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Abstract

The catalytic activity of Sn-beta zeolite in the Meerwein—Pondorf-Verley (MPV) reduction of carbonyl compounds with secondary
alcohols as reductants and Oppenauer oxidation of alcohols were performed with quantitative yields to the corresponding product. This
catalyst exhibits a behavior not observed with Ti- and Al-beta zeolites, with excellent activity and selectivity even after four catalytic recycles
and good stereoselectivities to the thermodynamic less favocabidcohol isomer when alkyl-cylohexanones were used as substrates.

A prochiral ketone has been reduced within an enantiomeric excess close to 50% when using a chiral alcohol as the reducing reactan
Other transition metals incorporated in the beta zeolite framework (V or B) led to poor catalytic activities for this reaction. IR studies using
cyclohexanone as probe molecule over beta zeolites demonstrated that the more specific Lewis acid sites in the framework of Sn-beta a
responsibles for its better catalytic activity with respect to Ti- or Al-beta. The influence of the structure of the alcohol and ketone shows
that reaction transition states that by size can be fitted within the pore of beta may have problems forming on the Lewis acid sites due tc
the shielding effect of the neighbor framework oxygen atoms. Finally, Sn-beta containing organic groups attached to the structure is able tc
perform the MPV in the presence of water, offering a real alternative to conventional alurisoiypnopoxide catalysts.

0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction reductions [4] whereas metiatt-butoxides are preferred for
oxidations [5]. Other Lewis acid metals such as La or Zr have
f been used as homogeneous catalysts for MPVO reactions as

The Meerwein—Ponndorf-Verley (MPV) reduction o : . :
aldehydes and ketones and Oppenauer's (O) oxidation OfweII as magnesium oxides or phosphates in heterogeneous
systems with moderated activity [6-8].

alcohols, together denoted as MPVO reactions, are consid-
ered to be highly selective reactions in which other reducible

groups such as€C double bonds and C—-halogen bonds are

not reacted [1]. In MPV reduction, a secondary alcohol is @ ?H i
the reductant whereas in Oppenauer oxidations a ketone iR-C-R' + R-CHR?® —=—== R-CH-R' + RZCR3
the oxidant. It is generally accepted that MPVO reactions

Lewis acid
catalyst OH

proceed via a transition-state complex in which the carbonyl \\\\ /
group and the alcohol are both coordinated to a Lewis acid ] )
metal center and a hydride transfer from the alcohol to the R R; §
carbonyl group occurs (Scheme 1) [2,3]. \é_,,H\ ,F)R3
Usually, aluminum or titanium alkoxides derived from ” I
secondary alcohols are used as homogeneous catalysts in o o
\\M /
e
[
* Corresponding author. Scheme 1. MPVO reaction pathways=Ralky! or aryl; Rt and R = alkyl
E-mail address: acorma@itq.upv.es (A. Corma). or hydrogen; Me= metal.
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Recently, Al- and Ti-beta zeolites have been reported rotation (60 rpm). After the required heating time, the au-
as excellent catalysts for MPVO reactions showing that toclaves were cooled and the solids were recovered by fil-
Lewis acid sites are the active centers of the catalyst [9-12]. tration and extensively washed with distilled water. Finally,
Following this, it appears that the activity and selectivity the solids were dried at 10€ and calcined at 580, and
of MPVO catalysts can be improved by introducing the the resultant materials were analyzed by XRD showing high
adequate Lewis acidity in the catalyst that can produce the crystallinities.
right polarization of the carbonyl group while coordinating
both the alcohol and the ketone [13]. In this sense, Sn in 2.2 Synthesis of Al- and Ti-beta zeolites
beta zeolite seems to be a good candidate since, on the

one hand, it has'a higher electronegativity than Ti, gnd ON  The Al-beta samples were obtained by hydrothermal
the other hand, it can be more adequate for coordinating gy yipesis at 140C in Teflon-lined stainless-steel auto-
both reactants than extraframework Al species. Furthermore,clawes with rotation (60 rpm), by hydrolyzing TEOS (98%
hydrophobic Sn-beta zeolites could be prepared that shouId,Meer) in an aqueous solution of TEAOH (35%, Aldrich).

in principle, increase the water resistance of the catalyst. Then a solution of metal aluminum (99.95%, Merck) dis-

In a very recent short communication [14] we showed that g6 in aqueous TEAOH was added and the mixture was
the Sn-beta is indeed an excellent heterogeneous catalys!;(ept under stirring until the complete evaporation of the
for the_red_uctlon of aldehydes and ketones to_alcohols andethanol formed upon hydrolysis of TEOS. Finally, HF (48%,
the omgatloni/lg{/(a)lcohols o t_?ﬁ corresitponcé)lpg czrbonyl Aldrich) and, optionally, dealuminated zeolite beta seeds
group 3& a ith th procests.d 'fh restg S Od lene dw_lcire were added. After the required crystallization time, the au-
compared wi 0se reported with optimized Al- and 11 ,¢|4y65 were cooled and the products were filtered and ex-
beta zeolltes' [9]' and the former shows a hlg.her activity and tensively washed with distilled water. The/8i ratios were
better selegtlvny. In this Wor]( we have carried out .a'deep 50 and 15 as determined from chemical analysis. Finally,
study of this system and will present that the activity of the solids were dried at 10€ and calcined at 58@C. and

