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A facile approach to prepare phenyl and Rh(I) organometal bridged periodic mesoporous
organometalsilica was developed based on surfactant-directed co-condensation of RhCI[PPh,-
(CH»),Si(OEt3);]; and (OEt);SiPhSi(OEt);. The as-prepared Rh(I)-PPh,-PMO(Ph) exhibited
matchable catalytic efficiency with the corresponding Rh(PPh;);Cl homogeneous catalyst in
water-medium reaction between phenylboronic acid and butyl acrylate or the 1,4-conjugate addition
reaction between phenylboronic acid and N,N-dimehytlacyrlmaide, which could be attributed to the
high dispersion of Rh(I) active sites, the ordered mesoporous channels and the strong surface
hydrophobicity resulting from phenyl fragments embedded in silica walls, leading to the facilitated
the diffusion and the adsorption of organic molecules onto the catalyst in aqueous solution. The
Rh(I)-PPh,-PMO(Ph) could be used repetitively, showing the excellent durability that could be
attributed to the effective inhibition of Rh(I) leaching and the high hydrothermal stability of the

mesoporous structure.
Introduction

In the past two decades, mesoporous materials have
been widely studied because of their potential applica-
tions in adsorption, chromatography, gas storage, and
catalysis.' > To date, the compositions of mesoporous
materials have expanded from silicas*” to carbon,® metal
oxides,” metal sulfides,® and even polymers.” Recently,
organic—inorganic hybrid silicas have received increasing
attention because of the combined advantages from both
the organic and inorganic functionalities.'® The periodic
mesoporous organosilicas (PMOs)'! with organic frag-
ments embedded in the silica walls are among the most
often studied organic—inorganic hybrid silicas because of
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the well-defined ordered mesoporous structure and the
uniform distribution of organic groups in the pore walls.
Up to now, many PMOs containing ethyl-, 2-butylene-, '
phenyl-, ethane-,'* and biphenyl-groups'* have been
synthesized. However, to the best of our knowledge, the
mesoporous periodic organometalsilica with both the
organometal and organic fragments incorporated into
silica framework have never been reported so far.
Organometallic catalysts have been widely used in organic
syntheses, and the Rh(PPh;);Cl, known as Wilkinson’s
catalyst, represents a typical example.">™'” Recently,
they are also employed in water-medium organic reac-
tions, which could diminish environmental pollution
from organic solvents.’ > Though the high activity
and selectivity, the homogeneous organometallic catalysts
usually show disadvantages in separation and recycling
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Scheme 1. Illustration of the Preparation of the Rh(I)-PPh,-PMO(Ph) by Surfactant-Directed Co-Condensation
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uses, which eventually add cost and even cause environ-
mental pollution from heavy metallic ions.**?* Immobilized
organometallic catalyst could effectively solve the above
problems, however, their industrial applications are still
quite limited by the poor activity and selectivity.?* °
Previously, we reported the organometallic catalysts
anchored on the mesoporous silica support with high dis-
persion degree of active sites. Meanwhile, functionalization
with organic groups was also performed to enhance surface
hydrophobicity, which promoted the diffusion and adsorp-
tion of organic molecules on the catalysts, especially in
aqueous medium.”' ~* However, the introduction of the
organometal and organic group by grafting method inevi-
tably caused blockage of mesopore channels, leading to
the reduced catalytic efficiency due to the diffusion limit.
Meanwhile, these catalysts usually displayed poor durabil-
ity because of the leaching of Rh(I) active sites during
reactions. Herein, we report a novel heterogeneous Rh(I)
organometallic catalyst prepared by surfactant-directed
co-condensation of Rh(I) organometal-bridged silane and
phenyl-bridged silane, denoted as Rh(I)-PPh,-PMO(Ph).
Both the Rh(I) organometal and the phenyl groups were
homogeneously incorporated into the silica framework,
leading to the well-defined ordered mesoporous channels
and strong interaction of the Rh(I) active sites with the silica
support. As a result, this catalyst exhibited high efficiencies
and strong durability in water-medium reaction bet-
ween phenylboronic acid and butyl acrylate (reaction 1)
and 1,4-conjugate addition reaction between phenylboronic
acid and N,N-dimehytlacyrlmaide (reaction 2), showing
good potential in industrial applications.

