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A magnetic Pt/SiO,/Fe304 catalyst consisting of chirally modified platinum supported on silica coated
magnetite nanoparticles was prepared using an easy synthetic route and successfully applied for
the enantioselective hydrogenation of various activated ketones. The magnetic catalyst modified with
cinchonidine showed a catalytic performance (activity, enantioselectivity) in the asymmetric hydrogena-
tion of various activated ketones in toluene comparable to the best known Pt/alumina catalyst used
for these reactions. The novel catalyst can be easily separated from the reaction solution by applying
an external magnetic field and recycled several times with almost complete retention of activity and

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Catalyst separation and recycling are essential steps in cat-
alytic technology and frequently affect the overall process econ-
omy. A possible solution to facilitate this step is the use of solid
catalysts with magnetic properties which can be efficiently sep-
arated from the reaction medium applying an external magnetic
field [1-6]. In particular magnetic particles in the nanometer range
are superparamagnetic and have therefore exceptional properties,
suitable both for catalytic reactions in solution and for magnetic
recovery. On the one hand, superparamagnetic particles are intrin-
sically non-magnetic above the so-called blocking temperature and
have therefore no tendency to aggregate in solution allowing op-
timal mixing conditions for catalytic reactions. On the other hand,
these nanoparticles are readily magnetized by an external mag-
netic field which favors their separation from the reaction solu-
tion. The approach of using magnetically recoverable catalysts has
been recently followed by supporting a metal catalyst on a mag-
netic support, for example in decarboxylative coupling [7], olefin
epoxidation [8], and hydrogenation reactions [9-11]. In the field of
asymmetric hydrogenation reactions, to the best of our knowledge,
the only example of magnetic separation is the immobilization
of a homogeneous asymmetric ruthenium catalyst on magnetic
nanoparticles [12]. In this approach the precious catalyst, which
is active in the hydrogenation of aromatic ketones, was chemically
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bound to magnetic SiO,/Fe304 nanoparticles, and thus separated
and reused after the reaction.

The present investigation deals with a different approach to
asymmetric hydrogenation [13-17]: the well known technique of
chiral surface modification by means of cinchona alkaloids is cou-
pled with the use of a magnetic support thus obtaining a truly
heterogeneous rather than an immobilized homogeneous-type cat-
alyst. We prepared and structurally characterized a magnetic chi-
rally modified Pt catalyst for the enantioselective hydrogenation of
activated ketones and compared its catalytic behavior with that of
one of the best known commercial Pt/alumina catalysts applied for
this kind of reactions. The recyclability of the novel catalyst was
tested by performing several magnetic separations and reactions
without further activation of the catalyst.

2. Experimental
2.1. Materials

For the preparation of the catalyst ferric chloride hexahydrate
(>99%) and ferrous chloride tetrahydrate (>99%) purchased from
Aldrich were used. Sodium silicate powder was purchased from
Fisher Scientific AG and platinum (II) acetylacetonate from ABCR.
Cinchonidine (CD, >98%) was purchased from Fluka and acetic
acid (99.8%) from Acros Organics. Toluene from Fluka (>99.7%)
was dried over molecular sieve 4A. The substrates «, o, a-tri-
fluoroacetophenone (Fluka, >98%), ethyl pyruvate (Acros Organ-
ics, >98%), ketopantolactone (DSM Nutritional Products AG) and
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Fig. 1. Preparation of the magnetic, chirally modified Pt/SiO,/Fe304 (M represents cinchonidine).

methylbenzoylformate (Acros Organics, 99%) were used without
further purification.