zeolite containing different transition metals for the MPVO : . .
. ; : ) the resultant materials were analyzed by XRD showing high
reaction correlates well with the Lewis acid strength of crystallinities

the catalyst. By carrying out the reaction with alcohols The Al-beta samples containing extraframework alu-

and ketones of different nature and size, and using basic_. .
o - minum were prepared by a careful postsynthetic treatment
probe molecules with different degrees of steric hindrance, . o . .
we demonstrate that in many cases the catalytic activity .W“h calcinations of thg sample in several steps as degcrlbed
in [9]. In the case of Ti-beta catalyst, a hydrophobic Ti-beta

observed is not controlled by steric hindrance due to pore . .
. . e sample was prepared following the procedure previously de-
diameter of the zeolite and the diffusion of reactants or the scribed in [16]

size of the transition state into the zeolite cavity, but by the

shielding effect of the framework oxygen atoms bonded to ) )

the Lewis acid. Will also show that high stereoselectivities 23 ynthesisof B- and V-beta zeolites

and reasonable enantioselectivities can be achieved in some

cases with this catalyst. Finally, we present modificationsin ~ The B-beta sample was prepared from a silica source

catalyst design and preparation that allow use of Sn-beta in(Aerosil 200, Degussa) plus boric acid gBD3) with

water-containing reaction media with an excellent activity. TEAOH (35%, Aldrich) as template, by diluting 21.0 g of
TEAOH with 7.9 g of water. Then, 0.42 g of boric acid
was dissolved in this solution, followed by the addition of

2. Experimental 6.0 g of silica. This reaction mixture is heated in a Teflon-
lined stainless-steel autoclave at P&Drotated at 60 rpm
2.1. Synthesisof Sn-beta for 6 days. The solid product was filtered, washed, dried at

100°C, and then calcined at 58C. The XRD pattern of this
In order to achieve hydrophobic Sn-beta samples [15], sample showed the beta structure.

fluoride medium from gels was prepared with the follow- In the case of V-beta, 37.8 g of aqueous solution of
ing molar compositions: SiEx SnG:0.54TEAOH:7.5H0: TEAOH (35%, Aldrich) and 10.0 g silica were mixed.
0.54HF wherex was 1/120 and 7240. The gel was pre- After 30 min a solution of VOS®- H,O (1.35 g) in
pared by hydrolyzing TEOS (98%, Merck) in an aqueous so- water (5.5 g) was added and the mixture was stirred for
lution of TEAOH (35%, Aldrich), a solution of Sngi5H,0 30 min. Finally, zeolite beta seeds were added and the
(98%, Aldrich) in water was added, and then the mixture gel was introduced in Teflon-lined stainless-steel autoclaves
was kept under stirring until the complete evaporation of and heated at 14 for 12 days. The final zeolite was
ethanol formed upon hydrolysis of TEOS. Then HF (48%, recovered by centrifugation, washed with distilled water,
Aldrich) was added and finally dealuminated zeolite beta dried at 100C overnight, and finally calcined at 58G for
seeds were added. The crystallization was carried out in 3 h, resulting in a solid sample with the XRD pattern of beta
60-mL Teflon-lined stainless-steel autoclaves ati@ith structure.
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2.4. Synthesis of Sh-MCM-41 material an IR spectrum was recorded. The same procedure was fol-
lowed for 2,6-dimethylpyridine, 2-ethylpyridine, and pyri-
dine IR adsorption measurements, with the corresponding
desorption performed at 25 and 150D.

Sn-MCM-41 sample with approximately 10 wt% of
SnQ was prepared in the following way. An aqueous so-
lution of hexadecyltrimethylammonium hydroxid@omide
(C16TAOH/Br) was mixed with a TMAOH solution (25%,
Aldrich) and an aqueous solution of SuCIH20 (98%,
Aldrich). After homogenization, the silica (Aerosil, De- The experiments for the reduction of ketones with sec-
gussa) was added under continuous stirring. The homoge-ondary alcohols (Meerwein—Ponndorf-Verley reaction) were
neous gel was sealed in Teflon-lined stainless-steel auto-performed in a 10-ml round-bottom flask immersed in a ther-
claves and heated at 136 under static conditions for 24 h.  mostated bath and equipped with a condenser, a thermome-
The resulting solid was filtered, washed with water, and ter, and a magnetic stirrer. Typically, 1 mmol of the substrate
dried at 60°C for 24 h. The occluded organic was removed and 60 mmol of the alcohol were homogenized in the flask

2.6. Catalytic experiments

by heating the solid at 54 for 1 h in nitrogen flow, fol-  under stirring, and the mixture was heated at temperatures
lowed by 6 h in air. The solid obtained presents the XRD of petween 85 to 100C. Then, 75 mg of catalyst was added
MCM-41, surface area of 950%g~?1, and 3.5-nm pore di-  at once to the reaction mixture (time 0). Small aliquots were
ameter (35 A) and XRD pattern of MCM-41 structure (spec- withdrawn from the mixture at different time intervals to fol-
tra not shown). low the kinetics of the reaction. For studying the effect of
Silylation of calcined samples was carried out following  catalyst and alcohol concentrations on the reaction rate, the
[17,18]. amount of catalyst was varied between 3 and 75 mg, whereas