Experimental Section

Catalyst Preparation. The formation of the phenyl and Rh(I)
organometal bridged periodic mesoporous organometalsilica,
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denoted as Rh(I)-PPh,-PMO(Ph), is illustrated in Scheme 1.
First, a Rh(I) organometallicsilane was synthesized in a dry and
oxygen-free argon atmosphere using Schlenk techniques.** In
a typical run of synthesis, 2.7 mL of 2-(diphenylphosphino)-
ethyltriethoxysilane [PPh,CH,CH,Si(OEt);] was added slowly
into 15 mL of anhydrous toluene containing 0.54 g o [Rh-
(COD)CI],. After the solution was stirred for 24 h at 298 K,
the color changed from red-orange to red, the toluene was
evaporated and the viscous residue was dissolved in 25 mL of
anhydrous hexane. After cooling to 253 K, dark red oil was
obtained that was dried at 333 K under vacuum. According to
ICP analysis and "H NMR (CD>Cl,) analysis (see Figure 1):
7.2—7.5,7.6—7.8 (3m, 30 H, ArH), 3.7 (m, 18 H, OCH»), 2.5 (m,
6 H, CH,P), 1.1 (m, 27 H, CH3), 0.79 (m, 6 H, SiCH,), the
composition was determined as RhCI[PPh,(CH,),Si(OEt3);];.
Then, the RhCI[PPh,(CH,),Si(OEt;3);]; in 1.0 mL of THF was
mixed with 40 mL o f0.20 M HCl aqueous solution containing a
certain amount of bis(triethoxysilyl) benzene [(OEt);SiPhSi-
(OEt);], 1.0 gof P123 and 3.0 g of KCl, which has prehydrolyzed
for 40 min at 313 K. The initial molar ratio in the mother solu-
tion is Si:P123:KCI:HCI:H,O =1.0:0.017:4.0:0.80:218, where Si
refers to the total silica source. After being stirred at 313 K for
24 h and aged at 373 K for another 24 h, the precipitate was
filtrated and dried under a vacuum overnight. Finally, the
surfactants and other organic substances were extracted and
washed away by refluxing in ethanol solution for 24 h, leading to
the Rh(I)-PPh,-PMO(Ph) catalyst. The Rh(I) loading was ad-
justed by changing the amount of RhCI[PPh,(CH,),Si(OEt)s]5 in
the initial mixture, corresponding to Rh(I)-PPh,-PMO(Ph)-1,
Rh(I)-PPh,-PMO(Ph)-2, and Rh(I)-PPh,-PMO(Ph)-3. Accor-
ding to ICP analysis, the real Rh(I) loadings in these three
catalysts were determined as 0.019, 0.041, and 0.057 mmol/g,
respectively (see Table 1).

For comparison, the Rh(I)-PPh,-PMO(Ph) was also
prepared by traditional grafting method (see Scheme 2) and
denoted as Rh(I)-PPh,-PMO(Ph)-G, where G refers to grafting
method. Briefly, 1.0 g of P123 and 3.0 g of KCl were dissolved in
40 mL of 0.067 M HCI aqueous solution, followed by adding
0.99 mL of (OEt)3;SiPhSi(OEt); and 0.20 mL of PPh,CH,CH,-
Si(OEt)3. After being stirred for 24 h at 313 K, the mixture was
transferred into an autoclave, followed by hydrothermal treat-
ment at 373 K for another 24 h. The white solid product was
filtrated and dried under a vacuum. After being extracted in
ethanol solution for 24 h to remove P123 and other organic
residues, the as-received PPh,-PMO(Ph) was added into 10 mL
of dry toluene solution containing desired amount of Rh-
(PPh3);Cl, where the molar ratio between PPh,-PMO(Ph) and
Rh(PPh3);Cl was 1.0:1.0. After stirring for 24 h at room
temperature, the solid was centrifuged and dried at 353 K under
a vacuum condition, followed by Soxhlet-extraction with
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Figure 1. "H NMR of the RhCI[PPh,(CH,),Si(OEt;)s]3 sample in CD,Cl, solution.

