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bstract

SBA-15-like mesoporous silicas functionalized with high contents of organic amine groups were synthesized by co-condensation of tetraethoxysi-
ane (TEOS) and 3-aminopropyltriethoxysilane (APTES) in the presence of triblock copolymer P123 under acidic conditions. This method
rovided mesoporous silica with APTES: TEOS molar ratio ranging from 1:15 to 1:6. Further immobilization of dichlorotris(triphenylphosphine)-
uthenium(II) complex onto the functionalized support led to the formation of highly efficient and recoverable heterogeneous catalyst (Ru-AP).
haracterizations using XRD, TEM and N2 adsorption–desorption isotherms demonstrated that the NH2-modified SBA-15 still retained highly
rdered mesopore arrays even after immobilization of ruthenium complexes. Solid state 29Si MAS NMR and 13C CP MAS NMR and Raman inves-

igations confirmed the presence of organic amine groups and RuCl2(PPh3)3 complex on silica frameworks. The Ru-AP heterogeneous catalyst
xhibited almost the same activity and selectivity as the corresponding RuCl2(PPh3)3 homogeneous catalyst in the water mediated isomerization
f 1-phenyl-3-buten-1-ol. The superiority of the Ru-AP was that it could be easily separated from the reaction system and used repetitively without
bviously losing activity and selectivity at least for four times.

2006 Elsevier B.V. All rights reserved.
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. Introduction

To maintain a clean world for future generations and sus-
ain a long-term economic growth, considerable efforts have
een made to conduct organic reactions in non-polluting media
uch as water and supercritical CO2 [1]. Selective transposi-
ion of the functionalities of organic compounds is an efficient
ay in organic synthesis. A typical example is the isomer-

zation of homoallylic alcohols, which has been widely used
n synthesizing diverse aromatic compounds for fine chemi-
al, agrochemical, and pharmaceutical applications [2]. At the
resent stage, most of the aqueous medium reactions involved
he use of homogeneous catalysts. Ruthenium complexes, such
s RuCl2(PPh3)3, were the most frequently used homogeneous

atalysts for 1,3-rearrangement of homoallylic alcohols [3].
lthough homogeneous catalysts in general have a higher activ-

ty than supported catalysts, they may not be recovered easily,
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(II) homogeneous catalysts; NH2-modified SBA-15

hich may increase costs and lead to heavy-metal pollution
n water. It is therefore of great significance to design, syn-
hesize, and apply novel heterogenized homogeneous catalysts,
hich combine the advantages of homogenous and heteroge-
eous catalysis.

Organic functionalized mesoporous silicas represented a new
lass of materials for the design of above-mentioned cata-
yst, in particular, because their high surface areas, controllable
ore structures and tailored pore surface chemistry allowed the
inding of a large number of surface chemical moieties [4]. Gen-
rally, these mesoporous materials could be synthesized either
y a post-modification or by a co-condensation method [4–7].
he latter was proved to be able to prepare functionalized meso-
orous silicas with surface ligands that were more amenable and
ersatile for further immobilization of homogenous catalysts [4].

Surface modification using 3-aminopropyltriethoxysilane
APTES), which could produce terminal amine groups (–NH2),

as been found to be useful for covalent coupling of proteins
r organic metals to the silica materials, and showed a poten-
ial use in the immobilization of enzymes and organometallic
omplex [8,9]. Although functionalization of mesoporous sil-
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cas with amine groups has been studied by several groups,
ost of the studies on chelating organometallic complex have

een conducted to modify mesoporous silica MCM-41 materials
8,10–12]. Compared with MCM-41, mesoporous silica SBA-15
as much larger pore size, which allowed it to immobilize larger
rganic metals [13]. It would indeed be vital to achieve amine-
unctionalized SBA-15 with high contents of organic groups that
ere highly dispersed within the frameworks and quantitatively

ccessible for the reactions involving organometallic molecules.
This work reports the synthesis of mesoporous silica SBA-15

unctionalized with aminopropyl groups using triblock copoly-
er P123 (EO20PO70EO20) as a template. We modified the sim-

le co-condensation synthetic method, where tetraethyl orthosil-
cate (TEOS) and 3-aminopropyltriethoxysilane (APTES) were
imultaneously hydrolyzed in the presence of P123, by adding
PTES into an acid solution where TEOS was pre-hy-
rolyzed. A series of functionalized mesoporous silica SBA-15
upports with large pores and tunable contents of aminopropyl
roups were achieved. Immobilization of dichlorotris(triph-
nylphosphine)-ruthenium(II) complex (RuCl2(PPh3)3) gener-
ted heterogeneous catalysts. In order to demonstrate their
atalytic activities in water, isomerization of 1-phenyl-3-buten-
-ol, an important organic reaction, was examined. The use of
ater to replace hazardous organic solvent represented a novel
irection towards green chemistry.