Phase purity of the catalysts was determined by X-ray the concentrations of alcohol were 48, 20, 9, 6, and 3 mmol.
diffraction (XRD) in a Philips X'Pert MPD diffractome-
ter equipped with a PW3050 goniometer (Cy-kKadiation, 2.7. Oppenauer oxidations
graphite monochromator), provided with a variable diver- o ]
gence slit and working in the fixed irradiated area mode. The oxidations ofec-alcohols to the corresponding ke-

295i MAS NMR and%sn MAS NMR were recorded at  tones were carried out using 2-butanone as oxidating agent.
spinning rate of 5 kHz on a Varian VXR 400S WB spectrom- The reactions were performed with the same equipment
eter. Diffuse reflectance UV-visible (DRUV) spectra were described above under the following reaction conditions:
recorded in a Cary 5 Varian spectrometer equipped with a 1 mmoI. of the selected alcohol and 80 mmol of 2-butanone
“Praying Mantis” cell from Harrick. were mixed in the reactor at 8C. Then the catalyst (75 mg)
Thermogravimetric and differential thermal analysis Was added (time 0).
(TGA-DTA) were performed in a Netzsch STA 409 EP ther-
mal analyzer with about 20 mg of sample and a heating rate 2-8. Reactionswith prochiral substrates
of 10°C m'”__l in air flow (6 Ih™). Chemical composition MPV reduction of different prochiral ketones was made
was determined by atomic abs.orlpuon in a Varian SpectrAA- i the same manner as describes above VOB (++)-2-
10 Plu§ and elementgl anaIyS|s. in a Fisons EAllQSCHN'S-butanol as reducing agent. The alcofi@tone molar ratio
Scanning glectron microscopy in a JEOL 6300 microscope 45 80, with 75 mg of catalyst at 80—170.
was used in order to know the size and morphology of the ¢ reaction products were analyzed by gas chromatog-
crystals. Nitrogen and argon adsorption experiments at 77,55y in a Varian 3400 GC equipped with a capillary column
and 85 K, respectively, were carried out in a Micromeritics (5% methylphenylsilicone, 25 m length) and a FID. Product
ASAP 2000. identification was performed by GC-MS and compared with
available standard compounds. The analysis of chiral prod-
ucts was carried out using a capillary column with chiral sta-
Infrared spectra were obtained in a Nicolet 710 FTIR tionary phase (BETA-DEX 120, 30 m length).
spectrometer using self-supported wafers of 10 mgem
outgassed overnight at 653 K andP0Pa. The measure- 3. Resultsand discussion
ments with adsorption of cyclohexanone (and its 2-methyl
and 2,6-dimethyl derivatives) at 2& and desorption of the
organic molecule in vacuum for 1 h were performed at 50,  The physical properties of the catalysts are summarized in
100, and 200C over selected Me-beta zeolites. First, all the Table 1. XRD patterns of the Sn-beta (1 and 2 wt% of ZnO
water must to be removed from the zeolite. Consequently, and Al- (Si/Al = 15 and 50), Ti-, V-, and B-beta samples are
the zeolite samples were dehydrated overnight at®@0in shown in Figs. 1 and 2, respectively. Taking as a reference a
vacuum, and the first spectrum was recorded. Then the cy-commercial beta zeolite (Zeolyst Intl) it can be said that the
clohexanone was adsorbed and again an IR spectrum wagrystallinity of the samples is higher than 90% except for
taken. Afterward, the organic compound was desorbed suc-the V-beta sample in which crystallinity ranges between 80
cessively at 50, 100, and 20Q, and after each desorption and 90%.

2.5. IR spectroscopic measurements

3.1. Catalyst characterization
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Table 1
Physical properties of the catalyst samples tested in MPVO reactions 90004
Catalyst SiMe BET surface  Micropore Crystal Desorbed
ratio area volume size 30

(m*gh)  (emgl)  (um)  (w%f
Beta (SiQ) - 450 020 10 044 M
Sn-beta 120 475 .20 05 293
Sn-beta 240 470 .20 05 —
Ti-beta 65 454 a9 05 1.80 6000+
Al-beta 50 484 a9 03 487 b
Al-beta 15 518 @0 03 1679
Al-betdP 12 - - 20 1683
B-beta a7 460 a9 1.0-5.0 53
V-beta 106 387 a4 02 857

@ Calculated by TG analysis.
b Synthetized the same as van Bekkum and colleagues and calcined with
the same postsynthesis procedure [9].

30004

12000 93%

5 ?&

1 0 T T T T T T T T
MW/\» O i y X )
8000 .
2 calcined 26 (degrees)
=
5 Fig. 2. XRD pattern of calcined: (a) Al-beta (@il = 15), (b) Al-beta
40004 100% (Si/Al =50), (c) Ti-beta, (d) V-beta, and (e) B-beta zeolites samples.
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Fig. 3. Infrared spectra of pyridine adsorption (at’Z5 and desorption at
Fig. 1. XRD pattern of as-made and calcined Sn-beta: (a) with 1 wt% SnO  150°C over Al-beta (SIAl = 15) (a), Al-beta (SiAl = 50) (b), Sn-beta (c),
(b) with 2 wt% SnQ. Ti-beta (d), V-beta (e), and B-beta (f).