Table 1. Structural Parameters and Catalytic Performances of Different Catalysts”

reaction 1 reaction 2
catalyst Rh(I) loading (mmol/g) D, (nm)  conv. (%)  select. (%) yield (%) conv.(%)  select. (%) yield (%)
Rh(I)-PPh,-PMO(Ph)-1 0.019 6.4 87 90 78 87 91 79
Rh(I)-PPh,-PMO(Ph)-2 0.041 5.8 93(90) 90(89) 84(80) 91(89) 93(93) 85(83)
Rh(I)-PPh,-PMO(Ph)-3 0.057 5.3 81 90 73 84 88 74
Rh(I)-PPh,-PMO(Ph)-G 0.046 3.6 82(69) 86(87) 71(60) 86(71) 87(87) 75(62)
Rh(PPh;);Cl 38 98 86 94 94 38

“Conditions for reaction 1: 0.10 mmol of phenylboronic acid, 0.50 mmol of butyl acrylate, a catalyst containing 0.0078 mmol of Rh(I), 6.0 mL of
water, and 0.15 mmol ofo n-decane as an internal standard, reaction temperature = 373 K, reaction time = 5 h. Conditions for reaction 2: 0.50 mmol of
boronicacid, 0.10 mmol of N,N-dimehytlacyrlmaide, 1.0 mL of ethanol, 5.0 mL of water, and a catalyst containing 0.0090 mmol of Rh(I) and 0.15 mmol
of n-decane as an internal standard, reaction temperature = 373 K, reaction time = 5 h. The values in the parentheses are obtained in the 5th run of
recycling tests.

Scheme 2. Illustration of the Preparation of the Rh(I)-PPh,-PMO(Ph)-G by Grafting Method
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dichloromethane for another 24 h to remove physisorbed
Rh(I) species on the support. The Rh(I) loading was determined
as 0.046 mmol/g by ICP analysis.

Characterization. Fourier transform infrared (FT-IR) spec-
tra were collected on a Nicolet Magna 550 spectrometer.
Small-angle X-ray diffraction (XRD) patterns were obtained
on a Rigaku D/maxr B diffractometer with Cu Ka. N,
adsorption—desorption isotherms were measured at 77 K
on a Quantachrome NOVA 4000e analyzer, from which the
specific surface area (Sggt) was calculated by multiple-point
Brunauer—Emmett—Teller (BET) model. The average pore
diameter (Dp) was calculated from the adsorption isotherms

Ethanol
extraction Rh(PPh;);Cl
Rh(I)

-Si-O-Si-Ph-Si-O-Si-Ph-Si-O- Sl-

using Barrett—Joyner—Halenda (BJH) model.*>> Surface
morphologies and porous structures were observed through
a transmission electron microscopy (TEM, JEOL JEM2011).
Solid NMR spectra were recorded on a Bruker DRX-400
NMR spectrometer. The surface electronic states were
analyzed by X-ray photoelectron spectroscopy (XPS,
Perkin-Elmer PHI 5000C ESCA). All the binding energy
values are calibrated by using C;g=284.6 ¢V as a reference.
The Rh(I)-loading was determined by inductively coupled
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Scheme 3. Chemical Equation of the Reaction between Phenylboronic Acid and Butyl Acrylate (Reaction 1)
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Scheme 4. Chemical Equation of the 1,4-Conjugate Addition Reaction between Phenylboronic Acid and /NV,/N-Dimehytlacyrlmaide
(Reaction 2)
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plasma optical emission spectrometer (ICP-OES, Varian
VISTA-MPX). Thermal gravimetric analysis (TGA) was per-
formed with a Perkin-Elmer Pyris Diamond TG analyzer
under air atmosphere with a heating ramp of 5 K/min.

