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An active and recyclable bicontinuous cubic Ia3d mesostructural Rh(I) organometal catalyst for
1,4-conjugate addition reaction in aqueous medium
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An active and reusable heterogeneous Rh(I) organometal catalyst (Rh(I)-PMO-3D) was synthesized by template-
directed co-condensation of Rh[PPh,(CH,),Si(OCH,CH3);]3Cl and (CH3CH,0);SiPhSi(OCH,CH3);. This catalyst
displayed bicontinuous cubic Ia3d mesostructure channel, which ensured the high dispersion of Rh(I) active sites and
the convenient diffusion of reactant molecules into the pore channels. Meanwhile, the Ph-functionalization could
enhance the surface hydrophobicity, which promoted the adsorption of organic reactant molecules on the catalyst,
especially in aqueous medium. During water-medium 1,4-conjugate addition reactions, Rh(I)-PMO-3D catalyst
exhibits higher catalytic activity than the corresponding homogeneous Rh(I) catalyst and could be used repetitively
for more than five times, showing a good potential in industrial applications.

Keywords: heterogenized Rh(I) organometallic catalyst; bicontinuous cubic mesostructure; 1,4-conjugate

addition reaction; aqueous medium

Introduction

Carbon-carbon bond formation reaction is an indis-
pensable powerful tool in organic synthesis, finding
numerous applications in the preparation of pharma-
ceuticals and fine chemicals. The Rh-catalyzed
1,4-conjugate addition of reagents to acrylic a,f-unsat-
urated carbonyl compounds (enones) represents an
important carbon—carbon forming reaction in organic
chemistry (/-3).

In general, the reaction is conducted in organic
solvent, which eventually adds to environmental pro-
blems (4). A notable development is the use of water
and aqueous solvents as an alternative nonpolluting
solvent for organic reactions because of their environ-
mental friendliness. To date, most studies focused on
homogeneous organometallic catalysts for water-
medium 1,4-conjugate addition reaction due to the
solubility limit (5). Although homogeneous catalysts
work very well, their industrial applications are limited
by both tedious work-up and non-trivial separation
procedures, which may lead to contamination of the
final product. In addition, homogeneous catalysts
suffer from short lifetimes resulting in poor recyclabil-
ity, which may increase cost and lead to heavy-metal
pollution in water (6, 7). Solid-supported homogeneous

organometallic catalysts could effectively circumvent
this issue. To obtain high catalytic efficiency matchable
with that of the corresponding homogeneous catalysts,
the as-prepared immobilized organometallic catalysts
should maintain both the effective chemical environ-
ment and the high degree of dispersion of active sites.
Recent progress in functionalized mesoporous
silica has highlighted the potential of utilizing these
structurally uniform materials as a new generation of
powerful heterogeneous catalysts (8, 9). Among them,
the three-dimensional (3D) cubic mesoporous orga-
nosilica material designated PMO-3D is now attract-
ing wide interest owing to the great perspectives of
application in catalysis (/0). On one hand, the
periodic mesoporous silicas (PMOs) with large surface
area (I1-13) provide a promising way for designing
immobilized homogeneous catalysts with high effici-
ency owing to the uniform distribution of active sites
(I4). Meanwhile, functionalization with organic
groups was also performed to enhance surface hydro-
phobicity, which promoted the diffusion and adsorp-
tion of organic molecules on the catalysts, especially
in aqueous medium (/5-/7). On the other hand, this
unique 3D interconnected network of PMO-3D pro-
vides a highly open porous host with an easy and

*Corresponding author. Email: zhaopusu66@sohu.com

© 2014 The Author(s). Published by Taylor & Francis.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s) have been

asserted.


mailto:zhaopusu66@sohu.com
http://dx.doi.org/10.1080/17518253.2014.922625
http://creativecommons.org/licenses/by/3.0

Downloaded by [National Science Library] at 00:42 06 December 2017

Green Chemistry Letters and Reviews 251

direct access for organic molecules and facilitates
inclusion or diffusion throughout the pore system
without pore blockage. However, to our best know-
ledge, this 3D mesoporous organometalsilica with
both the organometal rhodium and phenyl bridging
groups incorporated into 3D mesoporous organosilica
framework has never been reported so far. Herein, we
report the synthesis of a 3D mesoporous organorho-
dium(I) silica catalyst with both Rh(I) organometals
and rigid aromatic bridging groups (Ph) integrally
incorporating into silica framework. This catalyst
exhibits higher activity than the corresponding Rh(I)
homogeneous catalyst and could be used repetitively
in water-medium 1,4-conjugate addition reaction,
showing a good potential in industrial applications.