The amount and strength of Lewis acid sites of the 150°C in the 1800—1300 cm region are shown in Fig. 3.
metal-containing zeolites were compared by means of IR The appearance of the band corresponding to Lewis acid
spectroscopy of the pyridine adsorbed and desorbed atsites in the IR spectra (1452 ¢t is clearly observed for
150°C. The IR spectra obtained after pyridine desorption at the beta samples containing Sn, Ti, and Al. However, the Sn-
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beta Lewis acidity exhibits a very weak character similar to Table 2

Ti-beta sample [18], while Al-beta presents a large amount Selective reduction of cyclohexanone with 2-propanol over Sn-beta and
of strong Lewis and Brénsted acidity When beta zeolites other materials (MPV reaction) (reaction conditions®85 1 h of reaction,
containing V and B were measured r.1egligible amounts of 1 mmol. of substrate, 60 mmol of 2-propanol and 75 mg of catalyst)
pyridine coordinated to Lewis acid sites were detected after Catalyst _ __ Conversion Selectivity (% mol)
desorption at 150C, showing similar absorbance values (V% Me0or SyMeratio) — (% mol) - cyclohexanol Alquene Others

. . type 1h

than the all-silicon-beta zeolite. . 0 o o 0

The incorporation of Sn in the framework of beta was  aj(iso-propoxide} 100 100 0 0
checked by means dft®sn MAS NMR. Thus, a Sn-beta  Ti(iso-propoxide} 0 0 0 0
sample enriched with!'®Sn isotope was synthesized and the 2% SnQ/SiO, 0 0 0 0
MAS NMR spectrum of the dehydrated Sn-beta gives a peak SnCh - 5H20% 0 0 0 0
at —444 ppm, which is related to tetrahedrally coordinated S;)bgtnaq /Sibeta 8 8 8 8
Sn in the framework of zeolites [13]. No peak-a690 and Sn-beta (1 Wi% Sng) 56.8 1000 0 0
—740 ppm corresponding to octahedrally coordinated Sn in sn-beta (2 wt% Sng) 910 1000 0 0
zeolites was found. In an analogous way the UV-visible Ti-beta (2 wi% TiG) 39 1000 0 0
spectra of Ti- and V-beta samples show the incorporation of Al-béta (SYAl = 50) 150 1000 0 0
these metals by the detection of absorbance bands centereﬁ:zggi gﬁ: ng g; g g;‘:g 8_7 g ;l

at 220 and 290 nm for titanium- and vanadium-containing
samples, respectively.

@ With 100 mg of the salt.
b Synthetized and calcined the same as van Bekkum and colleagues [9].

3.2. Catalytic activity able 3
able

Th lecti fthe b f | . Selective reduction of cyclohexanone with 2-butanol over Sn-beta and other
e selection of the beta structure for catalyst preparation materials (MPV reaction) (reaction conditions: F@), 1 h of reaction,

was based on the fact that this is a |arge-p0re tridimensionall mmol of substrate, 60 mmol of 2-butanol, and 75 mg of catalyst)
zeolite that allows the incorporation of transition metals Catalyst Conversion Selectivity (% mol)

in framework positions [19], achieving in this way single wto MeO, or Si/Me ratio) (% mol) Cyclohexanol Alquene Others
isolated Lewis acid sites that can, in principle, be active for type 1h

MPVO reactions. Thus, when Sn-, V-, Ti-, B-, and Al-beta - 0 0 0 0
zeolites were tested in the MPV reduction of cyclohexanone Al(iso-propoxide} 100 100 0 0
using 2-butanol as reductant, the results given in Fig. 4 Ti(iso-propoxidey 0 0 0 0
; . . ; TiClg?2 9.9 785 39 176
show that yields of.cyclohexanol obtained with vanadium ./ SnG/SIO, 0 0 0 0
and boron beta zeolites were much lower than the analogoussncy, . 5H,02 0 0 0 0
Sn-, Al-, and Ti-beta catalysts. The results obtained for V- Si-beta 0 0 0 0
and B-beta materials are not surprising taking into account 2% SnG/Si-beta 0 0 0 0
the poor Lewis acid character shown by these materials asS"-Peta (1% Snf) 645 1000 0 0
db ridine adsorption. This is probably due to Sn-beta (29 Snf) 954 1000 0 0
measured by py : : 1195n-beta (2% Sng) 958 1000 0 0
the fact that boron and vanadium have a high tendency t0 gy, peta (206 sSng)® 910 095 01 04
come out from the framework during the calcinations of the sn-peta (2% Sng)° 63.2 988 0.2 10
samples [20,21]. Sn-beta (2% Sng)d 945 992 0 08
Ti-beta (2% TiQ) 6.1 1000 0 0
1000 Al-beta (SyAl = 50) 315 952 0 48
0,0 | Al-beta (SyAl = 15) 575 955 14 31
w0 || O Cyclohexanol Yield (%Mol.) Al-beta (SYAI — 15 237 90 07 23
70'0 Al-beta (SyAl = 12)¢ 80.3 984 03 13
60'0 @ With 100 mg of the salt.
' b Alcohol/ketone ratio= 20/1 (mmol).
50,0 ¢ Alcohol/ketone ratio= 6/1 (mmol).
40,0 d Zeolite after 4 recycles.

€ Synthetised and calcined the same as van Bekkum and collegues [9].