2.2. Catalyst preparation

The magnetite nanoparticles were prepared by coprecipitation
according to the synthesis reported by Liu et al. [18]: 11.67 g of
FeCl3-6H,0 and 4.3 g FeCl,-4H,0 were dissolved in 200 ml of dis-
tilled water. The solution was stirred under constant nitrogen gas
flow and heated up at 85 °C. Subsequently 15 ml of 25% NH3-H,0
were added to the solution which immediately became dark brown
indicating the formation of the magnetite particles. The solution
was stirred for further 30 min at 85 °C under inert atmosphere. Af-
ter cooling down to room temperature the magnetic nanoparticles
were separated from the water solution. 47.50 g of sodium sili-
cate were dissolved in 400 ml of distilled water and the pH was
adjusted to pH = 12-13 using hydrochloric acid. Since the solution
was not completely clear the non-dissolved sodium silicate was fil-
tered off. The magnetic particles were added to the silicate solution
which was stirred mechanically and heated to 80 °C. The pH of the
solution was slowly adjusted to pH = 6-7 by adding dropwise un-
der stirring a solution of 37% HCl dissolved in the same volume
of water. The silica coated magnetic nanoparticles were filtered off
and the coating procedure was repeated. The Pt/SiO,/Fe304 cata-
lyst was prepared by incipient wetting impregnation. 9.4 g of the
silica coated magnetite particles were dried in air at 80°C for 4 h.
1.02 g of platinum (II) acetylacetonate was dissolved in the min-
imum quantity of toluene necessary for dissolution. The solution
was added dropwise to the dried silica coated magnetic nanoparti-
cles under vigorous stirring until the solid had a sticky appearance.
Then the solid was dried in air at 100°C. The procedure was re-
peated several times. At the end the solid was dried at 100°C
over night and then calcined at 400°C for approximately 2 h. The
solid was then pressed in pellets which were crushed and sieved
to obtain particles with a size between 100 pm and 200 pm. The
catalyst preparation route is schematically shown in Fig. 1.

A commercial 5 wt% Pt/alumina catalyst (Engelhard 4759)
served as a reference for the catalytic tests. Characteristic prop-
erties of this catalyst which has been frequently applied in the
enantioselective hydrogenation over cinchona-modified platinum
have been specified in Refs. [19,20].

2.3. Catalyst characterization

The nitrogen adsorption isotherm of the magnetic catalyst was
measured at 77 K with a Micromeritics ASAP 2000 apparatus af-
ter degassing the sample at 80°C in vacuum for 2 h. The mul-
tipoint BET specific surface area was obtained in the p/po range
of 0.05-0.3.

The XRD pattern of the samples were recorded with a Siemens
D5000 powder X-ray diffractometer using Cu Ko radiation in the
range of 15° < 26 < 65° and a step size of 0.01°.

The platinum content was determined using a SpectrAA Var-
ian atomic absorption spectrometer after dissolving the supported
platinum in aqua regia. Atomic absorption was also applied to
determine potential leaching of iron into solution during hydro-
genation.

The magnetic measurements were performed with a supercon-
ducting quantum interference device (SQUID MPMS-XL) at room
temperature and 5 K.

For transmission electron microscopy (TEM), the catalyst ma-
terial was dispersed in ethanol and deposited onto a perforated
carbon foil supported on a copper grid (Okenshoji Co. Ltd.). The
microscope (Tecnai 30F FEI with a field emission cathode, operated
at 300 kV) was also equipped with a high angle annular dark-field
(HAADF) detector for scanning transmission electron microscopy
showing the metal particles with bright contrast (Z contrast). For
qualitative analysis, the electron beam was set to selected areas in
the scanning transmission electron microscopy (STEM) images and
the signal was measured by energy dispersive X-ray spectroscopy
(EDXS; detector: EDAX).

Attenuated total reflection-infrared spectroscopy measurements
were performed with a home-build stainless steel batch reactor
cell equipped with a mechanical stirrer and possessing a ZnSe
crystal window at the bottom used as internal reflection element.
The cell, which was kept at a constant temperature of 298 K with
a thermostat, was mounted on the optical bench of a FT-IR spec-
trometer (Bruker Optics Equinox 55) equipped with a MCT detector
cooled with liquid nitrogen. The ATR-IR spectra were recorded by

averaging 100 scans at a resolution of 4 cm™!.

2.4. Hydrogenation reactions

For the enantioselective hydrogenation the catalyst was treated
at 250°C under nitrogen flow for 30 min, followed by reduction
at 250°C in Hy flow for 2 h and cooling down to room tem-
perature in Hy flow. The commercial Pt/Al,03 catalyst was acti-
vated with a standard procedure [19]: heating at 400°C under
N, flow for 30 min, reduction at the same temperature under
H, flow for 1 h and then cooling to RT in H,. For the reaction
at 11 bar, 42 mg of catalyst, 5 ml of toluene, 2 mg of cinchoni-
dine (CD) and 1.85 mM of substrate were stirred at 1000 rpm in
a parallel pressure reactor system Endeavor™ with eight mechan-
ically stirred reactors. For recycling the catalyst was magnetically
separated and washed twice with toluene and the reaction was
repeated under the same conditions as described above. The enan-
tiomeric excess is expressed as ee (%) =[|(R — S)|/(R + S)] - 100
and the error in ee values is calculated as standard deviation of
four distinct measurements and corresponds to cee = (1-3)%. The
products were identified by GC on a Thermo Finnigan Trace 2000
using a CP-Chirasil-Dex CB capillary column and a FID detector.
The high pressure reaction was performed under the same condi-
tions but at 100 bar and in a stainless steel batch reactor equipped
with a glass liner.

