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A nano-sized Magnesia—Zirconia (nano-MgO-ZrO,) catalyst was prepared by a simple ultradilution co-

precipitation method and by using inexpensive precursors. The nano-MgO-ZrO, was extensively
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characterized by SIMS together with other analytical techniques such as X-ray diffraction (XRD) and

transmission electron microscopy (TEM). The nano-MgO-ZrO, catalyst proved to be very efficient for the
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Introduction

Mixed metal oxides (MMOs) represent one of the most
important and widely employed categories of solid catalysts,
either as active phases or supports. MMOs may be used either
by their acid/base or their redox properties and constitute the
largest family of heterogeneous catalysts.'™ In addition to
catalytic applications, MMOs have played very important roles
in many areas such as in chemistry, physics, materials science,
and geochemistry.”® Due to their versatile applications, they
have great scope in various microelectronic devices, electrodes
and sensors.” Nano-sized MMOs are attractive for a range of
applications due to their excellent chemical and thermal
stability, high porosity and large surface area. Therefore, great
efforts are dedicated to the optimization of new procedures
able to synthesize pure and mixed nano-sized metal oxides.
MMOs have been used for the selective reduction of the C=0
bond in «,f-unsaturated carbonyl compounds through hydro-
gen transfer reactions,® the study of chemical structures and
performance of perovskite oxides,*® the epoxidation of allyl
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reduction of carbonyl compounds and multicomponent reactions under mild reaction conditions. The
recyclability and reusability of the nano-MgO-ZrO, catalyst has been tested.

acetate with tert-butyl hydroperoxide catalyzed by MoO;/TiO,
oxide,* and the determination of the effect of the phosphate
ion on the textural and catalytic activity of titania-silica mixed
oxide,* among other relevant applications in chemistry.®¢

The reduction of carbonyl compounds to their correspond-
ing alcohols is an industrially important reaction, as alcohols
are important starting materials and intermediates for the
manufacture of a variety of chemicals.’ Although a number of
methods have been developed for the reduction of carbonyl
compounds employing homogeneous catalysts,'® the control
of the reaction rates is highly difficult."* Moreover, the main
disadvantage of these reactions is that when homogeneous
catalysts are used, the metal can contaminate the product,
which is unacceptable e.g. in pharmaceutical syntheses.
Recently, prompted by stringent environment protection laws,
there has been an increased emphasis on the design, synthesis
and use of environmentally benign solid acid/base hetero-
geneous catalysts for organic transformations to reduce the
amount of toxic waste and by products from chemical
processes. The main advantage of a heterogeneous catalyst is
that, being a solid material, it is easy to separate from the gas
or liquid phase reactants and products after completion of the
reaction.

We have previously shown that a MgO-ZrO, catalyst has
applicability in various important organic reactions such as
cross-aldol  condensation, N-benzyloxycarbonylation of
amines, reduction of aromatic nitrocompounds, and synthesis
of 1,5-benzodiazepines’®> and N-benzyloxycarbonylation of
alcohols.”® Engaged with the development of sustainable
protocols,"* heterogeneous catalysis'®> and nanomaterials,"®
we herein report an extension of the application of the nano-
MgO-ZrO, catalyst for the reduction of carbonyl compounds
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Scheme 1 Reduction of carbonyl compounds by hydrogen transfer reactions
over nano-MgO-ZrO, catalyst.

using isopropyl alcohol (IPA) as a hydrogen transfer reagent
(Scheme 1). In addition to the usually used techniques for the
characterization of solid matrixes such as XRD or TEM, we
engaged in a extensive chemical characterization of the nano-
MgO-ZrO, catalyst surface by time of flight secondary mass
spectrometry (TOF-SIMS). The TOF-SIMS technique is widely
and successfully used to determine the elemental and
molecular composition of the surface and near-surface layers
of different catalysts.'”