30,0

20,0

10,0 D Comparative catalytic tests between Sn-beta and other

0.0 , B , homogeneous and heterogeneous catalysts were carried out

B-Beta V-Beta Ti-Beta Al-Beta Sn-Beta using cyclohexanone as substrate and 2-propanol and 2-

Fig. 4. Selective reduction of cyclohexanone with 2-butanol as reductant butanol as reducing agents. The ,reSUItS given ,In Tables 2

over different Me-beta catalysts (MPV reaction) (reaction conditions: 1 h and 3 clearly show that Sn-beta is a more active catalyst

of reaction, 1 mmol of substrate, 60 mmol of the alcohol, 75 mg of catalyst than either Ti-, Al-beta, TiGl, SnCl, or SnQ, and almost

at 100°C). as active as Aligo-propoxide}. These results indicate not
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Fig. 5. Infrared spectra of cyclohexanone adsorption (&@5and desorption at 50, 100, and 28 over Si-beta (a), Sn-beta (b), Ti-beta (c), Al-beta (d),
and V-beta (e).

only the relative good catalytic performance of Sn-beta, but for the pure silicon beta were obtained when Snéas
also that the catalytic active sites in this catalyst are very dispersed on the surface of this zeolite sample. For Sn-beta
probably the Sn atoms in framework positions. If this is (Fig. 5b) a shift of 48 cm? of the carbonyl band towards
so, these sites should be able to coordinate the ketone andower wavenumbers after desorption at 2@0occurred,
polarize the carbonyl group. To check this, cyclohexanone indicating the formation of an adduct between the carbonyl
has been adsorbed on the Sn-beta in the IR cell &€2&nd oxygen and the tetrahedral Sn in the beta framework. This
then desorbed at 50, 100, and 2@for 1 h, while the IR band persists even after desorption at 200 When Sn
spectra were recorded. The results are compared with thoses replaced by Ti a smaller shift of the carbonyl band
obtained with the other zeolite catalysts in Fig. 5. It can be (32 cni!) was observed (Fig. 5c) and elimination of the
seen there that the band associated to the carbonyl group aband occurred after desorption at 2@ Both observations,
1713 cm L is clearly visible on the pure silicon beta zeolite i.e., the smaller shift and the earlier desorption with Ti-
at 25°C. However, in this zeolite almost all cyclohexanone beta, let us to conclude that the interaction of the carbonyl
has been desorbed at 10D (Fig. 5a), and no carbonylbands oxygen and the titanium was weaker than the observed
below 1700 cm! can be detected. Identical IR spectra as for the tin. Incorporation of Al into the zeolite framework
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involves various types of interactions with cyclohexanone Table 4

since besides Lewis acidity also Bronsted acidity is present Comparative MPV reduction of cyclohexanone with selectdalcohols
in this sample [22] (Fig. 5d), and the presence of various overo Sn-beta, Sn-MCM-Al, and Adp-propoxide} (reaction conditions:
broad carbonvl bands in the IR spectra could be observed 100°C, 6 h of reaction, 1 mmol of substrate, 60 mmolset-alcohol and

y . p . 1 75 mg of catalyst)
For the V-beta sample (Fig. 5e) a lower shift 25 cn1-) e Alcohal c ey ——
of the band associated to the carbonyl group occurs and the(mi(;, éan)a cono &”ﬁ;'ow)
shift disappears when temperature was increased t6C.00 Cyclohexanol Others
These observations suggest that the interaction of theSn-beta(2) 2-Butanol 98 10000 000

carbonyl group with the Sn center is stronger than with Ti Cyclopentanol 95 9908 ar2
. . . Me-cyclohexanol 3D 7440 2560
and V, and more selective than with Al centers in Al-beta Phenyl-ethanol 20 7322 2678
zeolite. These interactions are a measure of the Lewis aC|d'|tySn_MCM_41 (10)  2-Butanol 2 9864 136
of the sites of the catalyst and would indicate that Lewis Cyclopentanol 16 9419 581
acidity in V-beta is not strong enough, and/or the amount Me-cyclohexanol 15 8568 1432
of framework V is too small to carry out efficiently the Phenyl-ethanol 21 6923 3077
reaction. In the case of Al-beta, even if it is catalytically aj(iso-propoxidex? 2-Butanol 100 10000 000
active, the presence of residual Bronsted acidity catalyzes Cyclopentanol 66 9969 031
undesired reactions and decreases the selectivity to the Me-cyclohexanol 39 9699 301
desired products. Phenyl-ethanol 74 9958 042
2 (% SnQ) present in the zeolite.
3.3. Effects of the molecular structure of the alcohol P With 100 mg of the salt (11.67 wt% of Al).