For conversion and recycling measurements 13 mg of catalyst,
2 mg of CD and 3.7 mM of substrate ketopantolactone (KPL, di-
hydro-4,4-dimethyl-2,3-furandione) were used. The error bars in
this case are calculated as the difference in the values of two dis-
tinct measurements.
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Fig. 2. XRD pattern of (a) magnetite nanoparticles prepared by coprecipitation, (b) silica coated magnetite nanoparticles, (c) the pretreated Pt/SiO;/Fe304 catalyst.

Fig. 3. TEM images of (a) magnetite nanoparticles, (b) silica coated magnetite nanoparticles, (c, d) the Pt/SiO;/Fe304 catalyst.

3. Results and discussion
3.1. Structural and magnetic properties of catalyst

Figs. 2a and 3a show the XRD pattern and the TEM images, re-
spectively, of the as-prepared iron oxide nanoparticles. The XRD
pattern correspond well to the reflections of magnetite (Fe30g4),
even though the presence of y-Fe,03 cannot be excluded due
to the very close position of the reflections for the two simi-
lar structures. The mean particle size of the magnetite particles
determined from the line broadening of the (311) reflection of

Fe304 at 35.69° using the Scherrer formula corresponds to ap-
proximately 8 nm. Similarly, TEM images show particles with an
average size of ~10 nm (Fig. 3a). However, the particles are not
uniform in size, their diameter ranges between 6 to 14 nm. In
the XRD pattern of the silica coated magnetic particles both the
reflections of magnetite and a broad maximum assigned to amor-
phous silica at 260 ~ 24° can be observed which indicate that the
structure of the magnetite was maintained after the silica coating.
The SiO;/Fe304 particles do not show an ordered core-shell struc-
ture with a magnetic core and a spherical silica coating (Fig. 3b).
High angle annular dark-field scanning transmission electron mi-
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Fig. 4. Nitrogen adsorption isotherm of the magnetic Pt/SiO;/Fe304 catalyst.

croscopy (HAADF-STEM) combined with energy dispersive X-ray
analysis showed that their structure is better described as a dis-
persion of larger agglomerates of magnetic Fe304 nanoparticles in
a silica matrix. The average Si:Fe atomic ratio of the composite
material, as determined by ICP-OES was approximately 14:1. After
platinum deposition and reduction with hydrogen the XRD pattern
of the catalyst additionally showed the (111) and (200) reflections
of metallic platinum (Fig. 2c). No formation of metallic iron was
observed after reduction in hydrogen. The platinum particles had
a mean size of 4.4 nm, as determined using the Scherrer formula
which matches well with the mean size (5 4+ 2 nm) determined
from the TEM images (Figs. 3c and 3d). The nitrogen adsorption
isotherm of the (5.2 4+ 0.1) wt% Pt/SiO,/Fe304 catalyst showed a
type Il shape with a very weak hysteresis (Fig. 4). This type of
isotherm is characteristic for non-porous or macroporous materi-
als and the small hysteresis loop is attributed to the interparticle
void space rather than to some mesoporosity of the sample. The
BET specific surface area of the as-prepared Pt/SiO/Fe304 catalyst
was 111 m?/g. The commercial 5 wt% Pt/Al,03 catalyst (Engelhard
4759), which was used as a reference for comparison with the
newly designed catalyst, possesses a BET specific surface area of
168 m?/g and a mean platinum particle size of 4.5 nm [20].

Fig. 5 shows the magnetization curves of the as prepared mag-
netite nanoparticles (a) and of the Pt/SiO,/Fe304 catalyst (b) at
300 K and 5 K. At room temperature both show only a negligible
coercivity (H¢) (Table 1), which is characteristic for the superpara-
magnetic behavior of nanoparticles. For these particles the satura-
tion magnetization (M;) at 4 T is approximately 4 emug~!. At 5 K
the coercivity increases since the thermal energy is smaller than
the anisotropy energy.