Activity Test. The reaction between phenylboronic acid and
butyl acrylate (reaction 1) and 1,4-conjugate addition reaction
between phenylboronic acid and N,N-dimehytlacyrlmaide
(reaction 2) (see Schemes 3 and 4) were used as probes to
evaluate the catalytic performances. Reaction 1'® was carried
out at 373 K in a 10 mL round-bottomed flask containing a
catalyst with 0.0078 mmol of Rh(I), 0.10 mmol of phenylboronic
acid, 0.50 mmol of butyl acrylate, 6.0 mL of distilled water, and
0.15 mmol of n-decane as an internal standard. After stirring for
5 h, the products were extracted by toluene, followed by analysis
ona GC-17A gaschromatograph (SHIMADZU) equipped with
aJWDB-5, 95% dimethyl 1-(5%)-diphenylpolysiloxane column
and a FID detector. The column temperature was programmed
from 353 to 523 K at a speed of 10 K/min. N, was used as carrier
gas. The conversions and yields determined on the GC were
calibrated by using commercially available samples, which
could also exclude the effect from the trimerization of phenyl-
boronic acid under GC conditions. The selectivity was calcu-
lated by dividing the yield with the conversion. Besides the target
product (butyl cinnamate), only biphenyl and butyl phenylpro-
pionate were identified as side products in reaction 1. Proto-
deborylation of phenylboronic acid did not occur because no
significant benzene was detected on the GC. To avoid the
possible interference from toluene, the products were also
extracted by using ethyl acetate, followed by the GC-MS
analysis. No significant benzene was detected, which further
confirmed the absence of phenylboronic acid protodeborylation
during reaction 1. Reaction 2 was carried out at 373 K by stirring
a mixture containing a catalyst with 0.0090 mmol of Rh(I),
0.50 mmol of phenylboronic acid, 0.10 mmol of N,N-dimehytla-
cyrlmaide, 1.0 mL of ethanol, 5.0 mL of distilled water, and
0.15 mmol of n-decane as an internal standard. After reaction for
5 h, product analysis was performed on the GC under identical
conditions. The reproducibility was checked by repeating each
result at least three times and is found to be within £5%.

To determine the catalyst durability, the catalyst was allowed
to centrifuge after each run of reactions and the clear super-
natant liquid was decanted slowly. The catalyst was washed
thoroughly with distilled water and toluene, followed by drying
at 353 K for 8 h under vacuum condition. Then, the catalyst was
reused with fresh charge of reactants for subsequent recycle

under the identical reaction conditions. For comparison, the
durability of Rh(I)-PPh,-PMO(Ph)-2 and Rh(I)-PPh,-PMO-
(Ph)-G catalysts was further examined in water-medium reac-
tion 1 at lower conversion by either reducing the catalyst
amount from 0.0078 to 0.0039 mmol of Rh(I) or shortening
the reaction time from 5 to 3 h.

Results and Discussion

Structural Characteristics. As shown in Figure 2, the
FTIR spectra displayed no significant signals indicative
of P123, implying that the surfactant was mostly removed
after extraction in ethanol. Both the PMO(Ph) and the
Rh(I)-PPh,-PMO(Ph)-2 exhibited three peaks around
654, 1377, and 3050 cm ™', corresponding to the 6(C—H),
»(C—C), and »(C—H) vibrations from benzene ring.*®
The peaks at 1064 and 1152 cm ™' were assigned to the
¥(Si—0) and v(Si—C) vibrations.?”*® In comparison with
PMO(Ph), the Rh(I)-PPh,-PMO(Ph) displayed three ad-
ditional absorption peaks at 2980, 2890, and 1438 cm ™'
characteristic of the »(C—H) asymmetric and symmetric
vibrations from CH,—CH, groups connecting with
PPh,-gropus and the »(P—C) vibration from the PPh,-
gropus.” These results demonstrated the successful
incorporation of the Rh(I) organometallic complexes into
the network of PMO(Ph) support, which could be further
confirmed by solid NMR spectra. As shown in Figure 3, the
2Si MAS NMR spectrum displayed three peaks downfield
corresponding to T' (6 = —64 ppm), T? (6 = —74 ppm), and
T? (0 = —79 ppm), where T" = RSi(0Si),,,-(OH)3_,,, m =
1—3. No Q" peaks were observed, where Q" = Si(OSi),-
(OH)4—,,, n = 2—4, indicating that all the Si species were
covalently bonded with carbon atoms.!" Meanwhile, the
13C CP MAS NMR spectrum exhibited two peaks around
13 and 31 ppm, which could be assigned to two C atoms in
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Figure 2. FTIR spectra of (a) PMO(Ph) and (b) Rh(I)-PPh,-PMO(Ph)-2
samples.