A series ofsec-alcohols were tested for the MPV reduc-
tion of cyclohexanone using Sn-beta as heterogeneous catathat in the case of mesoporous molecular sieves no limitation
lyst. As shown in Fig. 6, all the alcohols studied are reactive, due to pore dimensions should exist for the reaction between
though the smaller 2-propanol and 2-butanol give the bestcyclohexanone and cyclopentanol. Thus, since Sn-MCM-41
activities and selectivities for the MPV reaction. The lower is active for the reduction of cyclohexanone with 2-butanol
activity achieved with bulkier alcohols such as cyclopen- but not with cyclopentanol (Table 4), we could certainly con-
tanol and 2-methylcyclohexanol cannot be due to pore di- clude that the reaction is not limited by pore dimensions.
ameter limitations of the zeolite since the pore diameters of Therefore, we propose that the observations made can be
beta are large enough to compile with the size of the transi- due to geometrical limitations for the formation of the tran-
tion state formed between cyclohexanone and the above al-sijtion state on the Lewis acid, probably due to the presence
cohols. Therefore, steric limitations should not occur in the of the framework oxygen atoms bonded to the Lewis acid
pore but probably occur near the Sn active site when increas-site. Note that the activity of the aluminuiso-propoxide
ing the diameter of the secondary alcohol molecule or, more a|so decreases when the bulkier alcohols are reacted.
precisely, when bulk substituted are present near the alcohol  Besides the geometrical effect described above it should
function owing to the shielding effect of the oxygens bonded pe noted that the presence of an aromatic ring in the phenyl-
to the Sn atom. To investigate this hypothesis, the reductionethanol reduces cyclohexanol yields. A similar behavior
of cyclohexanone with cyclopentanol was carried out with \yas found with others secondary aromatics alcohols as
Sn-MCM-41, which is also active for this reaction. Itis clear reductants when the alcoholic function is separated by one or

100 two carbon bonds with respect to the aromatic ring. All these
90 1 experimental observations let to us to conclude that presence
80 1 of the electront cloud in the aromatic alcohol competes
70 1 with the OH group of the alcohol for the coordination on
gg ] the Lewis center resulting in a decrease of the yield of the
40 14— desired product. A similar effect is observed when using Al-
30 1+ (iso-propoxide} as catalyst (Table 4).

20 1+
18 , , , : 3.4. Effects of the molecular structure of the ketones
2-propanol 2-butanol cyclopentanol methyl- phenyl-ethanol

cyclohexanol

‘DConversion (%Mol.) B Selectivity (%Mol.)

By reacting a series of alkyl-cyclohexanones, with methyl
ortert-butyl substituents in different positions of the ring and
Fig. 6. Selective reduction of cyclohexanone over Sn-beta (2% Bwith using _zibUtan(')l and 2-propano| asthe reducmg agents’_Shape
different alcohols (MPV reaction) (reaction conditions: 6 h of reaction, selectivity effects of the Sn-beta catalyst are seen. As it was
1 mmol of substrate, 60 mmol of the alcohol, 75 mg of catalyst at 100685  found with Ti-beta [12], Sn-beta inhibits the formation of
for 2-propanol). 4-alkyl-trans-cyclohexanol isomers but not that of this-
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Table 5
Selective reduction of alkyl-cyclohexanones over Sn-beta (2 wt%,5nO
with secondary alcohols (MPVO reaction) (reaction conditions: °XD0
6 h of reaction, 1 mmol of substrate, 60 mmol of alcéhaind 75 mg of 0.2
catalyst) ' W
Substrate Alcohol  Conversion Selectivity (% mol)
ketone Alcohol  C.P® Others
(Yomol)  (cis/trans}
Cyclohexanone  2-Propanol 86 100.0 00 0.0 —
2-Butanol 986 100.0 00 00 =S
2-Butanof 542 98.6 0 14 S
[0
4-Me-cyclo- 2-Propanol a8 100/0 00 00 2 b
hexanone 2-Butanol 9% 100/0 0.0 00 8 0
2-Butanof 724 1000 00 00 I
17}
4-t-Butyl-cyclo-  2-Propanol 938 99/0.5 Qo 0.5 2
hexanone 2-Butanol o7 96/1.5 06 19
2-Butanof 822 60/38.0 20 0.0
3-Me-cyclo- 2-Butanol B 100.0 00 0.0
hexanone 2-Butan®l 336 99.1 00 09
2-Me-cyclo- 2-Butanol 70 50/45.4 Qo0 46 c
hexanone 2-Butan® 19.0 72.722.0 Q0 5.3
2-+-Butyl-cyclo-  2-Butanol (0] 0.0 Q0 00 0,0 1 . : ‘ : . : .

@ With 2-propanol the reaction temperature was 85

b Ratio of cis/trans alcohols evaluated by GC and GC-MS vs standard
compounds.

c F()Zondensation products. Fig. 7. Infrared spectra of aromatic amines adsorption (&tQ@5and

d With Sn-MCM-41 (10 wt% Sn@) mesoporous material as catalysts. desorption a_t .150C over Sr_]-_beta zeolite: (a) 2,6-dimethylpyridine,
(b) 2-ethylpyridine, and (c) pyridine.

Wavenumber (cm-1)

isomers (Table 5). Thus, the less favoratiisomers cis- the methyl group has been the basis for using 2,6-dimethyl-
4-tert-butylcyclohexanol andis-4-methylcyclohexanol, are  pyrigine as probe molecule that absorbs on Brénsted but not
obtained in very high yield with respect to tirans-alcohol on Lewis acid sites [23].

