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ABSTRACT: Phenyl-bridged periodic mesoporous organosilica
modified with sodium benzenesulfonate groups (NaSO3Ph-
PMO) was frabicated by template-assembled co-condensation
and subsequent ion-exchange processes. This functionalized
support efficiently anchored scandium triflate to generate a
mesoporous Lewis acid catalyst (Sc(OTf)2-SO3Ph-PMO). It
exhibited superior catalytic reactivity compared to those of the
homogeneous catalyst scandium triflate and Sc(OTf)2-SO3Ph-
SBA-15, without the phenyl groups inside the mesoporous wall of
the water medium Barbier−Grignard and Mukaiyama−Aldol
reactions. The physico−chemical characterizations demonstrated
that its excellent catalytic performance was due to its ordered
mesoporous channel and hydrophobicity microenvironment,
which could stabilize and concentrate the substances as well as
decrease intrinsic mass transfer resistance. Furthermore, the Sc(OTf)2-SO3Ph-PMO catalyst retained high catalytic reactivity
even after 10 reuses, confirming its excellent catalytic stability.
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■ INTRODUCTION

Increasing fossil reserve consumption and environmental
concerns require scientists to develop new green and
sustainable science and technology for chemical transforma-
tions.1 It has become increasingly important to develop
economical and sustainable synthetic methodologies that help
to conserve our limited natural resources.2 One effective way to
surmount these challenges is to discover and use highly active
and stable heterogeneous catalysts because they generally allow
for the decreased use of toxic reagents, reduced discharge of
waste, and easy operation of the reaction system.3 Among
heterogeneous catalysts, solid acids are one of the most
important industrial catalysts for a variety of key chemical
processes.4 In addition, the use of water as a green solvent in
solid acid-catalyzed organic synthesis has attracted much
interest recently.5−11 However, decreased activity was often
observed when efficient homogeneous acid catalysts were
immobilized because of the poor solubility of many organic
compounds in water.12 In particular, the traditional Lewis acids
like AlCl3 and BF3 are decomposed into their metal hydroxide
in water and accordingly lose their catalytic reactivities.13−15

While some solid Lewis acids were known to work well in
aqueous media, there are still many hurdles that need to be
overcome such as unsatisfactory catalytic efficiency and limited
reaction types and substrates.16−29 Therefore, the design and

synthesis of highly active and stable solid Lewis acids for
aqueous organic reactions are urgently needed.
Periodic mesoporous organosilica (PMO) represents an

exciting new class of hybrid organic−inorganic materials in
different fields such as separation30 and catalysis.31,32 Among
PMO materials, those incorporating benzene bridges have
attracted great interest owing to their crystal-like pore wall
structure and hydrophobic phenyl layer inside the pore wall.33

Recently, several research groups have shown that sulfonated
periodic mesoporous benzenesilica material (Ph-PMO-SO3H)
was much more stable and more active than conventionally
used solid acid catalysts such as zeolites, cation exchange resins,
and sulfonated mesoporous silica for various organic reactions
in water.34−36 Their increased reactivity and recyclability were
attributed to the large amount of propyl-SO3H groups
anchored in the mesopore channels together with the
hydrophobic benzene groups embedded in the mesoporous
wall. This unique physical structure and chemical composition
favor the transportation of the reactants and protect the acidic
sites against water salvation. However, water-compatible Lewis
acids supported on benzene-bridged PMO materials have not
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yet been investigated.37−39 Herein, we reported our efforts to
immobilize scandium triflate in the benzene-bridged sodium
benzenesulfonate PMO support that was synthesized by
s u r f a c t a n t - d i r e c t e d a s s em b l y b e t w e e n 2 - ( 4 -
chlorosulphonylphenyl)ethyl trimethoxylsilane and 1,4-bis-
(triethoxysilyl)benzene. This modified Lewis acid exhibited
excellent catalytic reactivity and selectivity in water medium
Barbier−Grignard and Mukaiyama−Aldol reactions. Further, it
could be easily reused and recycled at least 10 times.

