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Abstract

A new, three-dimensional, amorphous mesoporous silicate containing zirconium, Zr-TUD-1, was synthesised via a direct hydrothermal treatment
method using triethanolamine as the template. The mesoporosity of Zr-TUD-1 was confirmed by XRD, N, sorption and HR-TEM studies. The
acid sites present in Zr-TUD-1 were evaluated by FT-IR studies of pyridine adsorption and shown to be predominately Lewis acidic. The nature of
zirconium in Zr-TUD-1 was established by FT-IR, XPS and UV-vis studies. Zr-TUD-1 was tested in the Meerwein—Ponndorf—Verley reduction.
It showed a promising activity, in particular for the stereoselective reduction of steroids.
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1. Introduction

The Meerwein—Ponndorf—Verley reduction and its counter-
part, the Oppenauer oxidation are well-established, mild redox
reactions [1,2]. Its high selectivity has made it particularly pop-
ular in steroid chemistry, allowing efficient reductions even on
an industrial scale. They are commonly catalysed by equimolar
amounts of aluminium(III) isopropoxide, however more recently
the catalytic application of bis(dialkoxyaluminium) complexes
[3,4] or aluminium(IIl) isopropoxide [5], zirconium(IV) iso-
propoxide [6,7] and lanthanide isopropoxides [8—10] have been
described. A significant step forward was the introduction of
the heterogeneous catalysts for this reaction, such as metal
oxides [11], hydrous zirconia [12], hydrotalcites [13,14] and
zeolite H-beta [15,16], recently they were followed by the very
active Al-free Sn-beta [17] and Al-free Zr-beta [18-20]. The
mechanisms of the homogeneous and heterogeneous reaction
have been elucidated. The reactions were proven to proceed
via a carbon to carbon hydrogen transfer reaction, while the
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Lewis acid catalyses and coordinates this process (Scheme 1)
[21,22].

Drawbacks of the Al-free Sn and Zr substituted beta zeolites
are their limited pore size and their complex synthesis. Simi-
larly, the grafting of zironcium(IV) propoxide onto MCM-41,
MCM-48 and SBA-15 is labour intensive [23]. A less labor
intensive preparation of zirconium containing mesoporous sil-
icate yields a material with a one-dimensional pore structure,
which limits diffusion [24]. In contrast, it was recently demon-
strated that the three-dimensional, mesoporous silicate TUD-1
[25] can readily be prepared with isolated metals incorporated
into the framework, such as Al, Co, Cu, Fe and Ti [26-31].
The templating method applied for the synthesis of TUD-1 uses
triethanolamine, which acts both as template in the mesopore
formation and as a metal complexing agent. This has the advan-
tage that the metal is deposited on the surfaces of the mesopores
[31]. Utilising zirconium(IV) propoxide as metal source with
triethanolamine as template in a one-pot surfactant-free proce-
dure based on the sol-gel technique, Zr-TUD-1 with a Si/Zr
ratio of 25 was readily prepared. Zirconium was the metal of
choice, since it is tetrahedrally coordinated and was shown to be
particularly active in the Meerwein—Ponndorf—Verley reaction
when incorporated into Al-free zeolite beta [ 18—20]. In addition
the pores of TUD-1 are large enough to accommodate steroids
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Scheme 1. Mechanism of the Meerwein—Ponndorf—Verley reduction and Oppe-
nauer oxidation.

such as cholesterol, that cannot enter the pores of zeolite H-beta
[32].

In this paper, we report the direct hydrothermal, cost-effective
synthesis of zirconium containing 3D-mesoporous silica Zr-
TUD-1 with a Si/Zr ratio of 25 and its application as catalyst
in the Meerwein—Ponndorf—Verley reaction.