3.2. Separation, catalytic behavior and recyclability

The magnetic catalyst could be easily separated from a toluene
solution with a magnet, and showed no tendency to self-aggrega-
tion thus forming a stable suspension (Fig. 6). This is due to
the superparamagnetic properties of the nanoparticles in the sup-
port which do not retain the magnetization in absence of an ex-
ternal magnetic field. Furthermore, the protective silica coating,
even in case of a small residual permanent magnetization reduces
the anisotropic magnetic dipolar attraction between the particles
[18,21,22]. The silica coating has also the function to avoid the
encapsulation of Pt particles into Fe304 since it prevents the ex-
posure of magnetite particles on the surface [23].

The 5.2 wt% Pt/SiO,/Fe304 catalyst was applied for the enan-
tioselective hydrogenation of «-ketoesters and o, «r, -trifluoro-
acetophenone using CD as surface modifier and its catalytic perfor-
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Fig. 5. Magnetization curve (a) of the magnetite nanoparticles at 300 K and 5 K (in
the inset) and (b) of the Pt/SiO,/Fe304 catalyst at 300 K and 5 K (in the inset).

Table 1
Magnetic properties (saturation magnetization, M; coercivity, H¢) of the magnetite
nanoparticles and of the magnetic Pt/SiO;/Fe304 catalyst.

M; (emu/g) Hc (Oe)
Fe304
300 K 55.5 8
5K 63.9 404
Pt/Si0;/Fe304
300 K 4.0 4
5K 5.2 682

mance was compared to that of the commercial 5 wt% Pt/alumina
catalyst (Engelhard 4759) used as a reference. This catalyst is a
standard commercial catalyst used for enantioselective hydrogena-
tion of a-ketoesters in heterogeneous catalysis [13,20]. The results
of these comparative catalytic tests are summarized in Table 2.
The hydrogenation of the various activated ketones using
Pt/SiO, [Fe304 was performed under standard conditions [24] in
toluene at room temperature and 11 bar of H,. For all substrates
the conversion was complete after a maximum reaction time of
2 h. The enantiomeric excess (ee) values obtained for the first run
with the magnetic catalyst are comparable to those obtained under
the same conditions with the Pt/Al;03 reference catalyst. An ex-
ception was the hydrogenation of methylbenzoylformate where a
13% lower ee was obtained for the Pt/SiO,/Fe304 catalyst. Consid-
ering the high sensitivity of the catalyst performance on texture,
metal-dispersion and composition in cinchona modified systems,
the good catalytic performance achieved with the novel magnetic
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Fig. 6. The Pt/SiO;/Fe304 catalyst is homogeneously suspended in toluene, when
stirred (left) and can be easily separated from the solution with a magnet (right).

Table 2

Enantiomeric excess (ee) achieved at full conversion in the hydrogenation of dif-
ferent activated ketones with the magnetic catalyst (Pt/SiO2/Fe304) and with the
Pt/Al, 03 reference catalyst. Major enantiomer is indicated in parentheses.

Substrate ee% ee%
Pt/SiO3/Fe304 Pt/Al,03
(o]
% o/\ 76 (R) 77 (R)
(o]
(o]
80 (R) 92 (R)
o
o)
57 (R) 59 (R)
75% (R) 77% (R)
0" o
34 (R)

(o}
31 (R)
@J‘\CF:;

@ Reaction performed at a hydrogen pressure of 100 bar.

Pt catalyst is rather surprising. It has been shown earlier [25] that
even Pt catalysts based on the same support material, like e.g.
Al;03, but prepared from different precursors, show tremendous
changes in the catalytic performance, particularly in enantioselec-
tivity. It should be noted that the values of ee here reported were
not optimized. Optimization of the reaction conditions can easily
lead to an increase of the enantiomeric excess, as it has been pre-
viously shown [19,26-28]. In the present study we were interested
in the comparison of the novel magnetic catalyst with the com-
mercial Pt/Al;03 under the same reaction conditions, therefore no
further optimization has been done. Nonetheless, as a simple ex-
ample of the sensitivity of the ee to the reaction conditions, in
the hydrogenation of ketopantolactone (KPL) the ee improved to
75-77% for both the magnetic and the commercial catalyst when
the hydrogen pressure was increased to 100 bar. Toluene was used
for the tests of enantioselective hydrogenation with the novel mag-
netic catalyst since it is known that for the selected substrates
and with the commercial Pt/Al,O3 catalyst the reaction in toluene
gives among the highest ee values. Only for ethyl pyruvate bet-
ter results were obtained using acetic acid instead of toluene as
a solvent [19]. We additionally tested the magnetic catalyst using
acetic acid as solvent, however, lower enantiomeric excess values
than in the case of toluene were obtained for all the reported
substrates. Furthermore intolerable iron leaching into solution oc-
curred (>10 wt% of initial iron content in 2 h) ruling out the use
of this medium when applying the magnetic Pt catalyst and indi-
cating that some of the iron oxide was accessible.
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Fig. 7. Recyclability of the magnetic Pt/SiOy/Fe304 catalyst. Conversion of KPL
and enantiomeric excess of (R)-pantolactone in a series of subsequent reaction-
separation steps. Experimental conditions are specified in Section 2.