To produce a plain and conductive sample suitable for
SIMS analysis, the powder catalyst was pressed onto an ultra-
pure indium foil by Goodfellow (Huntingdon, UK). We used a
manual toggle pressing machine by Brauer (Milton Keynes,
UK). The sample was prepared by a reported procedure'® and
the TOF-SIMS analysis was performed by acquiring positive
and negative secondary ion spectra in the mass range of 0.5-
200 m/z.

Results and discussion

The XRD spectrum of MgO-ZrO, is depicted in Fig. 1. Cubic
ZrO, and MgO phases (according to JCPDS files 49-1642 and
45-0946, respectively) were observed in powder diffraction
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Fig. 1 XRD spectrum of nano-MgO-ZrO..
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patterns of MZ, showing the presence of both substances in
the sample.

The TEM micrographs of MgO-ZrO, are depicted below,
clearly indicating that the particles are in the nano-size range
(20-35 nm) (Fig. 2a and b). The scarcity of observed particles
notwithstanding, it was possible to measure a sufficiently high
number to build the histogram (Fig. 2c). In EDS spectra the
elements Zr, Mg and O were identified, the results being in
general agreement with the XRD spectrum, even if it should be
noted that the EDS signal in the TEM analysis concerns a
much smaller area. One of the EDS spectra acquired is
depicted in Fig. 2d. The copper peak is due to the instrument’s
grid.

Fig. 3 shows the results obtained from mass spectroscopy,
as applied to the MgO/ZrO, powder catalyst when placed onto
a indium substrate.

In the positive mode (Fig. 3a), we detected the isotopic
peaks of the main components and their oxy-hydrated
compounds, namely, Mg', MgO', MgOH', Zr', ZrH', ZrO',
ZrOH', ZrO," and ZrO,H', along with some surface contam-
inations (Na', Al', K%, Ca"), implanted and re-sputtered
analysis ions (Ga') and ions originating from the substrate
(In"). The intensity of MgOH" (m/z 41) is higher than that of
MgO" (m/z 40). In the negative mode (Fig. 3b), the isotopic
peaks of zirconium oxides and hydroxides with the most
abundant peaks at m/z 122 (°°ZrO,~) and m/z 123 (*°ZrO,H™ +
917r0,”) were registered. At the low-mass part of the spectrum,
we detected different hydrocarbons and halogens (F~, Cl™);
oxygen-containing ions of the analysis (GaO™ and GaO, ) and
substrate (InO~ and InO, ) species were also found. In
addition to the abovementioned ions, trace amounts of
glycerol were also identified via the discrete series of foremost
characteristic peaks at m/z 93 [M + H] , m/z 185 [2M + H]  (not
shown), and m/z 277 [3M + H]~."¢ We suspect the presence of
some glycerol contamination in our vacuum chamber due to
the memory effect.

The modification (degradation) of the surface of the
catalyst under ion-beam sputtering was studied by measuring
four successive positive mass spectra. Each spectrum was
collected after short-run Ga' pre-sputtering of the sample in
the continuous mode. The relative magnesium (zirconium)
intensity Rlyg(zr) Was estimated as

I
Mg(Zr) (1)

Rlmgzn = Tt 1
£ T

where Iyg(zy is the peak intensity (sum of all isotopes) of the
corresponding element integrated within +0.5 m/z.
In Fig. 4 the magnesium and zirconium intensities versus
the relative gallium calculated intensity is presented
IGa

Rlgg=——7-—"— 2
o ]Ga+IMg+IZr ( )

where Ig, is the peak intensity (sum of all isotopes) of Ga"
analysis ions integrated within + 0.5 m/z.

