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Superparamagnetic core-shell-type Fe;O,/Ru nanoparticles
(particle size ca. 15 nm) synthesized by co-precipitation, ad-
sorption and reduction methods were found to selectively hy-
drogenate the carbon-oxygen double bond in trans-4-phen-
yl-3-penten-2-one (conversion 100 %, selectivity > 90 %)

Introduction

Selective hydrogenation of the carbon-oxygen bond in
o,B-unsaturated carbonyl compounds is a synthetic chal-
lenge, since C=C bond reduction is thermodynamically
more favorable (35 kJmol") than C=0 bond reduction.[!
This problem becomes even more complicated by the pres-
ence of an aromatic substituent in such systems because of
possible ring hydrogenation.” Moreover, the transforma-
tion of unsaturated ketones into unsaturated alcohols is
more difficult than that of unsaturated aldehydes, because
ketones are sterically more hindered.[?! In addition, the
“promoter effect” to enhance selectivity is also absent in the
case of unsaturated ketones.[

In a pioneering study, Szollosi et al. evaluated the poten-
tial of different metals such as Pt, Pd, Rh, Ru, Cu, and Ni
supported on silica for the selective hydrogenation of a,f3-
unsaturated ketones.[’] Later, von Arx et al. were able to
attain >90% chemoselectivities for a sterically hindered
C=0 bond in ketoisophoron over alumina-supported Pt
and Pd catalysts.[] Such a remarkable selectivity might be
attributed to steric effects,['”3 because the presence of
bulky substituents at the olefin double bond presumably
hampers its adsorption at catalytic sites.®! Milone et al. and
Mertens et al. showed that unsaturated alcohols can be ob-
tained from different o,B-unsaturated ketones with a selec-
tivity higher than 60% at a conversion of 90% by using a
gold catalyst.[*8] Recently, Wang et al. also used gold sup-
ported on mesostructured CeO, to hydrogenate trans-4-
phenyl-3-penten-2-one at 100 °C with 63% selectivity for
the unsaturated alcohol.’) However, in spite of extensive

with a catalytic turnover of 900 under mild reaction condi-
tions (30 °C, 15 bar H,). The finely dispersed catalyst can be
separated from the reaction mixture by using an external
magnet, recycled, and reused without significant loss of ac-
tivity and selectivity.

studies, efforts to selectively hydrogenate o,B-unsaturated
ketones to give the corresponding unsaturated alcohols by
molecular hydrogen have not been very successful.[82-]

Thus, the synthesis of unsaturated alcohols is mainly
achieved with hazardous metal hydrides such as LiAlH,
and NaBH,,['% with silicon hydrides,!'!! or by transfer hy-
drogenation,%121 a5 well as by Meerwein—Ponndorf-
Verley-type reduction methods.'3 Homogeneous transi-
tion-metal catalysts sometimes show high selectivity,['¥ but
such complexes are often inefficient or have limited reus-
ability.['>] Moreover, the separation of these complexes from
the reaction mixture is very difficult.'®! Thus, the develop-
ment of a highly selective, easily recoverable, and recyclable
heterogeneous catalyst for the hydrogenation of unsaturated
ketones remains a demanding task,[!¥ because unsaturated
alcohols are important intermediates used in the production
of fine chemicals, pharmaceuticals, perfumery, and food
processing industries.[!”]

In chemical technology, heterogeneous catalysts are usu-
ally preferred, because separation, recovery, and recycling
of the catalyst are relatively easy.l'! However, in liquid-
phase batch reactions, the separation of the catalyst from
the reaction products is still problematic.['”) Therefore, envi-
ronmentally friendly, cost-effective, robust, easily recovera-
ble, and cleanly reusable catalysts would be highly desir-
ablel!®! to ensure minimum loss, enhance their lifetime and
minimize the consumption of auxiliary substances used in
achieving separations.[!”]

Recently, the use of magnetic materials as catalyst sup-
ports has attracted much attention,['®! because solid cata-
lysts with magnetic properties can efficiently be separated
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from the reaction mixture by applying an external magnetic
field.l?°) This green and sustainable approach has many ad-
vantages over traditional time- and solvent-consuming pro-
cesses, since it provides a fast, economical, and environmen-
tally acceptable way to separate products and recycle cata-
lysts.'1 Thus, ferromagnetic iron-nickel nanoparticles en-
capsulated in carbon have been prepared by Teunissen et
al.; the carbon coating is necessary to overcome the prob-
lem of clustering of the nanoparticles.[*!1

Superparamagnetic nanoparticles are such materials with
high surface area,l*?! which can be easily dispersed in solu-
tion, because they are intrinsically non-magnetic and there-
fore show no tendency to aggregate in solution.['8] On the
other hand, these nanoparticles can be recovered easily
from the reaction mixture by applying an external magnetic
field, thus offering better handling properties.['°]

In this paper, we report on superparamagnetic core-shell-
type FesO4/Ru nanoparticles, synthesized by immobili-
sation of [(C¢Hg)Ru(H,0)5]*>* cations on freshly prepared
magnetite nanoparticles, followed by reduction with molec-
ular hydrogen. They are highly active and selective in the
catalytic conversion of trans-4-phenyl-3-penten-2-one into
4-phenylbutan-2-ol.

