysed etherification of the
formed cinnamy] alcohol with 2-propanol (Scheme 2). Whereas
Zr-zeolite beta contains predominantly Lewis acid sites, sub-
stituting Zr** for Si** in the silica framework can result in
Brgnsted acidity at the bridging oxygen due to differences in
the charge density of the two ions. The presence of Brgnsted
acid sites was detected by pyridine IR studies. Brgnsted acidic
sites have also been detected after the substitution of zirconium
into silica MCM-41 [47]. Where a large numbers of Brgnsted
acid sites are present, another route to the formation of ethers is
through the formation of hemiacetals followed by dehydration.
This process has been observed during the MPV reduction of
a number of substituted cyclohexanones over H-MCM-22 [48].
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Table 3

MPYV reduction of various «, B-unsaturated aldehydes over Zr(100)

Entry Substrate Time Conversion Selectivity TOF?

(b (%) (%)

1 X -CHO 6 95.2 100 44.4
crotonaldehyde

2 )\/CHO 6 87.7 93.7 29.0
3-methylcrotonaldehyde
\/\/CHO
trans-2-pentenal

4 X CHO 6 97.4 100 53.8
trans-2-hexenal
0.

5 0~ CHO 1 96.3 93.4 89.2
2-furfural

X CHO

6 ©/v 3 98.4 >98 74.7
cinnamaldehyde

7 24 332 >98 2.6
«-pentylcinnamaldehyde
WCH o

8 6 92.8 72.4 53.2

citral(E/Z)

Reaction conditions: 1.3 mmol substrate, 83 mmol 2-propanol, 100 mg Zr(100), under reflux and stirring at 82 °C.

4 Turnover frequency in mol molzr1 h~! calculated after 1 h reaction.

The Brgnsted acid-catalysed reaction competes with the Lewis
acid-catalysed MPV reduction, resulting in low selectivity to al-
cohols; however, no ether formation was observed in the MPV
reduction of substrates other than cinnamldehyde. We have also
observed the formation of 1-cinnamyl 2-propyl ether when zir-
conium hydroxide was used as a catalyst; the selectivity to this
byproduct was 7.8% at close to 100% conversion [20]. It is
postulated that cinnamyl alcohol is susceptible to etherification
with the excess 2-propanol. The presence of conjugated dou-
ble bonds coupled to the benzene ring stabilizes the carbocation
formed by the abstraction of the OH group over a Brgnsted acid
site. Hence, the increased aluminium content in ZrAl(100) and
ZrAl(25) results in more Brgnsted acid sites and, consequently,
a lower selectivity in the MPV reduction of cinnamaldehyde.

The presence of the metal atom is essential for the reaction;
no reaction was observed over pure Si-beta. Impregnation of the
Si-beta with zirconium oxychloride to give a Si/Zr ratio of 100
also did not result in an active material, indicating that isolated
zirconium atoms in the framework of zeolite beta are important
for activity. A zirconium 1-propoxide-grafted Zr-SBA-15 sam-
ple with about 10 wt% Zr was also active for the MPV reduction
of cinnamaldehyde. This catalyst exhibited good selectivity and
moderate activity. Its selectivity to cinnamyl alcohol was close
to 100%, but the TOF of 2.4 mol molgr1 h~! was considerably
smaller than that for Zr-zeolite beta. This suggests that the sup-
ported zirconium is not as efficient in Zr-SBA-15 as it is in
Zr-zeolite beta.

Ti-zeolite beta (Si/Ti ratio of 100) and Sn-zeolite beta
(Si/Sn ratio of 125), prepared similarly to Zr-zeolite beta by

fluoride-assisted synthesis, were totally inactive for the MPV
reduction of cinnamaldehyde. Even after 6 h, no cinnamyl
alcohol could be detected. This is surprising, because these
two catalysts were active for the MPV reduction of 4-tert-
butylcyclohexanone [31,33]. The poor performance of these
catalysts may be caused by two factors: (1) too-weak Lewis
acidity of Ti-beta and Sn-beta and (2) the not-easily reduced
conjugated carbonyl group in cinnamaldehyde.