2. Experimental
2.1. Chemicals

All chemicals were purchased from Aldrich, Janssen or
Acros. In the synthesis of the Zr-TUD-1 the chemicals were
used as received. For the catalysis experiments, the anhydrous
solvents and solids were used as received, liquids were dried and
distilled prior to use and Zr-TUD-1 was activated in the pres-
ence of air at up to 600 °C at a temperature ramp of 1 °C/min and
subsequent heating at 600 °C for 10 h. These experiments were
performed in dried glassware under a nitrogen atmosphere.

2.2. Synthesis of Zr-TUD-1 (Si/Zr =25)

Tetraethyl orthosilicate (98%, 33.8 g) was added to a mix-
ture of zirconium(IV) propoxide (70 wt.% in 1-propanol, 2.98 g)
and 2-propanol (25 mL). After stirring for a few minutes, a mix-
ture of triethanolamine (97%, 24.5 g) and water (18.5 mL) was
added followed by addition of a tetraethylammonium hydroxide
solution (35 wt.%, 20.1 g) under vigorous stirring. The clear gel
obtained after these steps was then aged at room temperature for
1224 h, dried at 98 °C for 12-24 h, followed by hydrothermal
treatment in a Teflon lined autoclave at 180 °C for 4-24 h and
finally calcined in the presence of air at up to 600 °C at a tem-
perature ramp of 1 °C/min and subsequent heating at 600 °C for
10 h. The Zr-TUD-1 obtained could be used for catalysis imme-
diately or was, upon standing for a prolonged period of time,
reactivated by repeating the calcination procedure.

2.3. Characterization

For the elemental analysis of Si and Zr, the samples were
dissolved in an aqueous solution of 1% HF and 1.3% H,SO4.
The resulting solution was measured with inductively coupled
plasma-optical emission spectroscopy (ICP-OES) on a Perkin-
Elmer Optima 3000DV instrument. Powder XRD patterns were
obtained on a Philips PW 1840 diffractometer equipped with a
graphite monochromator using Cu Ka radiation. The textural
parameters were evaluated from volumetric nitrogen physisorp-
tion at 77 K on a Quantachrome Autosorb-6B instrument. Trans-
mission electron microscopy (TEM) was performed using a
Philips CM30T electron microscope with a LaB6 filament as

the source of electrons operated at 300 kV. UV—vis spectra were
collected at room temperature on a Shimadzu UV-2450 spec-
trophotometer using BaSOy, as reference.

FT-IR spectra of self-supported wafers and KBr diluted
wafers of Zr-TUD-1 samples were recorded using a Nicolet
AVATAR 360 FT-IR instrument. Acid strength distribution was
evaluated by contacting pyridine vapours (20 Torr) for 30 min at
100 °C on self-supported wafers of Zr-TUD-1 (15-25 mg/cm?)
after evacuation (500 °C, 2h, 10 Pa) in a custom made vacuum
cell with CaF, windows. The physisorbed pyridine was subse-
quently removed by evacuation at 150 °C for 30 min. The spectra
were recorded at room temperature with a resolution of 2 cm™!
averaging over 500 scans after desorbing pyridine at 200 °C.

The XPS measurements were performed with a PHI 5400
ESCA provided with a dual Mg/Al anode X-ray source, a hemi-
spherical capacitor analyser and a 5keV ion-gun. All spectra
were recorded with unmonochromated magnesium radiation.
The X-ray source was operated at an acceleration voltage of
15kV and power of 400 W. The spectra of the separate photo-
electron and Si-Auger electron lines were recorded with a pass
energy of 35.75 eV and a step size of 0.2 eV. The Zr-Auger elec-
tron line was recorded with a pass energy of 89.45 eV and a step
size of 0.5 eV. The spectra were evaluated with Multipak 6.1A
software (Physical Electronics).

2.4. General procedure for the Meerwein—Ponndorf-Verley
reductions

All experiments were performed in dried glassware under a
nitrogen atmosphere. Zr-TUD-1 (50 mg) was introduced into
a Schlenk flask. Isopropanol (4 mL) was added followed by
1,3,5-triisopropylbenzene (0.1 mL) and the ketone or aldehyde
(2mmol). The mixture was heated to 80 °C and the reaction
was followed by taking small samples, these were analysed as
described below. The experiments with AI-TUD-1 (Si/Al=25)
and H-beta (Si/Al =25) were performed analogously, also using
50 mg of the solid catalyst.