. Experimental

.1. Sample preparation

A typical sample preparation was as follows: a designed
mount of TEOS was added to a solution containing 2.0 g P123
nd 62.5 ml of 2 M HCl. After stirring at 313 K for 3 h, certain
mount of APTES was added into the mixture and the mixture
as stirred for 24 h. The molar compositions of precursors were
aintained at 1 TEOS:x APTES:0.1815 P123:15.05 HCl:152.2
2O, where x = 0, 1/15, 1/9 and 1/6 for pristine SBA-15, AP15,
P9 and AP6, respectively. The resulting gel was aged at 353 K

or 24 h, followed by drying in vacuum at 313 K overnight.
he template was removed by extracting with ethanol (500 ml
thanol per gram of as-synthesized material) under reflux for
4 h.

To immobilize Ru(II) complex, 1.0 g of dried AP9 was mixed
ith a solution of 96 mg of RuCl2(PPh3)3 in absolute toluene.
he mixture was stirred overnight at room temperature. It was

hen washed with toluene, filtered and dried. The dried prod-
ct (denoted as Ru-AP9) was Soxhlet-extracted with toluene to
emove free RuCl2(PPh3)3 and dried in vacuum for another 24 h.
oading of 4.7 wt.% Ru per gram support was established by

he analysis of Varian VISTA-MPX inductively coupled plasma
ptical emission spectrometer (ICP-OES).

.2. Characterization
The X-ray powder diffraction (XRD) experiments were
arried out on a Rigaku D/Max-RB diffractometer with Cu K�
adiation. Transmission electron microscopy (TEM) studies

e
e
w
p

sis A: Chemical 267 (2007) 165–172

ere performed on a JEOL JEM2010 electron microscope,
perated at an acceleration voltage of 200 kV. Laser Raman
pectra were recorded using a Super LabRam-II spectrometer
ith a holographic grating of 1800 g/mm, a wavenumber range
f 300–3000 cm−1, and a spectral resolution of 2.0 cm−1. The
rradiation from a liquid nitrogen cooled He–Ne laser with
32.8 nm wavelength was used for excitation. N2 adsorption
sotherms were measured at 77 K using a Quantachrome Nova
000 analyzer. The samples were measured after outgassed
t 423 K overnight. Pore size distributions were calculated
sing the BJH model. The specific surface areas (SBET) of
amples were determined from the linear parts of BET plots
p/p0 = 0.05–0.25). 29Si MAS NMR and 13C CP MAS NMR
pectra were recorded at 100.6 and 79.5 MHz, respectively,
sing a Bruker AV-400 spectrometer.

.3. Activity test

The isomerization of 1-phenyl-3-buten-1-ol in aqueous solu-
ion was chosen as a probe to study the catalytic properties of
mmobilized Ru(II) complex catalysts. The reaction was con-
ucted by stirring 25 mg 1-phenyl-3-buten-1-ol, 5.0 g water, and
certain amount of AP9, Ru-AP9 or RuCl2(PPh3)3 at 373 K for
0 h. The resultants of reaction were extracted with ether and
ried by MgSO4. After filtration and evaporation of solvent, the
esidue was identified by 1H NMR spectroscopy. Quantitative
nalysis was performed on a high-performance liquid chro-
atograph (Shimadzu SPD-10AVP) equipped with a UV–vis

etector and a KR100-5C18 liquid column. The main product
as 4-phenyl-3-buten-2-ol, together with a byproduct, 1-phenyl-
-butanone. The reproducibility of all results was checked by
epeating the experiments at least three times and was found to
e within acceptable limits (±5%).

In order to determine the catalyst durability, the Ru-AP9 cat-
lyst was allowed to settle down after each run of reactions and
he clear supernatant liquid was decanted slowly. The residual
olid catalyst was re-used with fresh charge of water and reactant
or subsequent recycle runs under same reaction conditions. The
uthenium content leached off from the heterogeneous catalyst
as determined by ICP analysis.