Results and Discussion

Nanosized magnetite (Fe;O4) was prepared by the co-
precipitation method,>’ by adding an aqueous solution of
a 1:2 mixture of FeCl, and FeCl; to ammonia (0.7 M), fol-
lowed by vigorous stirring. The black Fe;O, nanoparticles
thus obtained are sensitive to air and must be handled in
an inert atmosphere.’! The NH,* cations adsorbed at the
surface of these particles are partially exchanged by Na* by
adjusting the pH to 10 by using NaOH (2 m).[>3"] The Fe;0,
nanoparticles containing Na* and NH4* at their surface
are isolated from the solution by magnetic decantation and
further used without washing with water.

Fe?*
(aq)

3+ —
+ 2 Fe(aq) + 8 OH(aq F63O4(s) +4 HgOl)

) (

The dinuclear complex, the benzene ruthenium dichlo-
ride dimer, dissolves in water with hydrolysis to give, with
successive substitution of the chlorido ligands by aqua li-
gands, a mixture of mononuclear benzene ruthenium com-
plexes in equilibrium.>> The benzene 'H NMR signals of
the D,O solution are assigned to [(CgHg)RuCl,(H,0)] (0 =
5.89 ppm), [(C¢Hg)RuCI(H,0),]** (6 = 5.97 ppm), and
[(CcHg)Ru(H,O0)>* (6 = 6.06 ppm).2°1 The dication
[(C¢Hg)Ru (H,0)5]>*, which was isolated as the sulfate and
structurally characterized,?”) is the major species present in
the hydrolytic mixture over the pH range 5-8 according to
the NMR spectrum.

+H0

ot

When the yellow solution obtained by dissolving the di-
nuclear complex [(C¢Hg)RuCl,], in water is added to the
magnetite nanoparticles described above, the main hydroly-
sis product, [(C¢Hg)Ru(H,0);]>*, adsorbs on the surface of
the nanosized Fe;0, (replacing the appropriate amount of
counterions) to give the ruthenium(Il)-modified magnetite
1. This material is isolated by magnetic decantation, washed
with deoxygenated water, and dried under vacuum. Induc-
tively coupled plasma optical emission spectroscopy (ICP—
OES) analysis of this material shows a ruthenium loading
of 0.074 mmol per gram of Fe;O,4, which is the maximum
loading. The Fourier transform infrared (FTIR) spectrum
indicates the presence of an absorption band at 576 cm™!,
which can be assigned to Fe-O vibrations of bulk Fe;0,4.[%
Ruthenium(IT)-modified magnetite 1 reacts with hydrogen
under pressure (50 bar) at 100 °C in nBuOH by reduction
of the adsorbed [(C¢Hg)Ru(H,0)5]>* species to metallic ru-
thenium to give core-shell-type Fe;O4/Ru nanoparticles 2
(Scheme 1), in a manner similar to that for the preparation
of hectorite-supported ruthenium nanoparticles.*”}
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Scheme 1. Synthesis of superparamagnetic core-shell-type Fe;0,4/
Ru nanoparticles and their catalytic action.

Figure 1 shows the TEM micrograph of 2 before the
catalytic reaction. The size distribution of these superpara-
magnetic Fe;O4/Ru nanoparticles was studied by trans-
mission electron microscopy (TEM) by using the “Imagel]”
softwareB% for image processing and analysis. The
mean particle size was calculated by using the equation:

d= Znidi/n,».[4]
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Figure 1. (a) TEM micrograph with SAED, (b) histogram (the bars
show the size distributtion and the solid line the Gaussian fit), and
(c) EDAX analysis of core-shell-type Fe;O4/Ru nanoparticles 2.