2.5. Analysis

NMR spectra were recorded on a Varian Unity Inova-300
spectrometer at 25 °C. Mass spectra were recorded with a VG
SE spectrometer at 70 eV. Reactions were followed by gas chro-
matography by using a Shimadzu GC-17A gas chromatograph,
equipped with a 25 m x 0.32 mm chiral column Chrompack™
Chirasil-Dex CB, split injector (1/97) at 220 °C, a Flame Ioni-
sation Detector at 220 °C and He as carrier gas. Retention times
(min) at 120°C isotherm: 1,3,5-triisopropylbenzene (internal
standard) (4.0), 4-tert-butyl cyclohexanone (1) (4.7), 4-(trans)-
tert-butyl cyclohexanol (3) (5.6), 4-(cis)-tert-butyl cyclohex-
anol (2) (5.9), acetophenone (4) (1.7), (S)-1-phenylethanol
((5)-5) (3.4), (R)-1-phenylethanol ((R)-5) (3.7), cyclohexyl
methyl ketone (6) (1.6), (S)-1-cyclohexyl ethanol ((S5)-7) (2.70),
(R)-1-cyclohexyl ethanol ((R)-7) (2.75), cyclohex-2-enone (8)
(1.2), (S)-cyclohex-2-enol ((5)-9) (1.52), (R)-cyclohex-2-enol
((R)-9) (1.56), octanal (10) (0.9), 1-octanol (11) (1.0), 1,1-
bis(octyloxy)octane (12) (1.4), 3-octanone (13) (0.8), 3-octanol
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Fig. 1. XRD powder pattern of calcined Zr-TUD-1.

(14) (1.1), (S)-citronellal (15) (2.0), (S)-citronellol (4.1), (+)-
isopulegol ((+)-16) (2.9), isomer(s) of (16) (3.6), cinnamalde-
hyde (17) (5.3), cinnamyl alcohol (18) (10.3). The struc-
ture of (+)-isopulegol ((+)-16) was confirmed by NMR spec-
troscopy. Direct comparison with a commercial sample of (—)-
16 (Janssen) by 'H and '3C NMR spectroscopy with a Varian
Unity Inova-300 spectrometer at 25 °C revealed identical spec-
tra. Conversions of the steroids oestrone (19) and Sa-cholestan-
3-one (21) and o/f ratios of 20 and 22 were determined by
integration after quantitative '3C NMR spectroscopy with a Var-
ian Unity Inova-300 spectrometer at 25 °C. In the case of 19
the signal for the carbonyl group (C-17=219.4 ppm) remained
unchanged while no signals for the - or $-alcohol 20 (a-C-
17=77.91 ppm; B-C-17=79.96 ppm) were detected. The '3C
NMR spectrum of the reaction product 22 (reduction of 21)
showed no carbonyl resonance (C-3 of 21=212.1 ppm). Two
sets of signals were observed, which could be assigned to a-
and B-22. The molar ratios of these isomers was determined
by integration of the resonances at 71.0 ppm (3-C-3 of 22) and
66.2 ppm (a-C-3 of 22) in a quantitative '>C NMR spectrum
[33].

3. Results and discussion
3.1. Zr-TUD-1 as novel mesoporous material

A broad peak at the low angle was observed in the X-ray pow-
der diffraction pattern for calcined Zr-TUD-1 (Fig. 1), indicating
a mesoporous and amorphous character of the material. No
evidence of crystalline ZrO, was observed in the X-ray diffrac-
tograms, indicating that Zr is incorporated into the framework
of TUD-1. The mesoporosity and amorphous character was also
confirmed by transmission electron micrographs (Fig. 2), while
the pores are clearly visible they are not ordered nor are ordered
channels visible. Indeed, Fig. 2 shows a sponge-like 3D struc-
ture characteristic for TUD-1 mesoporous materials [25-31].