the —CH,—CH,— group connecting with the PPh,-group.
An intense peak around 133 ppm was attributable to the
C atoms in the benzene ring connected with P the atom in
the PPhy-group or/and embedded in the silica walls. The
peak around 58 ppm was assigned to the C atoms in the
C,H50-group connecting with Si due to the incomplete
hydrolysis.*® Other peaks denoted by asterisks were attrib-
uted to rotational sidebands.*' A small resonances around
68 ppm and a shoulder for the signal at 80 ppm were
observed, implying the presence of trace P123 surfactant
in the Rh(I)-PPhy-PMO(Ph)-2 sample.** In addition, the
3P CP MAS NMR spectrum showed a single signal at
39 ppm, corresponding to P atom in the PPh,-groups. The
other peaks could be assigned to rotation side bands because
their positions changed with the spinning speed.

Figure 4 shows the TG/DTA curves of the Rh(I)-PPh,-
PMO(Ph)-2 treated in the air. The endothermic peak at
357 K with weight loss around 10% could be attributed to
the release of physisorbed water. The exothermic peak
around 623 K with weight loss of 12% could be assigned
to the oxidation of Rh(I) organometallic complex in the
pore channel. The other exothermic peak at 873 K with
the weight loss of 27% was resulted from the oxidation of
the phenyl fragments embedded in the pore wall.'' These
results also confirmed the successful incorporation of
both the Rh(I) organometallic complexes and the phenyl
groups onto the silica support.

The XPS spectra (Figure 5) demonstrated that all the
Rh species in either the Rh(I)-PPh,-PMO(Ph)-2 or the
Rh(PPh;);Cl sample was present in +1 state.** The bind-
ing energy of the Rh(I) in the Rh(I)-PPh,-PMO(Ph)-2 was

(40) Simon, P. F. W.; Ulrich, R.; Spiess, H. W.; Wiesner, U. Chem.
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Handbook of X-ray Photoelectron Spectroscopy, A Reference Book
of Standard Spectra for Identification and Interpretation of XPS
Data; Perkin-Elmer Corporation, Physical Electronics Division: Eden
Prairie, MN, 1992.
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Figure 3. NMR spectra of the Rh(I)-PPh,-PMO(Ph)-2 sample. Two
3P CP NMR spectra were measured by using different spinning speeds
(— 7 kHz and ----- 5 kHz).

0.6 eV lower than that in the Rh(PPh;);Cl. The negative
shift of binding energy could be attributed to the stronger
electron donation ability of the P atom in the PPh,-ligand
than that in the PPhs-ligand. This could be easily under-
stood by considering the conjugation IT system between
P and Ph, which could dilute the electron density on the
P atom. Thus, the P atom in the PPhs-ligand exhibited
lower electron density than that in the PPh,-CH-CH>-
ligand because of the bigger conjugation IT system, which
reduced its electron-donation ability compared to the
P atom in the PPh,-ligand.