Experimental

Catalyst preparation

Firstly, a Rh(I) organometallic silane was synthesized
in an oxygen-free and dry argon atmosphere using
Schlenk techniques (/8). In a typical run of synthesis,
5.4 mL of 2-(diphenylphosphino)-ethyltricthoxysilane
[PPh,CH,CH,Si(OCH,CH3)3] was added slowly into
30 mL of anhydrous toluene containing 1.0 g [Rh
(COD)Cl],. After the solution was stirred for 24 h at
room temperature, the toluene was evaporated and
the viscous residue was dissolved in 50 mL of
anhydrous hexane. After cooling to —40°C, dark red
oil was obtained and then dried at 40°C under
vacuum. The composition was determined as Rh
[PPh,(CH;),Si(OCH,CH3)3]5Cl, which was confirmed
by inductively coupled plasma (ICP) analysis and 'H
NMR (CD,Cl,) analysis: 7.1-7.4, 7.5-7.8 (3 m, 30 H,
ArH), 3.6 (m, 18 H,OCH,), 2.6 (m, 6 H, CH,P), 1.1
(m, 27 H, CHj3), and 0.78 (m, 6 H, SiCH,). Then, the
periodic mesoporous organorhodium(I)silica with
bicontinuous cubic Ia3d mesostructure, denoted as
Rh(I)-PMO-3D, was prepared by co-condensation
method. In a typical synthesis, 1.8 g of P123 was
dissolved in 60 g of distilled water and 4.5 g of 2.0 M
HCI solution with stirring at 35°C. After complete
dissolution, 1.6 g of butanol was added at once. After
stirring for 1 h, a certain amount of bis(triethoxysilyl)
benzene ((CH;CH,0);SiPhSi(OCH,CH3);, BTEB)
was added to the homogeneous solution. After being
prehydrolyzed for 1 h, Rh[PPh,(CH,),Si(OCH,
CH;);]5Cl was added into the solution. The initial
molar ratio in the mother solution is Si:P123:butanol:
HCI:H,O = 1.0:0.068:4.9:2.0:800, where Si refers to
the total silica source. This mixture was left under
vigorous stirring at 35°C for 24 h. Subsequently,
hydrothermal treatment of the reactant mixture was
carried out at 100°C for 72 h under static conditions in

a closed polypropylene bottle. Finally, the surfactants
and other organic substances were extracted by
refluxing in ethanol solution at 80°C for 24 h, leading
to the Rh(I)-PMO-3D catalyst. The Rh(I) loading was
adjusted by changing the amount of Rh[PPh,(CH,),Si
(OCH,CH3)3]3Cl in the initial mixture, corresponding
to Rh(I)-PMO-3D-1, Rh(I)-PMO-3D-2, and Rh(I)-
PMO-3D-3. According to ICP analysis, the real Rh(I)
loadings in the three catalysts were determined as 0.44,
0.86, and 1.1wt%, respectively.

For comparison, the Rh(I)-PMO-2D, which 2D
denotes two dimension, was also prepared according
the method recorded by Li (9). Briefly, 042 g
Rh[Pth(CHz)le(OCHzCH3)3]3C1 in 1.0 mL of tetra-
hydrofuran was mixed with 40 mL of 0.20 M HCI
aqueous solution containing 1.8 g of BTEB, 1.0 g of
P123, and 3.0 g of KCI, which has been prehydrolyzed
for 40 min at 40°C. After being stirred at the same
temperature for 24 h and aged at 100°C for another 24
h, the precipitate was filtrated and dried under a
vacuum overnight. Finally, the surfactants and other
organic substances were removed by the above method,
leading to the Rh(I)-PMO-2D catalyst. The Rh(I)
loading was determined as 0.87 wt% by ICP analysis.