■ EXPERIMENTAL SECTION
Material Preparation. Fabrication of Sodium Benzenesulfo-

nate-Functionalized Benzene-Bridged PMO (NaSO3Ph-PMO). Na-
SO3Ph-PMO support was prepared through a two-step process
(Scheme 1). First, ClSO3Ph-functionalized PMO was synthesized
through one-step template-directed assembly approach between 2-(4-
chlorosulphonylphenyl)ethyl trimethoxylsilane (CSPTS) and 1,4-
bis(triethoxysilyl)benzene (BTEB). In a typical synthesis, 3.56 mL
BTEB was added into an aqueous solution composed of 2.0 g of P123,
6.0 g of KCl, and 80 mL of 0.2 M HCl at 40 °C. After stirring for 1.0 h,
0.64 mL of CSPTS was introduced into the reaction mixture and
allowed to stir for 1.0 d. Subsequently, the mixture was added into a
200 mL Teflon bottle and left at 100 °C for 1.0 d. The solid sample
was separated and washed with water and ethanol. The template P123
was removed by ethanol extraction at 80 °C, and the solid product was
achieved by vacuum drying. Then, 1.0 g of dried powder was
redispersed in 50 mL of water, and the temperature was increased to
60 °C. After stirring for 6.0 h, a certain amount of 0.1 M NaHCO3 was
added into the above mixture until the pH value of the solution
reached 7.0. Accordingly, the solid product was centrifuged, washed
with water, dried in vacuum, and denoted as NaSO3Ph-PMO.
Frabication of PMO-Supported Lewis Acid Catalyst (Sc(OTf)2-

SO3Ph-PMO). A total of 1.0 g of NaSO3Ph-PMO was added into 50
mL of ethanol containing 0.50 g of scandium triflate (Sc(OTf)3, OTf =
−SO3CF3). The mixture was allowed to react at 60 °C for 1.0 d. Then,
the catalyst was separated and treated with ethanol washing to remove
the uncoordinated scandium triflate.
Characterization. Inductively coupled plasma optical emission

spectrometer (Varian VISTA-MPX) was used to calculate the
scandium content. Elemental analysis by using an Element Vario EL
III analyzer determined the sulfur content. X-ray photoelectron
spectroscopy was acquired on a Perkin-Elmer PHI 5000C ESCA to
obtain the electronic states of various elements. The binding energy
values were calibrated by using C1S = 284.6 eV as a reference. X-ray
powder diffraction (XRD) was obtained on a Rigaku D/maxr B
diffractometer using Cu Kα radiation. N2 sorption isotherms were used
to obtain the pore structure information with a Quantachrome NOVA
4000e analyzer. Transmission electron microscopy was operated on a
JEM2011 microscope at 200 kV.
Activity Test. Barbier−Grignard Reaction. In each run of the

Barbier−Grignard reactions, 0.025 mmol Sc(III) catalyst, 53 mg of
benzaldehyde (0.5 mmol), 331 mg of allyl-tri-n-butaltin (1.0 mmol),
and 5.0 mL of distilled water were added in a flask and then increased
in temperature to 80 °C. After stirring for 24 h, the mixture was
extracted by ethyl acetate and then analyzed on a gas chromatograph
(GC, Agilent 1790). The conversion was determined by the remaining
benzaldehyde amount. The selectivity was determined by the ratio

between the 1-phenyl-3-buten-1-ol amount determined by GC and the
theoretical amount of 1-phenyl-3-buten-1-ol.

Mukaiyama−Aldol Reaction. In each run of the Mukaiyama−Aldol
reactions, 0.050 mmol Sc(III) catalyst, 53 mg of benzaldehyde (0.50
mmol), 190 mg of trimethyl(1-phenylprop-1-enyloxy)silane (1.0
mmol), and 3.0 mL of distilled water were introduced in a flask, and
the temperature was kept at 10 °C. After mild stirring for 27 h, the
mixture was extracted with toluene and then analyzed on a high
performance liquid chromatography analyzer (HPLC, Agilent 6410
series Triple Quad) equipped with an Agilent C18 column. The
conversion was determined by the remaining benzaldehyde amount.