isomers. More specifically, when cyclohexanone, 2-methylcyclo-

In the case of 2-alkyl-cyclohexanones, the proximity of hexanone and 2,6-dimethylcyclohexanone have been ad-
the alkyl substituent to the carbonyl group induces steric sorhbed on Sn-beta in the IR cell, the results presented in
hindrance near the tin active site in the transition state Fig. 8 show that after desorption at 100, only the two first
of the reaction. Thus, activity decreases when 2-methyl- reactants remain adsorbed.
cyclohexanone is reacted instead of cyclohexanone, and itis  From the above discussion and the results given in Table 6
totally suppressed when the methylis changed by the bulkierwe concluded that transition-state limitation is a key factor
t-butyl substituent in the 2 position. For the 3-methyl- for explaining activities and selectivities found with certain
cyclohexanone, the distance between the methyl group anccarbonyl compounds. Consequently, not only the size or
the carbonyl group is not as determinant as the spatial position of the substituent at the ring is important, but
configuration (equatorial or axial) that can introduce steric g|so the type of substituent (alkyl or aryl) can play a very
effects with respect to the walls of the zeolite pore. This important role in the coordination of the carbonyl group to
results in poor levels of 3-methylcyclohexanone conversion the active site. If we compare all the substrates in Table 6
compared with 2- and 4-methyl-substitued cyclohexanones. and their corresponding conversions, we can correlate the

The importance of hindrance at the framework Lewis acid data of the cyclic or bicyclic ketones containing different
sites for alkyl-substituted rings in the vicinity of the electron substitutes with the level of transition-state limitations that
donating group of the reactant molecule has been proventhose can originate. For instance, the fact that the diffusion
by adsorbing pyridine, 2-ethylpyridine, and 2,6-dimethyl- of cyclododecanone is restricted within the pores of zeolite
pyridine on the Sn-beta sample. The results presented inbeta can justify the low level of conversion obtained with this
Fig. 7 show that while pyridine and 2-ethylpyridine are compound. In the case of the norcamphor—camphor couple,
coordinated to the Lewis acids after desorption at A50 the steric hindrance presented by the latest ketone due to the
2,6-dimethylpyridine does not owing to the negative steric methyl substituents absolutely inhibits the MPV-O process.
effect of the two methyl groups vicinal to the nitrogen atom Nevertheless, the negative resonance or conjugation ef-
that coordinates to the Lewis center. This hindering effect of fect between the carbonyl band ang-C double bond be-
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zedite

zedite

Absorbance
Absorbance
Absorbance

T T 1 T T T U T T T 1
1800 1750 1700 1650 1600 1800 1750 1700 1650 1600 1800 1750 1700 1650 1600

Wavenumber (cm-) Wavenumber (cm-1) Wavenumber (cm-1)

Fig. 8. Infrared spectra of alkyl-cyclohexanone derivatives adsorption (a@pand desorption at 50, 100, and Z@Dover Sn-beta zeolite: (a) cyclohexanone,
(b) 2-methylcyclohexanone, and (c) 2,6-dimethylcyclohexanone.

comes very clear using cyclohexenone as substrate, taking3.5. Stereoselectivity and chirality: Oppenauer reaction
into account the low level of alcohol yield achieved with this
substrate compared with those of the above-noted cyclic ke-
tones (Table 6).

As it can be seen in Table 7, when using a 1:1 reac-
tant mixture oftis- andtrans-4-alkyl-cyclohexanols, Sn-beta

. . catalysts show excellent selectivities for reacting the
In the case of ketones with aryl groups as substituents, . : : .
) . . ; . alcohol, with respect to thieans isomer owing to geometri-
the evident increase in the conversion values in the order:

ioph tooh henvlacet indicat "cal constraints for the transition state of the second. This is
proplophenone- acetophenone: phenylacetone indicates agreement with what occurs when reducing the 4-alkyl-
that the closer the aromatic ring is to the carbonyl

. : group, cyclohexanone and proves that both alcohol and ketone are
the bigger the stgrlp effe(?t produced. prvgver, b§S|des t_hecoordinated to the zeolite metal site in the transition state.
above-noted steric impediments, the activities achieved with 55 respect to the enantioselective reduction of prochi-
ketones containing aromatic groups can be influenced bY ra ketones, it was found [12] that Ti-beta can produce 34%
other effects, such as resonance and inductive effects ofut enatiomeric excess at 77% conversion after 20 days of re-
the aromatic ring. Thus, the differences in conversion levels action time when phenyl-acetone is used as prochiral ketone
observed for the last three substrates detailed in Table 6,in (S)-2-butanol as reductant. We performed similar ex-
cannot be explained following only the steric hindrance periments with Sn-beta catalysts and we achieved 43.0% e.e.
hypothesis, suggesting that the electronic effects becomeys the (5)-phenyl-2-propanoal, at 70% conversion in only
more important in this case. 4 h. At complete conversion of the phenyl-acetone (24 h) the
It must be taken into account that the interaction of the g e. decreases to 38.9%.
carbonyl group with the metal center leads to polarization  |n conclusion, the combination of pore dimensions and
of the carbonyl double bound enhancing the positive charge| ewis acidity in Sn-beta zeolites affords a highly active,
on the carbon atom and the negative charge density on thestereoselective and moderately enantioselective catalyst for
oxygen. When the aryl substituent group has an electron MPVO reactions.
donor effect (positive induction effect) stabilization of the
right polarization of the carbonyl double bond occurs, 3.6. Sability and activity of the catalyst with water
increasing the effect of the catalyst and increasing the in the reaction media
conversion to the corresponding alcohol product. On the
other hand, a negative inductive effect as irp-anetoxi- One of the limitations of using aluminuiso-propoxide
phenyl substituent leads to a poor polarization of the s its fast and irreversible deactivation by water. Moreover,
carbonyl group and then the ketone conversion decreasesaluminum alkoxides dispersed on siliceous MCM-41-type
We conclude that for a given metal, zeolite catalyst steric materials were demonstrated to be nonresistant to the pres-
effects at the Lewis site owing to the size of the transition ence of water traces in the MPVO reaction system [24]. In
state, together with factors derived from the electronic the case of zeolites, it is known that highly hydrophobic
structure of the reactants, are responsible for the final samples can be prepared. Thus, hydrophobic zeolites con-
conversion observed. taining Lewis acids can be quite suited for the MPVO re-