Figure 6 revealed that all the Rh(I)-PPh,-PMO(Ph)
samples prepared by either co-condensation or grafting
method exhibited typical IV type N, adsorption—desorption



4930 Chem. Mater., Vol. 21, No. 20, 2009

20
1004
-0
90
g --20
] g
80 =
)
= S
70 L 60
60+ --80
50 -100

T T T T T T T T T
300 400 500 600 700 800 900 1000 1100 1200
Temperature (K)

Figure 4. TG/DTA curves of the Rh(I)-PPh,-PMO(Ph)-2 sample.
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2 samples.

—m— Ri(I)-PPh -PMO(Ph)-1
—e— Ri(I)-PPh -PMO(Ph)-2
—A—Rh(1)-PPh,-PMO(Ph)-3
2

—v— Rh(1)-PPh -PMO(Ph)-G

Volume Absorbed (cms/ 2)

Figure 6. N, adsorption—desorption isotherms of Rh(I)-PPh,-PMO(Ph)
samples obtained by co-condensation and grafting methods.

isotherms with a Hj-type hysteresis loop indicative of the
mesoporous structure. Meanwhile, the low-angle XRD
patterns (Figure 7) displayed an intense diffraction around
20 = 0.70°, indicating the ordered 2D p6num hexagonal
mesoporous structures. The magnified XRD pattern showed

Yang et al.
(100)
a
£l
&
iy
§
S
(110)
(200)
b*10
1 N 1 ' 1 '
2 3 4
2 theta degree

Figure 7. Low-angle XRD patterns of (a) Rh(I)-PPh,-PMO(Ph)-1,
(b) Rh(I)-PPh,-PMO(Ph)-2, (¢) Rh(I)-PPh,-PMO(Ph)-3, and (d) Rh(I)-
PPh,-PMO(Ph)-G samples.

peaks indicative peaks indicative of (110) and (200) diffrac-
tions, suggesting the ordered mesoporous structure, which
could be further confirmed by TEM images (Figure 8). The
Rh(I)-PPh,-PMO(Ph)-G exhibited much lower peak inten-
sity than the Rh(I)-PPh,-PMO(Ph), suggesting that the
immobilization of Rh(I) organometallic catalyst by grafting
method disturbed the ordering degree of mesoporous struc-
ture. The positive shift of peak position demonstrated the
increase of wall thickness since the Rh(I) organometallic
complexes were mainly anchored on the pore surface in
the Rh(I)-PPh,-PMO(Ph)-G rather than embedded in the
pore walls. As shown Table 1, the Rh(I)-PPh,-PMO(Ph)
displayed only very little decrease in the pore diameter (Dp)
with the increase of the Rh(I) loading, which further con-
firmed that the Rh(I) organometallic complexes were mainly
embedded in the pore walls and thus had little influence on
the pore channels. However, the Rh(I) organometallic com-
plexes in the Rh(I)-PPh,-PMO(Ph)-G were mainly anchored
the pore surface, which partially blocked the pore channels,
leading to an abrupt decrease in Dp (see Table 1).

Catalytic Performances. Figure 9 shows the effect of
catalyst quantity on the catalytic efficiency in reaction 1.
Although the selectivity remained almost constant, the
conversion increased almost linearly with the increase of
Rh(PPh;);Cl quantity, corresponding to yield increase.
The 8.0% catalyst/substrate was employed owing to the
maximum yield. Table 1 summarized the catalytic para-
meters of various catalysts in reaction 1 and reaction 2
conducted in aqueous media. To determine the location
of the Rh(I) species, the Rh(I)-PPh,-PMO(Ph)-2 catalyst
was allowed to react with KMnQ, in aqueous solution
for enough time. The unreacted KMnQO, was titrated
quantitatively by Na,C,04. The Rh(I) content deter-
mined KMnQO, oxidation could be considered as these
Rh(I) sites accessible for catalytic reactions. The total
Rh(I) species were determined by ICP analysis. The
experimental results revealed that the molar ratio bet-
ween Rh(I) species determined by KMnO, oxidation and
total Rh(I) species determined by ICP analysis was
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Figure 8. TEM images of the Rh(I)-PPh,-PMO(Ph)-2 sample along (100) and (110) planes, respectively.
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Figure 9. Effect of the quantity of Rh(PPh;);Cl on the reaction effi-
ciency. Reaction conditions: 0.10 mmol of phenylboronic acid, 0.50 mmol
of butyl acrylate, 6.0 mL of water, and 0.15 mmol of n-decane as an
internal standard, reaction temperature = 373 K, reaction time = 5 h.