One can see in Fig. 4 that the Mg relative intensity tends to
decrease (with corresponding growth of Zr' intensity) under

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 a) TEM image of nano-MgO-ZrO, at 50 nm, b) TEM image of nano-MgO-ZrO, at 20 nm, ¢) histogram of nano-MgO-ZrO,, d) TEM-EDS profile of nano-MgO—
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Fig. 3 Mass spectra of positive (a) and negative (b) secondary ions of MgO/ZrO,

powder catalyst placed onto In substrate. The time of the spectra acquisition
was 5 min.
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Fig. 4 Relative magnesium and zirconium intensities versus the relative Ga*
content onto the surface of catalysts.
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the continuous Ga' irradiation, ie. as data is gathered from
regions increasingly deeper in the sample. It means that the
near-surface region of the catalyst is enriched by Mg. We did
not find data on sputter rates of magnesia and zirconia in the
literature. However, the sputter rates of aluminum and
hafnium oxide films are rather similar,"® and with a high
degree of certainty we are able to ignore the effect of
preferential ion-beam sputtering of our samples.

The fact that Mg is preferably found near the surface of the
nano-particles is a strong indication that these possess a
zirconia-rich core, whereas MgO is mainly present as an
adhered deposit at the surface. Whether such deposit assumes
the form of a continuous layer, or if magnesia is present over a
discrete number of loci, could not be ascertained by the
experimental techniques used in this study. However, the
literature provides examples of systems prepared via techni-
ques similar to the ultra-dilution co-precipitation technique
possessing a discontinuous deposit structure.>’

Catalytic activity of MgO-ZrO, for carbonyl
compound reduction

The catalytic activity of the nano-MgO-ZrO, catalyst was tested
in the reduction of carbonyl compounds (Scheme 2). For
optimization of reactions conditions, we chose acetophenone
(1, R = H) as the substrate for the reduction under different
reaction conditions.

No reactions occur in the absence of catalyst, either with or
without base (Table 1, entry 1 and 2). As we increased the
amount of catalyst from 10, 20 and 30 mg, we observed the
yield of reaction increasing to 42, 68 and 92% respectively
(Table 1, entries 4 to 6). The wt% of nano-MgO-ZrO, catalyst
also affects the reaction rate. It was observed that component
oxides such as MgO and ZrO, also gave moderate yield of the
corresponding products; nevertheless, nano-MgO-ZrO, is the
most effective nanomaterial among them. This could be due to
a prominent feature of the active Mg-Zr mixed oxides, which
can be found to originate from the co-operative action of both
the basic (0*>7) and acidic sites (Mg>" and Zr **) located in a
neighbour at the surface.”’ Even current (micro-size) MgO-
ZrO, has less catalytic activity in terms of yield of the product
(Table 1, entry 9).

The catalytic activity of the nano-MgO-ZrO, was further
explored for various other carbonyl compounds (Table 2).

~Q099,

0] OH

CHj CHs

000 ©

_—
1a 2a

Scheme 2 Aromatic carbonyl group reduction over nano-MgO-ZrO,.
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Table 1 Optimization of reactions conditions”

No Catalyst Base Time (h) Isolated Yield 2a? (%)
1 — — 24 NR

2 — KOH 24 NR

3 Nano-MgO-ZrO, — 24 NR

4 Nano-MgO-ZrO, KOH 4 42?

5 Nano-MgO-ZrO, KOH 4 68°

6 Nano-MgO-ZrO, KOH 4 92

7 Nano-MgO KOH 4 46"

8 Nano-ZrO, KOH 4 25"

9 Normal MgO-ZrO, KOH 4 60'*P

“ Reaction conditions: acetophenone (1 mmol), KOH (2 mmol), IPA
(3 mL), temp. 80 °C, catalyst (30 mg). ” 10 mg catalyst used. © 20 mg
catalyst used. ¥ NR. No reaction.

The effect of reaction time was inspected for the reduction
of acetophenone; notably nano-MgO-ZrO, gives almost quan-
titative yield of 2a in 92% within 4 h; however within 5 h time,
the yield of 1-phenylethanol has not increased further (93%).
Therefore, the reaction time of 4 h was optimal for the
reduction of acetophenone to 1-phenyl ethanol (Fig. 5).

