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Soluble transition-metal nanoparticles have drawn much
attention because of their high catalytic activity and excellent
selectivity. However, the direct separation and recovery of these
nanoparticles from the products in homogeneous catalytic
reactions have always been technical problems that have
needed to be solved for the past few decades.’™ Recently, based
on our discovery that the polyether chain-based quaternary
ammonium salt ionic liquids [CH3(OCH,CH,),N Et;][CH;S0; ]
(ILpgg, n = 12, 16, 22) exhibit electrosteric stabilization for
nanoparticles and a distinctive critical solution temperature
(CST) property in toluene and n-heptane mixtures, we have
established thermoregulated phase-separable catalytic system
(TPSCS) involving soluble transition-metal nanoparticles.” The
basic principle of TPSCS was described in Fig. 1. When
temperature is lower than the CST, the lower ILpgg stabilized
nanoparticle catalyst phase is immiscible with the upper mixed
solvents phase containing substrate. Excitingly, once the reac-
tion temperature is increased beyond the CST, the two-phase
system becomes transparent and homogeneous which allows
the reaction runs smoothly. After reaction, the homogeneous
system returns into two-phase again at the temperature lower
than CST. Therefore, the lower nanoparticle catalyst phase can
be separated easily from the upper product phase by simple
phase separation, and the catalyst can be reused in the next
cycle. Obviously, such a catalytic system takes advantages of
both classical homogeneous and heterogeneous systems. Till
now, the TPSCS has been applied successfully for the hydroge-
nation of olefins,® selective hydrogenation of 1,5-cyclo-
octadiene,” Heck reaction”’ and hydroaminomethylation of
1-octene® with high catalytic efficiency and good recyclability.
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a selectivity of >99% at >99% conversion. More importantly, the catalyst could be easily separated by
simple phase separation and reused directly eight times without evident loss in activity and selectivity.

The selective hydrogenation of C=C or C=O bond in
a,B-unsaturated aldehydes and ketones to the corresponding
saturated aldehydes/ketones or unsaturated alcohols has broad
applications in the synthesis of many drugs, medical interme-
diates and fine chemicals.®** Although various catalyst systems
for this selective hydrogenation reaction have been extensively
reported, until now only a few catalytic systems affording the
C=C bond hydrogenation product with good selectivity and
recyclability were reported.”™® Encouraged by our pervious
exciting results of TPSCS and with the aim to expand the
application scopes of this system, in this paper, TPS-Rh;,,n, Was
explored firstly for selective hydrogenation of a,B-unsaturated
aldehydes and ketones.

TPS-Rh.n0 catalyst was prepared by hydrogen reduction of
RhCl;-3H,0 using ILpgg (n = 22) as a stabilizer (see ESIf for
details). Fig. 2 shows the UV-visible absorption spectra of the
solution of RhCl; and ILpgg (1 = 22) before and after reduction.
Apparently, after reduction the characteristic absorption peak
of Rh (III) at 520 nm disappeared completely, which indicated
the formation of Rh®>2® Further analysis by TEM revealed that
the Rh nanoparticles stabilized by ILpgg (7 = 22) dispersed very
well with an average particle size of 1.7 £ 0.2 nm (Fig. 3a). For
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Fig.2 UV-visible absorption spectra of the solution of RhCls and ILpgg
(n = 22) before and after reduction.

comparison, TOAB (tetraoctyl ammonium bromide) with elec-
trostatic stabilization,>?* MPEG-1000 (polyethylene glycol
monomethylether 1000) with steric stabilization®*?” and the
mixture of TOAB and MPEG-1000 with electrosteric stabilization
were used separately as a stabilizer for Rh nanoparticles under
the same conditions. The results showed that Rh black could be
seen by the naked eye when TOAB acted independently as
stabilizer. Meanwhile, the nonuniform dispersion or even
obvious aggregation was observed for nanoparticles prepared
from MPEG-1000 or the mixture of TOAB and MPEG-1000
(Fig. 3b and c). Therefore, the formation of homogeneous-
dispersed Rh nanoparticle catalyst stabilized by ILpgg (7 = 22)
was attributed to the perfect combination of electrostatic and
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Fig. 3 TEM images and particle size histograms of Rh nanoparticles
prepared by different stabilizers: (a) electrosteric stabilization by ILpeg
(n = 22); (b) steric stabilization by MPEG-1000; (c) electrosteric
stabilization by the mixture of TOAB and MPEG-1000 (200 particles).
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steric stabilizations. Furthermore, all HRTEM images of Rh
nanoparticles prepared by different stabilizers showed that the
lattice fringes spacing of 0.20 nm were close to the (111) facet of
Rh nanoparticles.

For the TPS-Rh,,0-catalyzed ao,B-unsaturated aldehydes and
ketones, cinnamaldehyde was chosen as a representative
substrate to evaluate the catalyst performance and by varying
temperature, hydrogen pressure, reaction time and molar ratio
of cinnamaldehyde to Rh to identify the optimum reaction
conditions (Table 1). The effect of reaction temperature was
explored firstly in the range of 30-70 °C. When temperature was
increased from 30 to 60 °C, the conversion of cinnamaldehyde
increased from 12% to 99%, while the selectivity of the hydro-
genation product of C=C bond remained >99% all the time
(entries 1-4). With a further increase in temperature to 70 °C,
the selectivity towards the hydrogenation product of C=C bond
dropped to 94% although almost total conversion was observed
(entry 5). And the by-product was proved to be the hydrogena-
tion product of both C=C and C=0 bonds. Further optimisa-
tion was the role of hydrogen pressure on the reaction and the
results indicated that the conversion of cinnamaldehyde
improved obviously with increasing hydrogen pressure from 0.1
to 1.0 MPa and 99% conversion was achieved at 1.0 MPa (entries
4, 6 and 7). When the hydrogen pressure was further increased
to 1.5 MPa, the conversion reached >99% (entries 4 vs. 8). It was
clear that prolonging the reaction time was in favour of
improving the conversion of cinnamaldehyde (entries 4 and
9-11). In addition, we found that the conversion of cinna-
maldehyde declined apparently when the molar ratio raised
from 500 to 2000 (entries 4 and 12-14). For the sake of product
separation and catalyst recycling, the best molar ratio of cin-
namaldehyde to Rh was chosen to be 500 in our studies. It's
worth mentioning that the selectivity towards the hydrogena-
tion product of C=C bond in cinnamaldehyde was totally
unaffected by hydrogen pressure, reaction time and the molar
ratio of cinnamaldehyde to Rh. Under the optimized reaction
conditions, the conversion of cinnamaldehyde and the selec-
tivity of the C=C bond hydrogenation product were all >99%.
The TOF was 245 h™".