. Results and discussion

.1. Transmission electron microscopy

Fig. 1 showed the TEM images of the amine-functionalized
upports AP15 (A and B), AP9 (C and D), AP6 (E and F)
nd grafted ruthenium heterogeneous catalyst Ru-AP9 (G and
) viewed along [1 0 0] (Fig. 1 A, C, E, and F) and [0 0 1]

Fig. 2 B, D, F, and H) directions. The well-ordered arrays of
esochannels indicated a typical two-dimensional p6mm hexag-

nal symmetry for all samples [13]. The distances between the
enters of mesopores and between the parallel channels were

stimated to be about 12.0 and 10.5 nm, respectively. The het-
rogeneous catalyst with 4.7 wt.% Ru showed a “clean” exterior
ith retention of the strong image, suggesting that the Ru com-
lex is immobilized uniformly within the mesopores.



Y. Wan et al. / Journal of Molecular Catalysis A: Chemical 267 (2007) 165–172 167

Fig. 1. TEM images of the sample AP15 (A and B), AP9 (C and D), AP6 (E and F) and Ru-AP9 (G and H) viewed along [1 0 0] (A, C, E, and F) and [0 0 1] (B, D,
F, and H) directions.
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ig. 2. XRD patterns of pristine and amine-functionalized mesoporous silica
amples and immobilized RuCl2(PPh3)3 catalyst.

.2. X-ray diffraction

The mesostructures of the functionalized supports and cata-
yst were further confirmed by the XRD patterns (see Fig. 2).
hese samples exhibited intense (1 0 0) reflections at a d-
pacing ranging from 10.0 to 11.0 nm, accompanied by their
1 1 0) and (2 0 0) reflections, which were consistent with the
exagonal mesostructure observed previously [13]. The unit-cell
arameters (a0) were calculated to be 11.5–12.7 nm, in a good
greement with the values obtained from the TEM images. These
ell-resolved diffraction peaks indicated a long-range ordered
esostructure to some extent, although broader reflections were

bserved after the incorporation of a high content of APTES and
he anchoring with RuCl2(PPh3)3.

A featureless XRD pattern in the low angle range of the
mine-group functionalized SBA-15 sample, which was pre-
ared by hydrolyzing APTES and TEOS simultaneously in
he presence of P123 and aqueous HCl, indicated a disor-
ered mesostructure. Previous works demonstrated that basic
mine-containing silanes consistently yielded poorly ordered
ore structures compared with neutral materials [10]. The rea-
on may be that the protonation of APTES under the strongly
cidic conditions could either cross-link with the surface silanol
roups of silicate species or reduce the interactions of the silicate
pecies with P123. This would lead to the disruption of the sili-
ate frameworks, and thus, the formation of a poorly ordered
esostructure. Goldfarb and co-workers [14] also suggested

hat in the first stage of sol–gel process, hydrophobic inorganic
ilicates penetrated into the core of polymer packed micelles.
hen the hydrolyzed monomers diffused into the corona region

orming silicate networks outward. Therefore, the initial hydrol-
sis stage was very important for the polymerization process of
he silicate and the following stages of lengthening and clus-

ering of the micelles, resulting in larger aggregations of the
recipitate. Our synthesis was based on the pre-hydrolysis of
EOS in the presence of P123 under acid conditions, resulting

n the possibility that relative stable “inorganic network” could

A
o
a

ig. 3. Raman analysis of pristine, aminopropyl gourps functionalized and
uCl2(PPh3)3 immobilized SBA-15.

e established by co-assembly of P123 and partially hydrolyzed
EtO)4−n-Si(OH)n species. Such a stable “inorganic network”
ould be favorable for the incorporation of organic functional
roups, even in the case of amine groups with positive charge,
nd maintenance of the mesostructure. Hence, it was not sur-
rising that the modified method with a delay in adding APTES
nduced an ordered amine-functionalized SBA-15.