Characterization

The compositions and Rh(I) loadings were determined
by elemental analysis (Elementar Vario ELIII, Ger-
many) and inductively coupled plasma optical emis-
sion spectrometer (ICP-OES, Varian VISTA-MPX).
Low-angle X-ray powder diffraction (XRD) patterns
were obtained on a Rigaku D/maxr B diffractometer
with Cu Ka. N, adsorption—desorption isotherms were
measured at —196°C on a Quantachrome NOVA
4000e analyzer, from which the specific surface area
(SgeT) Was calculated by applying Brunauer—Emmett—
Teller (BET) method and Barrett-Joyner—Halenda
(BJH) model on the adsorption branches, respectively.
Meanwhile, the average pore diameter (Dp) and total
pore volume (Vp) were calculated from the adsorption
isotherms using BJH model. Surface morphologies
and porous structures were observed through a trans-
mission electron microscopy (TEM, JEOL JEM2011).
The surface electronic states were analyzed by X-ray
photoelectron spectroscopy (XPS, Perkin-Elmer PHI
5000C). All the binding energy (BE) values were
calibrated by using the standard BE value of contam-
inant carbon (C;5 = 284.6 ¢V) as a reference.

Activity test

The 1,4-conjugate addition reaction (Scheme 1) was
used as probe to evaluate the catalytic performances
of different catalysts, which was carried out in a
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Scheme 1. The 1,4-conjugate addition reaction between phenylboronic acid and N,N-acrylic amide.

10-mL round-bottomed flask at 80°C under vigorous
stirring. In a typical run of the reaction, 0.50 mmol of
arylboronic acids, 0.10 mmol of N,N-acrylic amide,
1.0 mL of toluene, 4.0 mL H,O, n-decane as an
internal standard, and a catalyst containing 0.0065
mmol Rh(I) were mixed in the flask. After reaction
for 7 h, the products were extracted by toluene, and
followed by an analysis on a gas chromatograph
(SHIMADZU, GC-17A) equipped with a JWDB-5,
95% dimethyl 1-(5%)-diphenylpolysiloxane column,
and a flame ionization detector. The reproducibility
was checked by repeating each result at least three
times and is found to be within (£5%).

Recycling experiments

In order to determine the catalyst durability, the
catalyst was allowed to centrifuge after each run of
reactions and the clear supernatant liquid was decanted
slowly. The catalyst was washed thoroughly with
distilled water and ethanol. The solid material was
subsequently dried and transferred to a reaction flask
before employed in the next reaction (next recycling
step). The same amounts and experimental procedure
was adapted as used in a single reaction. The catalyst
was stored under air atmosphere in between reactions.

Results and discussion

Structural characteristics

The presence of the organic moieties in the walls of
the material was established by solid-state NMR
investigations (Figure 1). The ?Si MAS NMR spec-
trum revealed that the Rh(I)-PMO-3D displayed three
signals at —62, —71 and —80 ppm corresponding to T'
[RSi(OSi)(OH),], T? [RSi(OSi),(OH)], and T* [RSi
(OSi)3], respectively. No Q" peaks were observed
between —90 and —120 ppm, where Q" = Si(OSi)-
#(OH4-n> 1 = 2-4, indicating that all the Si species were
covalently bonded with carbon atoms (/9) during the
acidic synthesis and extraction step. Meanwhile, two
peaks around 14 and 32 ppm were observed in the '*C
CP MAS NMR spectrum, which could be assigned to
two C atoms in the -CH,-CH,- group connecting with
the PPhy-group. An intense peak around 133 ppm
could be attributable to the C atoms in the benzene
ring (Ph) covalently bonded to the Si atoms. A weak

. T . T . .
200 150 100 50 0

T T T T T T T T T
200 150 100 50 0 -50

T T T T T T T
50 0 =50 -100 -150

Chemical shift (ppm)

"CCPNMR G,

Si-0-CH,CHL2

Chemical shift (ppm)

'p CP MAS NMR Rh-P

Chemical shift (ppm)

Figure 1. NMR spectra of the Rh(I)-PMO-3D sample.
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Figure 2. XPS spectra of the Rh(I)-PMO-3D sample.

peak around 59 ppm was assigned to the C atoms in
the C,HsO-group connecting with silicon due to the
incomplete hydrolysis of residual polymer templates
(20). The resonances marked by asterisks are due to
the spinning sidebands of benzene rings. In addition,
the 'P CP MAS NMR spectrum showed a single
signal at 38 ppm, corresponding to P atom in the
PPh,-groups. The other peaks could be assigned to
rotation side bands since their positions changed
with the spinning speed (27). These results clearly
demonstrated the integral incorporation of both the
Rh(I) organometal and the Ph group into the silica
framework.