around 94%, suggesting that most of Rh(I) active sites in
the Rh(I)-PPh,-PMO(Ph)-2 sample were accessible for
catalytic reactions. The Rh(I)-PPh,-PMO(Ph)-G exhib-
ited much lower activity and selectivity than the Rh(I)-
PPh,-PMO(Ph)-2 with the similar Rh(I) loadings. This
could be mainly attributed to the narrower pore channel
and the lower ordering degree of mesoporous structure,
leading to the enhanced diffusion limit. For the Rh(I)-
PPh,-PMO(Ph) series catalysts, the activity first in-
creased and then decreased with the increase in Rh(I)
loading while the selectivity remained almost unchanged.
The Rh(I)-PPh,-PMO(Ph)-1 catalyst with very low Rh(I)
loading (0.019 mmol/g) exhibited poor activity due to the
relatively long distance between the neighboring Rh(I)
active sites. Taking into account that either reaction 1 or
reaction 2 needed two kinds of molecules adsorbed on the
neighboring Rh(I) active sites (see Scheme 3 and 4), the
big space between the neighboring Rh(I) active sites
would diminish their synergetic effect. Meanwhile, the
Rh(I)-PPh,-PMO(Ph)-3 with very high Rh(I) loading
(0.057 mmol/g) also showed poor activity, possibly due
to the steric hindrance that retarded the diffusion and
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Figure 10. Recycling tests of Rh(I)-PPh,-PMO(Ph)-2 and Rh(I)-PPh,-
PMO(Ph)-G catalysts in water-medium reaction 1 with the catalyst
containing 0.0039 mmol of Rh(I). Other reaction conditions are the same
as shown in Table 1.

even the adsorption of organic molecules on the Rh(I)
active sites. The Rh(I)-PPh,-PMO(Ph)-2 with the Rh(I)
loading of 0.041 mmol/g was determined as an optimum
catalyst, which exhibited equivalent catalytic efficiencies
with the corresponding Rh(PPh;);Cl homogeneous cata-
lyst. To make sure whether the heterogeneous Rh(I)
anchored on the support or homogeneous Rh(I) leached
from the support was the real catalyst, we carried out the
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Figure 11. Recycling tests of Rh(I)-PPh,-PMO(Ph)-2 and Rh(I)-PPh,-
PMO(Ph)-G catalysts in water-medium Reaction 1 with the reaction time
of 3 h. Other reaction conditions are given in Table 1.

following experiments according to the procedure pro-
posed by Sheldon et al.** When the conversion in reaction
1 reached 30%, the reaction mixture was filtered to
remove the solid catalyst and then the mother liquor
was allowed to react for another 5 h under the same
reaction conditions. No significant change in either the
conversion or the yield of product was observed, indica-
ting that the active phase was not the Rh(I) species
leached from the supports. Therefore, it is reasonable
to conclude that the present catalysis was really hetero-
geneous in nature.

Besides the durability values listed in Table 1, the
durability of Rh(I)-PPh,-PMO(Ph)-2 and Rh(I)-PPh,-
PMO(Ph)-G catalysts was further examined in water-
medium reaction 1 at lower conversion by either reducing
the catalyst amount from 0.0078 to 0.0039 mmol of Rh(I)
or shortening the reaction time from 5 to 3 h. As shown in
Figure 10, when the catalyst containing 0.0039 mmol
Rh(I) was employed, the Rh(I)-PPh,-PMO(Ph)-2 cata-
lyst could be used repetitively 5 times without a significant
decrease in catalytic efficiency (conversion, selectivity,
and yield) while significant deactivation of the Rh(I)-
PPh,-PMO(Ph)-G was observed after a fifth run of
reactions, similar to those observed by using the catalyst