Determination of Catalyst Leaching and Durability. To
determine the catalyst recyclability of the Sc-based mesoporous
catalysts, we separated the catalyst by centrifugation after each run of
reaction was finished. The solid catalysts were dried in vacuum and
then charged with the reactants and solvent for the following recycled
experiments under the same reaction conditions. In all the catalytic
tests, we checked the reproducibility by repeating the activity data at
least three times, and the difference in the catalytic result was found to
be within ±5%.

Adsorption Test. To test the adsorption behaviors of different Sc-
based mesoporous catalysts, we soaked mesoporous Sc catalyst (50
mg) in water (50 mL) and then oscillated this solution at 25 °C for 12
h. Subsequently, we added 50 mg/L of benzaldehyde aqueous solution
(50 mL) into the mixture. We calculated the concentration of the
benzaldehyde remaining in the mixture at a certain time interval on a
HPLC analyzer (Agilent 6410 series Triple Quad) equipped with an
Agilent C18 column. The adsorption capacity of various Sc-based
mesoporous catalysts was calculated after benzaldehyde reached its
saturation adsorption.

■ RESULTS AND DISCUSSION

To illustrate the successful synthesis of the PMO-supported
rare earth Lewis acid catalyst, we characterized its chemical
composition using Fourier-transform infrared spectroscopy
(FT-IR) and X-ray photoelectron spectroscopy technology
(XPS). The FTIR spectrum of the Sc(OTf)2-SO3Ph-PMO
sample (Figure 1) revealed that it showed three additional
absorption peaks compared to the pristine phenyl-bridged
PMO support. One new peak around 579 cm−1 was attributed
to the asymmetric bending absorption of CF3 groups, while the
peak at 1180 cm−1 was assigned to the asymmetric C−F
stretching absorption of the CF3 group. In addition, the sulfate
stretching vibration absorption at 1255 cm−1 could also be
found in the Sc(OTf)2-SO3Ph-PMO sample.40 This result
demonstrated the successful incorporation of the Sc(OTf)3
complex in the PMO support. Furthermore, XPS spectra
(Figure 2a) showed that the binding energy (BE) of the Sc
element in the Sc(OTf)2-SO3Ph-PMO sample was 403.9 and
408.7 eV in 2P3/2 and 2P1/2 levels, respectively. This data
confirmed that all the Sc species were of the trivalence
oxidation state.41 However, the Sc species in scandium triflate
displayed that the binding energy was 404.4 and 409.2 eV in
2P3/2 and 2P1/2 levels, respectively. This difference could be
explained based on the stronger electron-donating property of

Scheme 1. Illustration of Sc(OTf)2-SO3Ph-PMO Catalyst Preparation
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the sulfur element in benzenesulfonate groups compared to
that in triflate ligands. A similar phenomena could be found in
the XPS analysis of the sulfur element. The results showed that
the BE of the S species in the Sc(OTf)2-SO3Ph-PMO sample
shifted around 0.4 eV compared to that in scandium triflate.42

On the basis of the above results, we suggested that scandium
triflate was immobilized onto the functionalized PMO support
by replacing one triflate ligand in Sc(OTf)3 with the
benzenesulfonate group incorporated in the mesoporous
channels (Scheme 1).
The small-angle XRD pattern of the PMO(Ph) sample