In all cases the reaction was completed within 4-6 h with
remarkably high yields (89-93%). As depicted in Table 2,
selective reduction of 4-methoxyacetophenone (entry 4) is
possible to afford the corresponding alcohol in excellent yield
(93%) although with a slightly longer reaction time. Moreover,
high yields can also be attained for 4-chloroacetophenone and
4-bromoacetophenone reduction (Table 2, entries 2 and 3),
with no evidence of dehalogenation. The effectiveness of this
protocol is comparable to some existing protocols®> with the
main advantages of being recyclable for several runs and the
nanocatalysts being prepared from inexpensive precursors.

Table 2 Nano-MgO-ZrO, catalyzed ketone reduction?

Entry Carbonyl compound (1) Products (2) Time (h) Yield (%)

1 9 OH 4 92
©)kCH3 ©)\CH3
2 9 OH 4.5 89
/©)I\CH3 /©)\CH3
cl Cl
3 9 OH 4.5 90
/©)LCH3 /©)\CH3
Br Br
4 6 93

o o
/©)kCH3 /@)J\CHS
H;CO H,CO
5 9 OH 4 92

O O

% Reaction conditions: carbonyl compound (1 mmol), KOH (1.5
mmol), 80 °C, IPA (3 mL), 30 mg of catalyst.

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Time dependency of carbonyl group reduction of acetophenone.

A base supported Oppenauer oxidation mechanism should
be involved (Scheme 3). This type of oxidation is known to be
conducted among others using heterogeneous catalysts (e.g.
alumina, zeolites).>* Both carbonyl compound (ketone) and
the alcohol (IPA) are bound to the catalyst (I). The alcohol is
bound as the alkoxide. Coordination of the ketone to the
catalyst activates it for the hydride transfer from the alkoxide
followed by alcoholysis.

In order to prove that the reaction is heterogeneous, a
standard leaching experiment was conducted by the filtration
method. The model reaction of acetophenone (Table 2, entry
1) proceeded for 15 min in the presence of a nano-MgO-ZrO,
at 80 °C. The reaction mixture was then filtered under suction
to remove the catalyst. The filtered reaction mixture was then
stirred without catalyst for 12 h. Notably, no formation of
corresponding product was observed even after 12 h, indicat-
ing that no homogeneous catalyst was involved. The reusa-
bility of the catalyst was tested for the reduction of
acetophenone. Under the established conditions the catalyst
was filtered off after completion of the reaction and the
reaction mixture was washed with water, followed by ethyl
acetate, and then dried at 120 °C for 3 h, before being reused
for the next cycle. The catalytic activity was maintained
practically constant with only a slightly decrease even after
the fifth cycle (Fig. 6).

To explore the catalytic activity of nano-MgO-ZrO,, we
tested it in the multicomponent reaction depicted in
Scheme 4.

HEA
/ ? Y Icoholysi:
0 O alcoholysis + (CH3),CO

9 ° i
800 OQ QOOOOO HaC~ “OH
%0000 Q)OOOOQ
I
Q = Mg
Q@ =0

Scheme 3 Proposed mechanism for the reduction of acetophenone.
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Fig. 6 Reusability study for the catalytic activity of nano-MgO-ZrO, catalyst.

The reaction between benzaldehyde, ammonium acetate,
methyl acetoacetate and 5,5-dimethylcyclohexane-1,3-dione,
performed in the presence of nano-MgO-ZrO, under mild
conditions, allowed us to obtain methyl 2,7,7-trimethyl-5-oxo-
4-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (3) in
95% yield.

In conclusion, we have investigated the surface properties
of a MgO-ZrO, nano-catalyst by SIMS techniques, and
observed that MgO is supported on ZrO,. Furthermore, the
catalytic activity of nano-MgO-ZrO, was investigated, for the
reduction of carbonyl compounds by a simple procedure. In
addition, the applicability of nano MgO-ZrO, was explored for
four component reactions under benign conditions. This
developed green protocol offers several advantages such as
use of a heterogeneous and reusable catalyst, high reaction
rates, operational simplicity and mild reaction conditions.

Experimental

All commercial reagents were used as received unless other-
wise mentioned. For analytical and preparative thin-layer
chromatography, Merck, 0.2 mm and 0.5 mm Kieselgel GF 254
percoated were used, respectively.