As expected no crystalline zirconia particles were observed. Zr-
TUD-1 showed a type IV isotherm, pointed out by the large
uptake of nitrogen at relative pressures between 0.5 and 0.9
p/po, due to capillary condensation in the mesopores (Fig. 3). It
appears from the desorption data of Zr-TUD-1, as if the distri-
bution is narrow but the adsorption data show a much broader
distribution. This discrepancy is caused by networking effects,
from which it can be concluded that the outside of the material
is homogeneous, while larger pores or cavities exist inside the
material. Physico-chemical properties of Zr-TUD-1 are listed
in Table 1. The excellent correlation of the Si/Zr ratio in the
synthesis gel with that in the product demonstrates the high
predictability of the synthesis, as was also observed with other
M-TUD-1 materials [28-30].

The observed binding energy of Zr 3ds/; (183.2eV), as deter-
mined by XPS measurements, is significantly higher than that
of ZrO; (182.2eV) and close to that of Zr in ZrSiO4 (183.3eV)
[34]. Also the binding energies of O 1s were observed at
532.4eV and they are significantly higher than that of ZrO,
(530.2¢eV) [34]. The binding energy values for Zr 3ds, and O
1s are similar to those observed for Zr in the MFI structure [35],

Fig. 2. Transmission electron micrograph of calcined Zr-TUD-1.
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Fig. 3. N, adsorption and desorption isotherms at 77 K and the corresponding pore size distribution of Zr-TUD-1.

Table 1 in low coordination states. These can principally be due either to
Physico-chemical characteristics of Zr-TUD-1 isolated Zr or to the presence of small Zr,O, clusters in the sil-
Sample Zr-TUD-1 ica network of TUD-1 [36]. Given the fact that this spectrum is
SUZr ratio in synthesis gel 25 entirely different to the spectrum of commercial ZrO; the exis—
Si/Zr ratio in the product® 25 tence of small Zr, Oy clusters can be ruled out. Thus the UV-vis
BET surface area (m?/g) 764 spectra support the observation that zirconium is incorporated
Pore volume (cm*/g) 1.23 into the framework.
Pore diameter (nm) 6.9 In the skeletal region of the IR spectra of a KBr pressed
2 Determined by ICP. disc of Si-TUD-1 and Zr-TUD-1 (Fig. 5) typical bands at

1093cm~! and a shoulder at 1220cm™" due to asymmetric

zeolite beta [18-20] and mesoporous silicas [36]. These two stretching vibrations of Si—O-Si bridges and at 798 cm™! due
observations are strong evidence for the presence of zirconium  to symmetric stretching vibration of Si~O-Si are visible. The
in the framework of TUD-1 matrix. peak at 972 cm~! (Si-TUD-1) is assigned to stretching vibra-

Diffuse reflectance UV-vis spectra of Zr-TUD-1 (Fig. 4) tions of terminal silanol groups (Si—OH) present at defect sites
showed a weak and broad peak between 240 and 280 nm which [36]. Additionally this peak is also assigned to Si—-O-M stretch-
are assigned to O~ — Zr** charge transfer interactions with Zr ~ ing vibrations [37,38]. The presence of both of these vibra-
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Fig. 4. Diffuse reflectance UV—vis spectra of Zr-TUD-1 compared with commercial ZrO,.
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Fig. 5. FT-IR skeletal spectra of Zr-TUD-1 in comparison with all silica TUD-1
in KBr.

tions leads to a less resolved peak at 975cm™! in the case of
Zr-TUD-1.