.3. Raman spectroscopy

The mesoporous silica supports and the Ru(II) catalyst were
haracterized by Raman spectroscopy, and depicted in Fig. 3.
he low intensities scattered by the mesoporous support made

t possible to examine the incorporation of aminopropyl groups
nd the homogeneous RuCl2(PPh3)3 catalyst, respectively. The
omparison of the Raman spectra of AP9 and pristine SBA-15
learly indicated the incorporation of amine groups. The super-
ositions of the bands originating from the space molecules were
learly shown at 490, 1477, 2890, 2941 and 2978 cm−1. The
ormer two bands could be assigned to the N H stretch and
he latter three could be attributed to the C H stretch in amino-
ropyl groups, respectively [15]. An indication for the ligands
xchange, from the comparative studies on AP9 support and
u-AP9 catalyst, was the bands observed at 1051, 1595 and
089 cm−1, characteristic for the aromatic C H stretch, ring
tretch and in plane deformation [16]. Thus, it could eliminate
ny doubt concerning the chemical attachment of homogenous
uCl2(PPh3)3 catalyst.

.4. Solid state NMR
29Si MAS NMR spectra of two selected samples (AP9 and
P6) were shown in Fig. 4. The lines corresponding to the vari-
us Tm and Qn groups could clearly be identified. Qn represented
silicon atom that connected with n other silicon atoms via oxy-
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ig. 4. (a) 29Si MAS NMR and (b) 13C CP MAS NMR spectra of AP9 and AP6.

en bridges and 4-n silanol groups, whereas Tm showed a silicon
tom that bonded with one carbon atom, m other silicon atoms
nd 3-m silanols. Three resonance signals, Q4 (δ = −110 ppm),
3 (δ = −100 ppm) and Q2 (δ = −91 ppm), could be observed

17]. The ratios of the signal intensities of Q4/Q3 for both sam-
les were similar, indicative of the little destructive effect of high
ontent amine groups on the local structures of silicate frame-
orks under the experimental conditions [18]. The appearance
f T2 signal at about −56 and T3 at −66 ppm in both samples
as attributed to the cross-linked organosilane APTES, demon-

trating the incorporation of the aminopropyl groups within the
esoporous silica frameworks [18,19]. The stronger intensities

f the T lines in AP6 than those in AP9 indicated a higher content
f amine groups in the former. The Tm/(Tm + Qn) ratios in the
P9 and AP6 samples were calculated at 0.10 and 0.16, respec-

ively, almost the same as the APTES/(APTES + TEOS) molar
atios in the initial mixture, suggesting that nearly all the APTES

ncorporated with the TEOS to form NH2-modified SBA-15.
rom 13C CP MAS NMR spectra, one could see that, both the
P9 and the AP6 samples displayed resonance signals at the

hemical shifts of 9, 21 and 42 ppm, corresponding to C1, C2

o

o
l

ig. 5. N2 adsorption–desorption isotherms and pore size distributions (inside)
f amine-functionalized and anchoring Ru complex mesoporous silica samples.

nd C3 atoms in the aminopropyl functional group, further con-
rming the successful incorporation of organic amino groups
n the outer surface and/or the wall of the channels in SBA-
5. The peaks around 19 and 60 ppm indicated the presence of
he EtOH solvent, which could be easily understood since the
amples were washed with EtOH and were not dried in vacuum
efore NMR characterizations [19].

.5. N2 adsorption

Nitrogen adsorption–desorption isotherms (Fig. 5) were
easured on all amine-functionalized supports and the Ru(II)-

upported catalyst. The detailed pore structure information was
isted in Table 1. Like those of SBA-15 mesoporous silica [13], a
isible step in the relative pressure at p/p0 = 0.7 or in the vicinity
ue to the capillary condensation of nitrogen in mesopores, was
bserved in the isotherms of all samples. With the increase in
minopropyl groups and immobilization of RuCl2(PPh3)3, less
harp steps were observed than that of pristine SBA-15, indicat-
ng broader pore size distributions. Increasing the aminopropyl
ontents or anchoring with RuCl2(PPh3)3 led to the reduce
he amount of nitrogen uptake due to the decrease in meso-
ore volumes. However, the decrease in pore volumes and BET
urface areas of the functionalized samples were not very dis-
inct in comparison with those of the pure silica SBA-15. The
ore walls of all samples were about 5.0 nm in wall thickness,
hich may provide a good hydrothermal stability [20,21]. The
hysisorption data indicated further that the regularity of the
esostructures could be maintained to some extent for high con-

ents of aminopropyl groups modification and Ru(II) complex
mmobilization. It may denote the uniformity in the functional
roup distributions inside the pore channels, thereby avoiding
ocal clustering of the organic moieties and curtailing necking

f the pore channels [16].