A. Cormaet al. / Journal of Catalysis 215 (2003) 294-304

Table 6

Selective reduction of different ketones over Sn-beta (2 wt%-$n@th
2-butanol (MPVO reaction) (reaction conditions: F@D, 6 h of reaction,
1 mmol of substrate, 60 mmol of alcohol, and 75 mg of catalyst)

303

Table 8

Effect of the BHO addition to the MPVO activity of Me-zeolites (reaction
conditions: 100C, 1 h of reaction, 1 mmol of cyclohexanone, 60 mmol of
2-butanol and 75 mg of catalyst)

Substrate Structure Conversion Selectivity (% mol)
ketone  Alcohol C.P2 Others
(% mol)
Cyclopentanone E>:o 40.9 961 00 39
Cyclohexanone <:>:o 98.6 1000 00 00
o
CyclododecanoneQ 12 1000 00 00
4-t-Butyl-cyclo- *, & _0 97.2 975 06 19
hexanone
Ylte,,
Nopinone &O 124 819 00 191
Norcamphor dfo 101 1000 00 00
lea,,,
Camphor dgfo 0.0 00 00 00
Cyclohexenone <;>:o 258 324 370 306
o}
Acetophenor2 ©)J\ 189 939 61 00
o
Propiophenorfe ©)J\/ 7.6 874 126 00
Phenyl-acetorfe ©/\g/ 65.2 932 68 00
o
Phenoxy-acetofe ©/ ;\ 82.9 968 32 00
o
p-Methoxy-phenyl- m 29 00 00 1000
MeO

aceton8

@ Condensation products.
b At 20 h of reaction.

Table 7

Oppenauer oxidation of /1 mixtures of ciss and trans-4-alkyl-cyclo-
hexanols over Sn-beta (2 wt% Sg)with 2-butanone as oxidant (reaction
conditions: 80°C, 6 h of reaction, 1 mmol of substrate, 80 mmol of ketone,
and 75 mg of catalyst)

Substrate Time Conversion Selectivity (% mol)
(h) Alcohol  ketone C.®  Others
(cis/trang)?
(% mol)

4-Methylcyclohexanol 1 8,8..6 1000 0.0 0.0

6 29.6.9 997 0.3 0.0

4-1-Butylcyclohexanol 1 25.0.0 995 0.5 0.0

6 53.7/1.3 973 23 15

@ Ratio of cis/trans alcohols evaluated by GC and GC-MS vs standard
compounds.
b Condensation products.

Catalyst TON (mol mot! h=1) water added

0 0.29 059
Ti-beta 12 0.7 0.7
Al-beta 70 01 0.1
Al-betaf 9.8 05 0.2
Sn-beta 109 17.8 38
Sn-beta—SiP 1080 567 480

@ Synthetized the same as van Bekkum and collegues and calcined with
the same postsynthesis procedure [9].
b Silylated sample.

action when water is present, since its low water adsorption
will have a lower effect on catalyst deactivation. Higher zeo-
lite hydrophobicities should be achieved when no framework
charges or defects (silanols) are present. Taking this into ac-
count, one could expect the order of hydrophobicity of our
samples to be Ti-beta Sn-beta> Al-beta. The results of
adsorption—desorption of water on these samples (Table 1)
show that indeed this order of hydrophobicity is the one pre-
sented above. This order of hydrophobicity corresponds well
with the resistance of the catalysts to deactivation by water
(Table 8).

Indeed, Ti-beta and Sn-beta retain a higher percentage of
catalytic activity when water is present in the reaction media.
It is noticeable that even witlk 4 wt% of H,O (0.2 g) in the
media Sn-beta gives a higher turnover number than Ti- or Al-
beta when working in absence of water (Fig. 9). Moreover
the sample still retains a reasonable activity whebh0 wt%
of H,O (0.5 g) was present. It appears then that preparing
hydrophobic metal-containing zeolites offers a possibility
for preparing solid Lewis acids that can work in the presence
of water.

100

90 A
g 80 -
= 70 A
@ 60
S 54
g 40
3 30-
2 20 A m—Sn-Beta —4A— Al-Beta(a)

10 —eo—Ti-Beta —+— Sn-Beta-Sil

0Lt T T T . ‘
0 0,1 0,2 0,3 04 0,5 0,6
gr of water

Fig. 9. Loss of activity (as % of TON loss) for different Me-beta catalysts by
addition of water as poisoning agent (MPVO reaction) (reaction conditions:
1 h of reaction, 1 mmol of cyclohexanone, 60 mmol of 2-butanol, 75 mg of
catalyst at 100C). (a) Synthetized and calcined the same as van Bekkum
and collegues [9].
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