(44) Sheldon, R. A.; Wallau, M. 1.; Arends, W. C. E.; Schuchardt, U.
Acc. Chem. Res. 1998, 31, 485-493.
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Figure 12. N, adsorption—desorption isotherm (a) and the small-angle
XRD pattern of the Rh(I)-PPh,-PMO(Ph)-2 sample after being reused
5 times. The inset is the TEM image.

containing 0.0078 mmol of Rh(I) (see Table 1). Mean-
while, when the reaction time was shortened to 3 h, the
Rh(I)-PPh,-PMO(Ph)-2 could be reused more than
9 times, but the Rh(I)-PPh,-PMO(Ph)-G could be reused
only 6 times (see Figure 11). These results clearly demon-
strated that the Rh(I)-PPh,-PMO(Ph) was more durable
than the grafted Rh(I)-PPh,-PMO(Ph)-G in water-
medium organic reactions. The excellent durability of
the Rh(I)-PPh,-PMO(Ph)-2 catalyst could be attributed
to the strong interaction of the Rh(I) organometallic
complex with the silica support, which could effectively
inhibit the Rh(I)-leaching. According to the ICP analysis,
Rh(I) species in the solution was less than 0.5 ppm
after being used 5 times, suggesting that the Rh(I)-
leaching could be essentially neglected. In addition, the
Rh(I)-PPh,-PMO(Ph)-2 catalyst also exhibited strong
hydrothermal stability. As shown in Figure 12, the N,
adsorption—desorption isotherm, XRD pattern and
TEM image clearly demonstrated that the Rh(I)-PPh,-
PMO(Ph)-2 remained well-defined ordered mesoporous
structure after being reused for 5 times. In contrast, the
Rh(I)-PPh,-PMO(Ph)-G exhibited an abrupt decrease in
activity after being used repetitively 5 times. The ICP
analysis showed that the Rh(I)-PPh,-PMO(Ph)-G lost
Rh(I) active phase by 15% (atom percentage) after being
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used 5 times, suggesting that the Rh(I) species in the
Rh(I)-PPh,-PMO(Ph)-G were more casily leached than
those in the Rh(I)-PPh,-PMO(Ph). Accordingly, the
decrease in the activity was mainly attributed to the
leaching of Rh(I) active phase. The Rh(I)-PPh,-PMO-
(Ph)-G displayed no significant change in the selectivity
to the target products, suggesting that the chemical micro-
environment of the Rh(I) active sites remained unchanged.

Conclusions

This work developed a new phenyl and Rh(I) organometal
bridged periodic mesoporous organometalsilica catalyst
based surfactant-directed co-condensation between RhCI-
[PPhy(CH,),Si(OEts)3]; and (OEt);SiPhSi(OEt);. In com-
parison with the grafted Rh(I)-PPh,-PMO(Ph), the as-
prepared framework Rh(I)-PPh,-PMO(Ph) contained Rh(I)
organometallic complexes within the silica framework, which
could effectively diminish the blockage of pore channels and

Chem. Mater., Vol. 21, No. 20, 2009 4933

the leaching of Rh(I) active phase, leading to higher activity
and stronger durability than the grafted Rh(I)-PPh,-PMO-
(Ph) in water-medium reaction between phenylboronic acid
and butyl acrylate or the 1,4-conjugate addition reaction
between phenylboronic acid and N, N-dimehytlacyrlmaide.
Accordingly, the framework Rh(I)-PPh,-PMO(Ph) exhib-
ited comparable catalytic efficiencies with the corresponding
Rh(PPh3);Cl homogeneous catalyst and could be used re-
petitively for more than 5 times without significant deactiva-
tion. Other periodic mesoporous organometalsilica catalysts
including Pd(I), Ru(II), Au(I), Ni(Il), etc., could also be
designed based on the present method, which may offer more
opportunities for designing powerful immobilized homo-
geneous catalysts for water-medium clean organic reactions.
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