Significant variations in N2 adsorption isotherms were also
bserved between the two samples of AP6 and Ru-AP9. The
atter which has more Ru complex but less amine groups than
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Table 1
Physical characteristics of amine-functionalized mesoporous silica materials

Sample APTES:TEOS (molar ratio) d100 (nm) SBET (m2 g−1) VP (cm3 g−1) dP (nm) Wall thicknessa (nm)

SBA-15 0 11.0 630 0.98 7.7 5.0
AP15 1:15 10.8 580 0.84 8.0 4.5
AP9 1:9 10.5 546 0.77 8.0 4.1
AP6 1:6 10.0 477 0.56 6.2 5.3
Ru-AP9 1:9 10.2 523 0.76 5.4 6.4

a Calculated by a0—pore size (a0 = 2d100/
√

3).

Table 2
Comparison of catalytic behavior of RuCl2(PPh3)3 homogeneous catalyst and Ru-AP9 immobilized catalyst for 1-phenyl-3-buten-1-ol isomerization in water medium

Catalyst Ru-content (mmol) Conversion (%) Selectivity (%) Yield (%) TON (h−1)

RuCl2(PPh3)3 0.014 79 95 75 0.95
Ru-AP9 0.014 72 91 66 0.87
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selectivity to 4-phenyl-3-buten-2-ol was observed after being
used repetitively for four times. However, the conversion and
thus the product yield decreased slightly with the increase in
repetitive times. According to ICP analysis, the Ru-content also
eaction conditions—25 mg 1-phenyl-3-buten-1-ol, 5.0 g water, 14 mg RuCl2(P
nd reaction time: 10 h.

he former showed a sharper capillary condensation step and
ore uniform mesopore distribution. It was mainly caused by

he different contents of aminopropyl groups rather than those of
u(II) complex. As mentioned above, the destruction of ordered
esostructure by the basic amine-containing silanes was evi-

ent. Although the regularity of the mesostructure could be
aintained to some extent by the method of pre-hydrolyzed
EOS, the damage by basic APTES should be considered, espe-
ially when a large amount of APTES was added. On the other
and, the grafting amount of Ru(II) complex is quite low which
hows minor effect on the structural regularity of Ru-AP9 as
ompared with Ru(II) free sample AP9.

.6. Isomerization of homoallylic alcohols

Table 2 summarized the catalytic performance of both
he RuCl2(PPh3)3 homogeneous catalyst and the immobilized
u(II) complex catalyst (Ru-AP9) during the isomerization
f 1-phenyl-3-buten-1-ol in aqueous solution. The AP9 itself
as inactive for the isomerization reaction, indicating that the
u(II) complex was the real active center in the isomerization.
esides the unreacted 1-phenyl-3-buten-1-ol, only two products
ere detected by HPLC analysis. One was the target product,
-phenyl-3-buten-2-ol; the other is the byproduct, 1-phenyl-1-
utanone. As shown in Fig. 6, the selectivity remained almost
onstant (91%) while the conversion increased almost linearly
ith reaction time up to 10 h and then remained at 72% when

he reaction time further increased. From Table 2, one could
ee that the heterogeneous Ru-AP9 catalyst exhibited simi-
ar conversion, turn-over number (TON) and selectivity as the
uCl2(PPh3)3 homogeneous catalyst, indicating that the immo-
ilized Ru(II) heterogeneous catalyst behaved similarly as its
orresponding homogeneous catalyst. To make sure whether the

eterogeneous Ru(II) complex on the PPh2-SBA-15 support or
he dissolved homogeneous Ru(II) complex was the real catalyst
esponsible for the present isomerization reaction, the following
rocedure, proposed by Sheldon et al. [22] was carried out. After