3.3. Selective reduction of other a, f-unsaturated aldehydes

Besides cinnamaldehyde, various other o, B-unsaturated
aldehydes were also tested over Zr-zeolite beta with 2-propanol
as the reducing agent. Typical results are summarized in Ta-
ble 3. Linear substrates, such as crotonaldehyde, trans-2-
hexenal, and frans-2-pentenal, could be easily reduced to the
corresponding o, B-unsaturated alcohol with high conversion
and selectivity. The rate of reaction was somewhat slower with
branched substrates, however, such as 3-methylcrotonaldehyde
and citral (entries 2 and 8). 2-Furfural had the highest TOF of
all of the substrates tested; however, its selectivity to the al-
cohol, 93%, was slightly low. The relatively small molecule
size and electronic effect derived from the oxygen atom in the
cyclic ring could contribute to its higher activity. The drop
in selectivity is due to the formation of a condensation by-
product, 1,2-di(furan-2-yl)-2-hydroxyethanone. Cinnamalde-
hyde reacted much faster than a-pentylcinnamaldehyde. Con-
sidering the larger molecular size of a-pentylcinnamaldehyde,
its slower rate of reaction is probably due to the steric hindrance
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Fig. 6. Influence of water on the MPV reduction of cinnamaldehyde over
Zr(100): (@) without water, (ll) 0.6 wt% water, (A) 3.0 wt% water. Reaction
conditions: 1.3 mmol cinnamaldehyde, 83 mmol 2-propanol, 100 mg Zr(100),
under reflux and stirring at 82 °C.

effect. Indeed, when a zirconium 1-propoxide-grafted Zr-SBA-
15 (which has large pores) was used as catalyst, up to 80% con-
version after 24 h was achieved for a-pentylcinnamaldehyde,
justifying the foregoing hypothesis. Most importantly, except
for citral, for which dehydration of the formed alcohols led to
lower selectivity, all other substrates tested could be reduced
with high selectivity to the unsaturated alcohol. The corre-
sponding saturated products were not detected. All of these
results indicate that Zr-zeolite beta is an effective and chemos-
elective catalyst for the MPV reduction of «, S-unsaturated
aldehydes.

3.4. Poisoning test and catalyst stability

Aluminium-containing MPV catalysts, such as aluminium
2-propoxide, metal alkoxide-grafted MCM-41, and H-beta, are
generally moisture-sensitive; even trace amounts of water can
dramatically decrease their activity. This limits their practical
applications to some extent. Zeolites synthesized in fluoride
medium are reportedly relatively free of connectivity defects
and hence are more hydrophobic [43,49]. Some claim that hy-
drophobic zeolites containing Lewis acids are more suitable for
the MPVO reaction when water is present [33]. Previously, we
showed that Zr-zeolite beta is a highly water-resistant MPV cat-
alyst in the reduction of 4-tert-butylcyclohexanone [41]. Simi-
larly, we investigated the influence of water on the MPV reduc-
tion of cinnamaldehyde by adding different amounts of water
to the reaction mixture. The activity of Zr-zeolite beta was only
slightly influenced in the presence of 0.6 wt% of water, and
nearly all cinnamaldehyde was converted after 6 h of reaction
time (Fig. 6). However, the activity dropped significantly in the
presence of 3.0 wt% water; the conversion of cinnamaldehyde
was <80% even after 6 h of reaction time.

Table 4
Influence of water, base, and acid on the catalytic activity of Zr(100) in the
MPYV reduction of cinnamaldehyde

Conversion® (%)  TOF? Selectivity?® (%)
No addition 80.6 74.7 >98
Water (0.6 wt%) 63.3 58.6 >98
Water (3.0 wt%) 25.6 23.7 >98
Pyridine (0.37 mmol) 28.0 259 >98
Benzoic acid (0.37 mmol) 58.4 54.1 >908

Reaction conditions: 1.3 mmol cinnamaldehyde, 83 mmol 2-propanol, 100 mg
Zr(100), under reflux and stirring at 82 °C.

& Conversion and selectivity after 1 h.

b Turnover frequency in mol molir1 h~! calculated after 1 h.