As shown in Figure 2, the XPS spectra demon-
strated that all the Rh species in the Rh(I)-PMO-3D
were present in +1oxidation state (22), corresponding
to the BE around 307.5 eV in Rhsgysp level, which
indicates that no phosphorus-rhodium bonds were
cleaved during the synthesis of Rh(I)-PMO-3D. In
comparison with free Rh(PPh;);Cl the Rh (I) BE in
the Rh-PMO-3D shifted negatively by 0.4 eV, pos-
sibly due to the stronger electron-donating ability of P
in the PPh,(CH,CH,) than that in the PPh;, taking
into account that ] conjugated system between P and
three phenyl groups could dilute the electron density
on the P atom.

Figure 3 revealed that the Rh(I)-PMO-3D dis-
played a typical IV type N, adsorption—desorption
isotherm with a H; hysteresis loop indicative of the
mesoporous structure (23). The low-angle XRD pat-
tern showed an intense peak around 2 6 = 0.90°
indicative of (211) and (220) diffraction and three
additional weak peaks at higher 2 6 values corre-
sponding to (220), (420), and (332) diffractions. These
results demonstrated that the Rh(I)-PMO-3D con-
tained ordered 3D mesoporous channels (24), which
was further confirmed by TEM images (Figure 4).
Some structural parameters including surface area

(SgeT), pore diameter (Dp) and pore volume (Vp)
were summarized in Table 1.

Catalytic performances

During the reaction, only the 2-arylethaneacylamides
product was identified by GC-MS analysis, indicating
that the catalysts were absolutely selective. Firstly, to
confirm the location of the Rh(I) species incorporated
into the mesoporous framework, the Rh(I)-PMO-3D
catalyst was allowed to react with KMnQy in aqueous
solution for enough time. The unreacted KMnO, was
titrated quantitatively by Na,C,04. The Rh(I) content
reacted with accessible catalytic KMnO, oxidation
could be considered as these Rh(I) sites for catalytic
reactions. The total Rh(I) species were determined by
ICP analysis. The experimental results confirmed that
the molar ratio between Rh(I) species determined by
KMnO, oxidation and total Rh(I) species determined
by ICP analysis was around 93%, suggesting that
most of Rh(I) active sites in the Rh(I)-PMO-3D
sample were accessible for catalytic reactions.

The effect of catalyst loading on conversion was
also studied and the results are presented in Table 1.
The control experiment indicated that the addition
reaction did not occur in the absence of a catalyst,
and the support PMO-3D was inert in the reaction.
For the Rh(I)-PMO-3D series catalysts with different
Rh(I) loadings, the catalytic activity first increased
and then decreased with the increase in Rh(I) loading.
The Rh(I)-PMO-3D-1 catalyst with very low Rh(I)
loading exhibited poor activity due to the relatively
long distance between the neighboring Rh(I) active
sites. Taking into account that reaction needed two
kinds of molecules adsorbed on the neighboring Rh(I)
active sites, the big space between the neighboring Rh
(D) active sites would not be in favor of intermolecular
contact and has negative effect on the catalytic
activity. Meanwhile, the Rh(I)-PMO-3D-3 with very
high Rh(I) loading also showed poor activity, possibly
due to the steric hindrance that retarded the diffusion
and even the adsorption of organic molecules on the
Rh(I) active sites. The Rh(I)-PMO-3D-2 with the Rh
(I) loading was found to be optimum catalyst, which
exhibited equivalent catalytic efficiencies with the
corresponding Rh(PPh;);Cl homogeneous catalyst.
The Rh(I)-PMO-3D-2 also showed higher catalytic
activity than Rh(I)-PMO-2D with the similar Rh(I)
loadings. This could be mainly attributed to this
unique 3D interconnected network of PMO-3D,
which provides a highly open porous host with an
easy and direct access for organic molecules and
facilitates inclusion or diffusion throughout the pore
system without pore blockage.
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Figure 3. N, adsorption-desorption isotherms (up) and XRD pattern (down) of the Rh(I)-PMO-3D sample.