The recycling properties of the magnetic catalyst were stud-
ied in detail for the hydrogenation of KPL in toluene. After each
reaction cycle the catalyst was magnetically separated from the
solution (Fig. 6), washed twice with toluene and reused without
further activation. The enantioselectivity only slightly decreased
from ee = 57% of the first run to a final value of ee = 52% after the
eighth reaction cycle (Fig. 7). Under the conditions used, which are
those typically reported for this class of reactions, the conversion
was always 100% for a reaction time of 30 min. In order to study
the change of activity after recycling the amount of catalyst was
reduced, the concentration of the substrate was doubled and the
reaction was interrupted after 14 min for each cycle. Fig. 7 shows
that the conversion only slowly decreased for each cycle giving a
loss of only 10% after the eighth cycle.

Possible leaching effect of Pt was studied by separating the su-
pernatant solution from the catalyst after 3 min of reaction and
allowing the hydrogenation to continue at 11 bar and for approxi-
mately 17 h in the solution without catalyst. The solution was pe-
riodically sampled and analyzed. The composition did not change
during hydrogenation indicating that the supernatant solution was
not catalytically active and that leaching of Pt, if present at all,
was negligible. Additionally, potential leaching of iron was investi-
gated by stirring the catalyst in the reaction solution with KPL and
at a hydrogen pressure of 11 bar for 5 h which is comparable to
the time required for eight hydrogenation cycles. In contrast to the
experiments with acetic acid as solvent no significant amount of
dissolved iron could be detected.

The hydrogenation reaction performed under standard condi-
tions was also followed in situ via attenuated total reflection-
infrared spectroscopy (ATR-IR) using a batch reactor mounted on
an IR spectrometer. The IR spectrum of KPL shows a distinct band
at 1800 cm~! indicative of the carbonyl group which was hy-
drogenated during the reaction. Therefore the intensity change of
this band was monitored in order to follow the reaction in real
time. Since the background of the spectra was collected after in-
troducing KPL in the reaction solution the spectra recorded during
hydrogenation show a negative peak at 1800 cm~! whose relative
intensity increased in absolute value during the reaction (Fig. 8,
inset). When the reaction was completed the intensity of the neg-
ative peak did not change further. Fig. 8 shows that for both,
Pt/SiO; [Fe304 and the Pt/Al; 03 reference catalyst, the reaction was
completed in less than 15 min. In particular Pt/SiO,/Fe304 showed
even a faster conversion rate than the reference catalyst and most
of the KPL was hydrogenated already during the first five minutes.
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Fig. 8. Relative decrease of the carbonyl signal of KPL during hydrogenation us-
ing Pt/SiO,/Fe304 (triangles) or Pt/Al,03 (dots) as catalyst. The inset shows the
spectrum of the relative decrease of the carbonyl stretching vibration band at
1800 cm™.

4. Conclusions

We have prepared a Pt-based magnetically separable catalyst
for heterogeneous asymmetric hydrogenations using an easy syn-
thetic route. The catalyst consisting of chirally modified Pt sup-
ported on Fe304 nanoparticles dispersed in a silica matrix shows
similarly good catalytic performance in the hydrogenation of «-
ketoesters and fluorinated ketones as the well-known commercial
Pt/Al,03 catalyst (Engelhard 4759) under the same conditions. The
additional advantage of being superparamagnetic facilitates the
separation, recovery and efficient reuse of the catalyst with almost
complete retention of activity and enantioselective properties. The
results here presented clearly show that supports bearing magnetic
properties are convenient alternatives to traditional supports, such
as alumina or silica, in the field of asymmetric hydrogenation on
chirally modified platinum.
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