The reusability is a significant parameter in evaluation of
a catalyst, especially for transition metal nanoparticle catalysts.
Therefore, the reusability of TPS-Rhy,,, catalyst for selective
hydrogenation of cinnamaldehyde was examined under the
above-mentioned optimum conditions. After reaction, the lower
TPS-Rhan, catalyst phase was simply separated from the
product phase by simple phase separation and reused directly
in the next catalytic cycle. As shown in Fig. 4, the TPS-Rhyano
catalyst could be used eight times without evident loss in
conversion and selectivity. Comparison of the TEM images of
Rh nanoparticles between newly prepared and after eight cycles
revealed that the particle size increased slightly from original
1.7 to current 2.2 nm (Fig. 3a vs. Fig. 5). In addition, the
oxidation state and recyclability of the TPS-Rhy,,, catalyst
basically remained before and after the catalytic reactions

judging from XRD and XPS (Fig. S1 and S2, see the ESI} for

details). Moreover, ICP-AES analysis of the upper organic phase
after the first run indicated that the leaching of Rh was only

This journal is © The Royal Society of Chemistry 2017
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Table 1 Selective hydrogenation of cinnamaldehyde using TPS-Rhpano as catalyst”

©/\AO TPS-Rhpano ©/\Ao

H,

Entry T (°C) Py, (MPa) t (h) S/C (mol mol ™) Conv.” (%) Sel.c (%) TOF? (h™)
1 30 1.0 2.0 500 12 >99 30
2 40 1.0 2.0 500 48 >99 119
3 50 1.0 2.0 500 72 >99 178
4 60 1.0 2.0 500 99 >99 245
5 70 1.0 2.0 500 >99 94 233
6 60 0.1 2.0 500 9 >99 22
7 60 0.5 2.0 500 38 >99 94
8 60 1.5 2.0 500 >99 >99 245
9 60 1.0 0.5 500 22 >99 218
10 60 1.0 1.0 500 65 >99 322
11 60 1.0 1.5 500 91 >99 300
12 60 1.0 2.0 1000 87 >99 431
13 60 1.0 2.0 1500 65 >99 483
14 60 1.0 2.0 2000 54 >99 535

“ Reaction conditions: ILpgg 0.3 g (containing 2.6 x 10~* mmol rhodium), toluene (3.5 g), n-heptane (0.7 g). The miscibility temperature of the system is
60 °C. ” Determined by GC with cyclohexane (0.2 g) as internal standard. ¢ Selectivity of the C=C bond hydrogenation product, the only by-product was
the hydrogenation product of both C=C and C=0 bonds. ¢ Turnover frequency (TOF): moles of main product per mole of rhodium per hour.

0.05 wt%, and from the second run on the leaching of Rh was Table 2 Selective hydrogenation of different o,B-unsaturated alde-

lower than the detection limit. These results again confirmed
that the TPS-Rh,,,p, catalyst had good stability, catalytic activity,
selectivity and recyclability.
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Entry Substrate Product Conv. (%) Sel. (%) TOF (h™")
1 /Mo N >99 >99 245

o o]
2 w w >99 >99 245
(o] o
3 b é >99 >99 245

“ Reaction conditions: ILpgg 0.3 g (7 = 22, containing 2.6 x 10~ mmol
Rh), toluene 3.5 g, n-heptane 0.7 g; T = 60 °C, Py, = 1.0 MPa, t = 2.0 h,
substrate/Rh = 500, the miscibility temperature of the system is 60 °C.
The conversion was determined by GC with cyclohexane (0.2 g) as
internal  standard; the selectivity was the corresponding
hydrogenation product of C=C bond.

Fig. 4 Recyclability of the TPS-Rhnano catalyst for selective hydroge-

nation of cinnamaldehyde.
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In order to evaluate the generality of the above TPS-Rhyano
catalyst, the selective hydrogenation of different o,B-unsatu-
rated aldehydes and ketones, such as crotonaldehyde, benzyli-
deneacetone and 2-cyclohexen-1-one, were also explored. Under
the optimized reaction conditions, all substrates afforded their
corresponding hydrogenation products of C=C bond with
>99% conversion and >99% selectivity (Table 2).

Conclusions

In summary, the TPS-Rh, ., catalyst was employed firstly for

Fig.5 TEMimage and particle size histogram of Rh nanoparticles after ~ the selective hydrogenation of o,f-unsaturated aldehydes and
eight catalytic cycles (200 particles).

This journal is © The Royal Society of Chemistry 2017

ketones. Excellent selectivity (>99%) at the site of C=C bond
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with conversion of >99% was achieved. More excitingly, the
catalyst could be easily separated from the product by simple
phase separation and reused directly for eight times without
evident loss in activity and selectivity.
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