The activity of Zr-zeolite beta for the MPV reduction of cin-
namaldehyde decreased significantly in the presence of pyridine
but was only slightly suppressed when benzoic acid was added
to the reaction medium (Table 4). The reduced activity can
be explained by the adsorption of pyridine at the Lewis acid
sites. However, unlike the total loss in activity observed over
Al- and Ti-zeolite beta [50], the interaction between Zr-zeolite
beta and pyridine is less strong, so that some of the coordi-
nated pyridine could be displaced by 2-propanol. Therefore,
the activity of Zr-zeolite beta is only partially suppressed by
pyridine. In the case of benzoic acid, the activity of Zr-zeolite
beta was only slightly affected. The poisoning effect appears
to be substrate-specific; we had previously observed that for
the MPV reduction of 4-tert-butylcyclohexanone, the activity
of Zr-zeolite beta was significantly decreased in the presence
of benzoic acid but only slightly affected by pyridine. These
results suggest that the high resistance of Zr-zeolite beta to
acid poisoning in the MPV reduction of cinnamaldehyde may
be due to the «, B-unsaturated nature of the molecule where
the presence of conjugated double bonds coupled to the ben-
zene ring facilitates the coordination of the carbonyl group to
Lewis acid centers. Therefore, competitive binding is less af-
fected by the presence of benzoic acid compared with that of
4-tert-butylcyclohexanone. The effects of poisoning could be
reversed by washing the catalyst with 2-propanol. In conclu-
sion, the activity of Zr-zeolite beta for the MPV reduction of
cinnamaldehyde is not severely affected by the poisoning of
water, base, and acid.

3.5. Catalyst deactivation and recycling

One advantage of heterogeneous catalysts over homoge-
neous catalysts is their potential reusability. To check whether
Zr-zeolite beta could be reused, Zr(100) was recovered and
used for five consecutive MPV reductions of cinnamaldehyde
(Fig. 7). After each run, the catalyst was filtered and washed
with 2-propanol, then submitted to a new reaction batch. Some
loss in activity occurred during the reaction, and the conversion
was lowered to 75% after five cycles; however, the selectivity
was still as high as 95%. The loss of activity could be due to
the adsorption of cinnamaldehyde or cinnamyl alcohol on the
catalyst after the reaction. Indeed, the originally white catalyst
became a little yellow after the reaction, indicative of some ad-
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Fig. 7. Recycling tests of Zr(100) in the MPV reduction of cinnamaldehyde.
Reaction conditions: 1.3 mmol cinnamaldehyde, 83 mmol 2-propanol, 100 mg
Zr(100), under reflux and stirring at 82 °C. Reused catalyst was simply recov-
ered by washing with 2-propanol.

sorbate on it. After five cycles, the used catalyst was recalcined,
and this treatment almost restored the initial activity. In a subse-
quent run, the catalyst again had about 90% of its initial activity.
These results indicate that Zr-zeolite beta is very stable and can
be reused.

4. Conclusion

Zr-zeolite beta was found to be an active and chemoselective
catalyst for the MPV reduction of cinnamaldehyde. A high ini-
tial TOF of 50-80 mol moerl h~! was obtained over Al-free
Zr-zeolite beta samples. The selectivity to cinnamyl alcohol
was >98% throughout the reaction. In contrast, Al-containing
Zr-zeolite beta samples were less active and selective than Zr-
zeolite beta in the MPV reduction of cinnamaldehyde. The
presence of Brgnsted acid sites in the Al-containing samples
catalysed the formation of 1-cinnamyl 2-propyl ether from cin-
namy] alcohol and 2-propanol.

Besides cinnamaldehyde, various other o, B-unsaturated
aldehydes can be effectively reduced to allylic alcohols over
Zr-zeolite beta through the MPV reaction. Excellent conver-
sions were always paired with high selectivities. The activity
of Zr-zeolite beta was only slightly affected by adding wa-
ter and benzoic acid to the reaction medium, but pyridine
led to more severe deactivation; however, this deactivation
could be reversed by removing the poison. The catalyst could
be reused by mere washing with solvent or by recalcina-
tion. Therefore, Zr-zeolite beta is a promising heterogeneous
catalyst for selective reduction of «, B-unsaturated aldehy-
des.
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