Some aggregation of the nanoparticles was observed,
presumably because nBuOH is not very effective in pre-
venting the aggregation of these particles. However, nBuOH
favors the accessibility of the substrate to catalytically active
sites on the nanoparticles.*'! The micrographs show par-
ticles varying from 5 to 25 nm, the average particle size is
15 nm, which is close to the boundary between superpara-
magnetic and single domains. The mean particle size and
standard deviation (o) were estimated from image analysis
of about at least 100 particles. The presence of ruthenium
was inferred from energy dispersive X-ray spectroscopic
(EDAX) analysis, which was further confirmed by induc-
tively coupled plasma optical emission spectroscopy (ICP-
OES). The percent weight loss of 2 as a function of tem-
perature was studied by thermogravimetric analysis (TGA),
which shows an overall weight loss of ca. 3% between 180-
445 °C. This loss may be attributed to the loss of nBuOH
molecules adsorbed at the surface of 2.

The X-ray powder diffraction of Ru’-modified magnetite
2 nanoparticles is shown in Figure 2. The average crystallite
size of 14.4 nm was estimated by applying the Scherrer for-
mulal®?! on the full widths at half maximum (0.89) of the
strongest (100%) reflection; the value of 26 is 35.59°.

Figure 3 shows the magnetization curves for ruthenium-
(II)-modified magnetite nanoparticles 1 and Ru’-modified
magnetite 2 nanoparticles measured at room temperature.
These modified nanoparticles have a saturation magnetiza-
tion (o) of 62.4 and 69.6 emu/g, respectively. These values
are slightly smaller than that of bulk magnetite (92 emu/g),
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Figure 2. X-ray powder diffraction of the Ru’-modified magnetite
2.

which is consistent with the presence of surface coatings
with ruthenium.?? At low magnetic field, the hysteresis
loops of these nanoparticles (insets in Figure 3) indicate low
coercivity and almost zero remanence, which suggests that
the particles exhibit superparamagnetic behavior. The
slightly opened loop can be attributed to particles with
grain size larger than ca. 20 nm that still can carry remanent
magnetization during the measurement duration of 100 ms.
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Figure 3. Magnetization curves for 1 and 2 measured at 300 K. The
insets show magnified hysteresis loops at low magnetic fields, which
highlight the coercivity and remanence of the particles. These par-
ticles exhibit predominantly superparamagnetic behavior with
some blocked, single-domain particles.

The core-shell-type Fe;O4/Ru nanoparticles 2, which are
intrinsically nonmagnetic can be readily dispersed in
nBuOH and easily recovered by applying an external mag-
netic field (Figure 4). They are a highly active and selective
hydrogenation catalyst, which convert trans-4-phenyl-3-
penten-2-one under hydrogen into 4-phenylbutan-2-ol and
avoid the formation of saturated products (Scheme 2).



Figure 4. Superparamagnetic core-shell-type Fe;O4/Ru nanopar-
ticles (a) dispersed in nBuOH and (b) gathered on the glass wall by
an external magnet.
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Scheme 2. Selective hydrogenation of trans-4-phenyl-3-buten-2-one
and possible reaction pathway.

This highly selective reduction of an unconstrained a,f3-
unsaturated ketone is striking, especially, since no aromatic
ring hydrogenation was observed. Thus, the catalyst is cap-
able of reducing the C=0 bond selectively. The catalytic
reaction was followed by a gas chromatography coupled to
mass spectrometry detector (GC-MS). The products were
separated on an apolar column and were identified by their
retention time and mass spectrum by using the electron im-
pact (EI) ionization method.

The hydrogenation of frans-4-phenyl-3-penten-2-one was
carried out by using 2 freshly prepared by the reduction of
1 in nBuOH (20 mL) under a pressure of hydrogen (50 bar)
at 100 °C for 14 h. GC-MS shows complete conversion of
the substrate (100%). The overall selectivity of 2 towards
unsaturated alcohols was >90%, presumably because of the
mild reaction conditions and the interaction between the
catalyst and the support. The turnover number was deter-
mined by adding 12.2 mmol (1.78 g) of trans-4-phenyl-3-
penten-2-one after regular intervals, until the catalyst be-
came almost inactive; the total mass of substrate added was
5.34 g. Table 1 shows the time dependence of the catalytic
hydrogenation, which is linear before saturation (Figure 5).

Table 1. Hydrogenation of trans-4-phenyl-3-penten-2-one with
Fe;04/Ru nanoparticles in n-butanol.

Time (h)

Unsaturated  Unsaturated alcohol
alcohol (%)  selectivity (%)

14.3 94.1
30.9 95.4
46.8 94.9
63.1 91.5
88.0 79.5 90.3
98.8 89.7 90.8
100 92.8 92.8

Substrate con-
version (%)

15.2
324
49.3
69.0
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Figure 5. Time dependence of the hydrogenation of trans-4-phenyl-
3-penten-2-one catalyzed by Ru’-coated magnetite 2.