FT-IR spectra of both Si-TUD-1 and Zr-TUD-1 in the
hydroxyl region (Fig. 6a) showed a band centered at 3745 cm™!
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Fig. 6. FT-IR spectra of self supported wafer disc samples of Zr-TUD-1 (solid
line) and Si-TUD-1 (dotted line) in: (a) hydroxyl region and (b) adsorbed pyri-
dine at 200 °C.

that is attributed to free silanol groups. However, no band
corresponding to terminal Zr—OH groups as described by
Jiménez-Loépez and co-workers was detected [34]. Although
the sensitivity of these measurements are limited this is
in line with zirconium that is incorporated into the frame-
work.

FT-IR spectra of adsorbed pyridine (Fig. 6b) indicate the pres-
ence of Brgnsted and Lewis acid sites. However, the Lewis acid
sites necessary for the Meerwein—Ponndorf—Verley reaction are
the dominant species. Thus Zr-TUD-1 combines all the charac-
teristics for an ideal Meerwein—Ponndorf—Verley catalyst: high
Lewis acidity, isolated Zr atoms, large surface area and a pre-
dictable and straightforward preparation.

3.2. Zr-TUD-1 as promising Meerwein—Ponndorf-Verley
catalyst

The catalytic activity of Zr-TUD-1 was compared with Al-
TUD-1 and zeolite H-beta, all with a Si/M ratio of 25 (Table 2).
As expected Zr-TUD-1 shows higher activity than Al-TUD-1
in the reduction of 4-tert-butyl cyclohexanone (1), while zeolite
H-beta showed the highest cis/trans selectivity for this substrate
(entries 1, 12 and 14). As demonstrated by van Bekkum and co-
workers [15,16] this is due to the narrow pore size of the zeolite
in comparison to M-TUD-1. Surprisingly it is also more active
than Zr-TUD-1 or Al-TUD-1. This is unexpected since both Al-
free Zr-beta [18,19] and Zr-SBA-15 [23] perform better in this
reaction than H-beta.

Zr-TUD-1 catalyses the reduction of acetophenone (4) while
both Al-TUD-1 and H-beta are inactive (entries 2, 13 and 15).
This is good evidence for the influence of the metal on the activ-
ity of the catalytic material. The importance of the appropriate
choice of metal is also supported by the fact that Al-free Sn- and
Zr-beta catalyse this reaction, too [17-19]. Similar to these cat-
alysts Zr-TUD-1 also catalyses the reduction of 8 (entry 4) and
the reduction of cinnamaldehyde (17). However, for the aldehy-
des 10 and 15 (entries 5, 6 and 8) other reactions are observed.
Octanal (10) is not only reduced but the resulting alcohol 11 sub-
sequently reacts with the starting material with a lower reaction
rate to the symmetric acetal (12). When (S)-citronellal (15) was
treated with Zr-TUD-1 no reduction occurred but a Prins reaction
yielded (+)-isopulegol ((+)-16) with good selectivity. It is well
known that Lewis acids catalyse this reaction; indeed it is part
of the Tagasago process leading to menthol [39]. Only recently
it was demonstrated that other Meerwein—Ponndorf—Verley cat-
alysts such as H-beta, Al-free Sn-beta and in particular Al-free
Zr-beta catalyse this reaction, too [40,41].