To evaluate the catalytic behaviors of the Rh(I)-
PMO-3D catalyst, we studied the 1,4-conjugate addi-
tion reaction of different arylboronic acids with N,N-
acrylic amide. The results were presented in Table 2.
Both the electron-rich and the electron-deficient
arylboronic acids gave desirable products in high
yields.

Because the Rh(I)-PMO-3D-2 exhibited good
catalytic activity, it is necessary to make sure whether
the heterogeneous Rh(I) anchored on the support or
homogeneous Rh(I) leached from the support was the
real catalyst. The following experiments were carried
out according to the procedure proposed by Sheldon
et al. (25). When the conversion in reaction reached
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Figure 4. TEM image of the Rh(I)-PMO-3D sample.

30%, the water-medium 1,4-conjugate addition reac-
tion mixture was filtered to remove the solid catalyst,
and then the mother liquor was allowed to react for
another 7 h under the same reaction conditions. No
significant change in either the conversion or the yield
of product was observed, which indicated that the
active phase was not the Rh(I) species leached from
the supports. Therefore, it is reasonable to conclude

Table 2. Rh(I)-PMO-3D-2-catalyzed 1,4-conjugate addition
reaction between different arylboronic acids with N,N-
acrylic amide.?

R Reaction time (h) Conv. (%) Yield (%)
H 7 95 95
OCH; 7 94 94
CH; 7 91 91
Cl 9 89 89
CF; 9 84 84

#Reaction conditions: 0.50 mmol of arylboronic acids, 0.10 mmol
of N,N-acrylic amide, 1.0 mL of toluene, 4.0 mL H,O, n-decane as
an internal standard, and a catalyst containing 0.0065 mmol Rh(I),
80°C.

100

80

60

40

Conversion (%)

20

1 2 3 4 5
Recycle number

Figure 5. Recycling test of Rh(I)-PMO-3D.

that the present catalysis was really heterogeneous in
nature.

Figure 5 shows the recycling test of the Rh(I)-PMO-
3D catalyst in water-medium reaction. No significant
decrease in catalytic efficiencies were observed for the
Rh(I)-PMO-3D catalyst within five recycles. The excel-
lent durability of the Rh(I)-PMO-3D catalyst could be
attributed to the strong interaction of the Rh(I)

Table 1. Structural parameters and catalytic performances of different catalysts.®

Catalyst Sger (m>g™h) Vp (cm>g™!) Dp (nm) Rh loading (wt%) Conv. (%)
None / 0
Rh(PPh;);Cl / / / / 94
PMO-3D 688 0.67 7.4 0 0
Rh(I)-PMO-2D 677 0.64 72 0.87 89
Rh(I)-PMO-3D-1 654 0.71 7.4 0.44 87
Rh(I)-PMO-3D-2 639 0.70 72 0.86 95
Rh(I)-PMO-3D-3 655 0.68 7.1 1.1 90

“Reaction conditions: 0.50 mmol of phenylboronic acid, 0.10 mmol of N,N-acrylic amide, 1.0 mL of toluene, 4.0 mL H,O, n-decane as an
internal standard, and a catalyst containing 0.0065 mmol Rh(I), 80°C, 7 h.
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Figure 6. The small-angle XRD pattern of the Rh(I)-PMO-
3D sample after being reused five times.

organometallic complex with the organosilica 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 for five
times, suggesting that the Rh(I)-leaching could be
essentially neglected. In addition, the Rh(I)-PMO-3D
catalyst also exhibited strong hydrothermal stability.
As shown in Figure 6, the XRD pattern clearly
demonstrated that the Rh(I)-PMO-3D remained well-
defined ordered mesoporous structure after being
reused for five times.

Conclusion

In summary, this work developed a facile approach to
synthesize a 3D periodic mesoporous Rh(I) organo-
metalsilica catalyst with both the Rh(I) organometals
and the phenyl groups integrally incorporated into the
silica walls. During water-medium 1,4-conjugate addi-
tion reaction, the Rh(I)-PMO-3D exhibited higher
activity than the Rh(I)-PMO-2D and comparable
catalytic efficiencies with the corresponding Rh(I)
(PPh3);Cl homogeneous catalyst. Remarkably, Rh
(D-PMO-3D could be used repetitively for more
than five times without significant deactivation, which
offers opportunities for industrial applications of
water-medium clean organic reactions.
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