A schematic representation of the reaction pathway
(Scheme 2) shows that the reaction undergoes path A and
not path B, because no traces of 4-phenylbutan-2-one were
observed during GC-MS analysis of the reaction mixtures
taken at different reaction times. It may be assumed that
the saturated alcohol 4-phenylbutan-2-ol is essentially ob-
tained by further reduction of the unsaturated alcohol 4-
phenyl-3-buten-2-ol. Interestingly, no traces of 4-cyclohex-
ylbutan-2-one and 4-cyclohexylbutan-2-ol were observed,
which suggests that 2 is unable to catalyze aromatic ring
hydrogenation under the reaction conditions.

The high selectivity for hydrogenation of the C=0O bond
can tentatively be attributed to the activation of the C=0
bond by the metal-support interaction. It can be assumed
that magnetite probably modifies the electronic properties
of ruthenium, which in turn, leads to an increase in the
hydrogenation selectivity for the C=0O bond. Thus, the spe-
cific hydrogenation tendency of trans-4-phenyl-3-penten-2-
one can be interpreted in terms of an exclusive adsorption
of C=0 bonds at the surface of the nanoparticles.[’%

The nanoparticles 2 can be recovered and reused, how-
ever, after three catalytic runs, aggregation was observed
(Figure 6). In order to determine the amount of ruthenium
leaching, the combined washings of three consecutive runs
are analyzed by ICP-OES. As there was no iron peak in the
spectrum, which could interfere with the ruthenium signals,
the ruthenium quantity could be calculated without apply-
ing any correction. The leaching observed is around 4.1%
with respect to original ruthenium loading after three cata-
lytic runs.



Figure 6. TEM micrograph of 2 after three catalytic runs.

Conclusions

We have prepared novel core-shell-type Fe;O4/Ru nano-
particles, which show a remarkable catalytic activity for the
selective hydrogenation of the C=0O bond in an uncon-
strained o,B-unsaturated ketone viz. (trans-4-phenyl-3-
penten-2-one. These environmentally friendly superpara-
magnetic nanoparticles can be easily dispersed because of
the intrinsically nonmagnetic nature and can be readily re-
cycled and reused by magnetic decantation.

Experimental Section

Preparation of Fe;04 Nanoparticles: Fe;O4 nanoparticles were pre-
pared by the co-precipitation method:1>3! A freshly prepared aque-
ous solution of 1 M FeCl; was mixed with 2 M FeCl, (2.5 mL) dis-
solved in 2 M HCI. Both solutions were prepared in deoxygenated
water. Immediately after the solutions were mixed under nitrogen,
it was added to NH; (125 mL of a 0.7 M solution) under N,. After
30 min of vigorous stirring, the pH was adjusted to 10 by using a
2 M NaOH. After 1 h, the black Fe;O,4 nanoparticles formed were
separated magnetically.

Preparation of Fe;04/[(C¢Hg)Ru(H,0)3]** (1): Fe;0,4 nanoparticles
were redispersed in water (50 mL) containing [(CsHg),Ru,Cly]
(0.1 g). This mixture was heated at 80 °C overnight. The resulting
precipitate was separated magnetically, washed with H,O (3 X
25 mL), and dried in vacuo.

Preparation of Fe;O4/Ru (2): 2 was obtained by reacting a suspen-
sion of 1 (0.5 g) in nBuOH (20 mL) in a magnetically stirred stain-
less-steel autoclave (volume 100 mL) under a pressure of H,
(50 bar) at 100 °C for 14 h. After releasing the pressure and cool-
ing, 2 was isolated by magnetic decantation and dried in vacuo.

Hydrogenation of trans-4-Phenyl-3-buten-2-one: Freshly prepared 2
(0.5 g) was added to a solution of trans-4-phenyl-3-buten-2-one
(1.78 g) in nBuOH (20 mL). This solution was placed in an auto-
clave (100 mL), while being rigorously stirred at 30 °C under H,
(15 bar). After every hour, the pressure was released, the sample
was taken, and the solution was magnetically decanted from the
solid and analyzed. The turnover number was determined by add-
ing 1.78 g of substrate dissolved in nBuOH (20 mL) at regular in-

tervals, until the catalyst became inactive; the total volume of sub-
strate added was 5.34 g. The selectivity was checked by GC-MS.
For recycling, a permanent magnet was externally applied to isolate
2 on the side wall of reactor. The reaction solution was decanted
off, and the catalyst was reused directly for the next run.
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