Synthesis of nano-MgO-ZrO,

In a typical experiment, for the preparation of MgO-ZrO, an
appropriate amount of magnesium nitrate [Mg(NO3), 6H,0]
(3.10 g) and zirconium oxychloride [ZrOCl,-8H,0] (8.11 g) were
dissolved together in a 2 L flask with 1 L deionized water.
Dilute ammonia solution was added drop wise with vigorous
stirring (RPM-5 000) until the precipitation was complete
(around 6 to 8 h at pH = 10.0). The resultant precipitate was
filtered and washed with distilled water until it was free from
chloride ions. The residue was dried for 24 h at 383 K in an
oven and the obtained precipitate of metal hydroxides was
heated in a porcelain crucible progressively to 873 K for 10 h
(ESTIH).

Characterization nano-MgO-ZrO,

After calcination, the nano-MgO-ZrO, catalyst was character-
ized by various analytical and spectroscopic techniques. The
X-ray powder diffraction pattern was obtained using a

RSC Adv., 2013, 3,3611-3617 | 3615
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Scheme 4 Synthesis of methyl 2,7,7-trimethyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (3).

conventional powder diffractometer (Philips 1050) using
graphite monochromatized Cu-Ko radiation operating in
Bragg-Brentano (0/20) geometry. Transmission Electron
Microscopy (TEM) experiments were performed on a Hitachi
8100 microscope with a Rontec standard EDS detector and
digital image acquisition. All samples were prepared by
evaporating dilute suspensions on a carbon-coated film. To
produce a plain and conductive sample suitable for SIMS
analysis, the powder catalyst was pressed onto an ultra-pure
indium foil by Goodfellow (Huntingdon, UK). We used a
manual toggle pressing machine by Brauer (Milton Keynes,
UK). TOF-SIMS analysis was performed by acquiring positive
and negative secondary ion spectra in the mass range of 0.5-
200 m/z with an upgraded VG Ionex IX23LS TOF-SIMS set-up
based on the Poschenrieder design. A focused liquid Ga* gun
in the pulsed mode (6 kHz/40 ns) was used as a source of the
analysis ions. The beam current in the continuous mode at 14
keV was ca. 15 nA with a raster size of 300 x 300 pm* (128 x
128 pixels, 10 kHz). The sample potential was +5 kV. Vacuum
during the experiments was maintained in the range of (2-3)
x 107 mbar in the analytical chamber.

Reduction of carbonyl compounds (1)

Carbonyl compound 1 (10 mmol), IPA (10 mL), KOH (20 mmol)
and nano-MgO-ZrO, (30 mg with respect to 1), were stirred at
80 °C for an appropriate time. After completion of the reaction
(monitored by TLC) the catalyst was separated by simple
filtration. The resultant product was extracted with ethyl
acetate from the reaction mixture. Then the organic solvent
was evaporated in vacuo. The crude product was purified by
column chromatography on silica gel using n-hexane and ethyl
acetate as eluent. All compounds are well characterized and
well reported in the literature.

Synthesis of methyl 2,7,7-trimethyl-5-oxo0-4-phenyl-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylate (3)

A solution of benzaldehyde (5 mmol), 5,5-dimethylcyclohex-
ane-1,3-dione (5 mmol), ammonium acetate (10 mmol), methyl
acetoacetate (5 mmol), and nano-MgO-ZrO, (30 mg) in ethanol
(3 mL) was stirred at room temperature for 20 min. After
terminus of the reaction monitored by TLC (n-hexane and
ethyl acetate; 70 : 30), the catalyst was filtered. To the solution
was added ethyl acetate (10 mL). The organic layer was washed
with saturated NaHCO; (aq) and brine, dried with anhydrous
Na,SO,, and concentrated to dryness. The crude mixture was
purified by crystallization in ethanol and the methyl 2,7,7-
trimethyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-car-
boxylate 3 was obtained in 95% yield.
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