F
t
R
w

or 300 mg Ru-AP9 with Ru-loading of 0.47 wt.%, reaction temperature: 373 K,

eaction for 6 h in which the conversion exceeded 45%, the reac-
ion mixture was filtered to remove the solid catalyst and then
llowed the mother liquor to react for another 20 h under the
ame reaction conditions. No significant activity was observed,
emonstrating that the active species are not the dissolved Ru(II)
omplexes leached from Ru-AP9. Therefore, it was reasonable
o suggest that the present catalysis is heterogeneous in nature.
lthough the Ru-AP9 heterogeneous catalyst exhibited similar

atalytic properties to its corresponding RuCl2(PPh3)3 homoge-
eous catalyst, it was more preferable for practical application
ince it could be easily separated from the reaction system and
sed repetitively. Table 3 showed the durability of the Ru-AP9
mmobilized catalyst during the isomerization of 1-phenyl-3-
uten-1-ol in aqueous solution. No significant decrease in the
ig. 6. Dependence of the 1-phenyl-3-buten-1-ol conversion (�) and the selec-
ivity to 4-pheny-3-buten-2-ol (�) on the reaction time over the Ru-AP9 catalyst.
eaction conditions: 25 mg 1-phenyl-3-buten-1-ol, 5.0 g water, 300 mg Ru-AP9
ith Ru-loading of 0.47 wt.%, reaction temperature = 373 K.
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Table 3
Change of catalytic behavior of Ru-AP9 immobilized catalyst with its repeated usea

Repeating times Ru-loading (wt.%) Ru-content (mmol) Conversion (%) Selectivity (%) Yield (%) TON (h−1)

1 0.47 0.0094 59 91 54 0.87
2 0.47 0.0088 56 90 50 0.86
3 0.47 0.0088 54 90 49 0.85
4 0.47 0.0085 52 90 47 0.87
5 0.47 0.0085 + 0.0009b 58 90 52 0.87
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a Reaction conditions: 200 mg Ru-AP9, other reaction conditions are given in
b Supplement of fresh Ru-AP9 containing 0.0009 mmol Ru to make total Ru-

ecreased slightly with the increase in repetitive times while
he change of Ru-loading on the AP9 support was not signifi-
ant. Thus, one could conclude that the decreased Ru-content
as mainly attributed to the loss of Ru-AP9 catalyst during its

eparation from the reaction solution, rather than the leaching
f Ru-species from the AP9 support. This was supported by
he TON values and also by the fact that the conversion could
e recovered when equivalent amount of fresh Ru-AP9 catalyst
as supplemented in the system.
According to the product analysis, the reaction route could

e simply described in the following equation [3,23,24]:

Regarding the reaction mechanism, it was preferable to apply
ne which was generalized on a homogeneous catalyst since
he anchored RuCl2(PPh3)3 complex was the active center.
irstly, RuCl2(PPh3)3 complex coordinated to the olefin. The
ouble bond could be transformed to an internal position, pro-
iding an allylic alcohol. Formation of either an allylic alcohol
hrough C O cleavage or a ketone through C H cleavage could
ubsequently occur. The high activity and selectivity of the
u-PPh2-SBA-15 catalysts could be attributed to the high sur-

ace area of the AP9 support which ensured the monolayer
istribution of Ru(II) active sites. Meanwhile, the relatively
arge size pore in the AP9 may facilitate the diffusion of reac-
ant molecules to contact with the active sites. According to
ur preliminary studies, the Ru(II) complex immobilized on
he NH2-functionalized MCM-41 failed in the isomerization
erhaps due to its too small pore size (∼2 nm). Since the activ-
ty and selectivity Ru-AP9 increased with the increase in the
H2-content anchored on the support, it was reasonable to con-

lude that NH2-modification of the SBA-15 also played a very
mportant role in promoting catalytic properties. The modifica-
ion of the SBA-15 surface (including the pore surface) with
ydrophobic organic group might favor the adsorption of reac-
ant molecules on the catalyst. Detailed studies are underway.

. Conclusions
In summary, the present work showed the synthesis of amine-
unctionalized mesoporous silicas with high-content organic
roups. These materials possessed highly ordered mesostruc-
ures, uniform pore sizes, high specific surface areas and the

[
[
[
[
[

e 1.
nt reach 0.0094 mmol.

bilities for immobilization of organic metallic complex. During
he isomerization of 1-phenyl-3-buten-1-ol to 4-phenyl-3-buten-
-ol in a water medium, which could be considered as a part
f green chemistry since no organic solvent was used, and
he immobilized RuCl2(PPh3)3 complex on the as-prepared
H2-modified support (Ru-AP9) exhibited high activity and

electivity, almost the same as its corresponding RuCl2(PPh3)3
omogeneous catalyst. But it could be separated easily from
he reaction system and used repetitively for at least four times,
howing a good potential in practical application.
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