A remarkable selectivity towards the steroids oestrone (19)
and Sa-cholestan-3-one (21, entries 10 and 11) was observed.
The keto group onring A of 21 was reduced almost quantitatively
to yield Sa-cholestan-3-ol (22) with an o/ ratio of 1:6. Unlike
to the reduction of 1 a clear preference for the trans-product is
observed. This is most likely due to the steric hindrance induced
by the C-19 methyl group on C-10. The keto group on ring D
of oestrone (19), however, was no substrate for Zr-TUD-1, most
likely due to steric hindrance induced by the substituents in the
o-position.
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Table 2
Meerwein—-Ponndorf—Verley-reductions catalysed by Zr-TUD-1, Al-TUD-1 and zeolite H-beta®
Entry Catalyst Substrate Products Conversion Reaction
(%)° time
1 Zr-TUD-1 %—O:o 1 >" < > “OH * >' < >""'O” 95(2:3=13:2) 7 days
2 3
(0] OH
2 Zr-TUD-1 ©)J\ Ej/K 20 7 days
4 5
O OH
3 Zr-TUD-1 22 7 days
6 7
4 Zt-TUD-1 8 @zo 9 @OH 8 7 days
SN T
11 OH
I
5 Zr-TUD-1 SN + /\W S0L12=81)  4h
O
12 M
6 Zr-TUD-1 10 11+12 85(11:12=1:4) 7 days
13 [¢] 14 OH
7 Zr-TUD-1 /\/\)J\/ /\/\)\/ 6 7days
o OH
8 1 / 5 ((+)-16 5d
Zr-TUD- . s . (4116 + isomers 9 ((+)-16: ays
isomers=3:1)
9 Zr-TUD-1 80 Sdays
10 Zr-TUD-1 0 7days
11 Zr-TUD-1 >95 (a:f=1:6) 7 days
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Table 2 (Continued )
Entry Catalyst Substrate Products Conversion Reaction
(%)° time
12 Al-TUD-1 1 2+3 10(2:3=15:2) 7 days
13 Al-TUD-1 4 5 0 7 days
14 H-beta 1 2+3 99(2:3=19:1) 18h
15 H-beta 4 5 0 7 days

2 Reactions were performed with Zr-TUD-1 (Si/Zr = 25), AI-TUD-1 (Si/Al=25) or H-beta (Si/Al=25) (50 mg) and substrate (2 mmol) in 2-propanol (4 mL) at

80 °C for the time given.
b Ratio of products between brackets.

100
3 ——1
< 80
_§ 60 4 —e—1added to 4
£
§ 40 4 —&— T addedto 6
o
8 20 | ——1 with re-used
catalyst
0 T T T T ]
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Fig. 7. Zr-TUD-1 catalysed reduction of 4-fert-butylcyclohexanone (1). ()
Conversion of 1; (@) conversion of 1 in an equimolar mixture of 1 and 4; (A)
conversion of 1 in an equimolar mixture of 1 and 6; (O) conversion of 1 with
Zr-TUD-1 recycled from the competition experiment with 1 and 4.

To gain further insight into the different reactivities of Zr-
TUD-1 towards the sterically not so demanding ketones 1, 4
and 6 (entries 1, 2 and 3), the reduction of 1 was performed
in the presence of equimolar amounts of 4 or 6. Both slowed
down the reduction of 1 significantly (Fig. 7), indicating that
they, too, are attached to the catalyst, making it less accessible
for 1. The lower reactivity of 4 is due to conjugation, that of 6
to the sterically demanding substituent in the a-position. This is
reflected by the fact that 6 has less influence on the reduction of
1 than 4.

The addition of 4 and 6 did however, not influence the
cis/trans ratio of the reduction of 1. The Zr-TUD-1 was reacti-
vated and recycled after the competition experiment with 1 and
4. Itregained virtually all of its activity upon calcination (Fig. 7),
demonstrating that the catalyst remains unchanged.

4. Conclusions

The synthesis of zirconium incorporated into the three-
dimensional mesoporous silicate, Zr-TUD-1, was achieved by a
direct hydrothermal method using triethanolamine as template.
This material was shown to possess a high surface area and acid-
ity arising mainly from Lewis acid sites. No detectable zirconia
phases were observed both in XRD and TEM. This is further
supported by UV—vis and XPS studies. Zr-TUD-1 is an active,
mild and recyclable catalyst in the Meerwein—Ponndorf—Verley
reduction, displaying high selectivity, in particular towards
the sterically demanding steroids, compounds that could not
be reduced with H-beta, Al-free Sn-beta or Al-free Zr-beta.

Thus it widens the range of substrates that can be reduced
with heterogeneous Meerwein—Ponndorf—Verley catalysts
significantly.
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