(Figure 3) exhibited one strong peak and two weak peaks,
which could be assigned to (100), (110), and (200) reflections,
respectively.43 However, the Sc(OTf)2-SO3Ph-PMO sample
displayed only one peak corresponding to the (100) reflection,
and also, this peak shifted to a lower angle in comparison with
pristine benzene-bridged PMO. This result demonstrated that
the ordered hexagonal mesoporous structure (p6mm) could be
retained for the Sc(OTf)2-SO3Ph-PMO sample; meanwhile, the
existence of the Sc(II) complex inside the mesoporous channel
increased the thickness of the mesoporous wall.44 The ordered
mesopore of the Sc(OTf)2-SO3Ph-PMO sample could be
further confirmed by the TEM image, which showed that it had

a two-dimensional hexagonal-arranged pore structure and a
one-dimensional pore channel. The mesopore size of the
Sc(OTf)2-SO3Ph-PMO sample was uniform and about 4.0 nm
(Figure 4). Accordingly, Sc(OTf)2-SO3Ph-PMO exhibited the

type IV nitrogen sorption isotherm with a H1 hysteresis loop,
revealing its mesoporous structure (Figure 5). From Table 1,
compared to the PMO(Ph) sample, the decrease in SBET, DP,
and VP of the Sc(OTf)2-SO3Ph-PMO sample showed that the
Sc(III) complex in the grafted process was mainly located on
internal surface of the mesoporous channels.45

Figure 1. FTIR spectra of the pristine PMO(Ph) sample and
Sc(OTf)2-SO3Ph-PMO catalyst.

Figure 2. XPS spectra of Sc(OTf)3 and Sc(OTf)2-SO3Ph-PMO samples.

Figure 3. XRD spectra of PMO(Ph) and Sc(OTf)2-SO3Ph-PMO
samples.

Figure 4. TEM images of Sc(OTf)2-SO3Ph-PMO sample.
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We first used a water medium Barbier−Grignard reaction to
evaluate the catalytic efficiencies of mesoporous Sc catalysts
(Table 2). The control experiments indicated that the blank
experiments could not give any products for the water medium
Barbier−Grignard reaction. Moreover, for the NaSO3Ph-PMO
support, the slight increase in conversion for these two
experiments could be attributed to its intrinsic weak acid
property. However, the conversion was significant lower than
that of the Sc(OTf)2-SO3Ph-PMO catalyst. These results

clearly indicated that Sc3+ Lewis acid active sites were the
active catalytic species. As shown in Table 2, the Sc(OTf)2-
SO3Ph-PMO catalyst proceeded cleanly to the coupling
product 1-phenyl-3-buten-1-ol with a 91% yield. In addition
to the main product, 1-phenyl-3-buten-1-ol, the self-coupling
byproduct of allyl-tri-n-butaltin, 1,5-hexadiene, was not
identified in the reaction mixture. This suggested that the
Sc(OTf)2-SO3Ph-PMO catalyst was highly selective. Interest-
ingly, the homogeneous catalyst Sc(OTf)3 displayed a slightly
lower catalytic efficiency with an 85% yield in the same
conditions. Next, we examined the scope of the Sc(OTf)2-
SO3Ph-PMO-catalyzed Barbier−Grignard coupling on a series
of substances. Similarly, 4-substituted benzaldehyde derivatives
having either the electron-accepting group (NO2−) or the
electron-donating group (CH3O−) also led to high yields of
coupling products. Meanwhile, it exhibited a higher reactivity
than that of the Sc(OTf)3 catalyst in those reactions. This
enhancement in catalytic activity of the Sc(OTf)2-SO3Ph-PMO
catalyst was attributed to its high surface area and ordered
mesoporous structure, which effectively stabilized and con-
centrated the substances, allowing the reaction to proceed
smoothly in water. Moreover, the location of the phenyl groups
in the framework created a favorable hydrophobic micro-
environment, which was favorable for organic molecule
diffusion.46

We also tested the catalytic efficiency of the reference catalyst
Sc(OTf)2-SO3Ph-SBA-15 to further understand the catalytic
behavior of the Sc(OTf)2-SO3Ph-PMO catalyst. As shown in
Table 2, Sc(OTf)2-SO3Ph-SBA-15 displayed inferior catalytic
efficiency with the same Sc loading in the water medium
Barbier−Grignard reactions in comparison with the Sc(OTf)2-
SO3Ph-PMO catalyst. Encouraged by these results, we also
compared their catalytic activities in water medium Mukaiya-
ma−Aldol reaction between benzaldehyde and trimethyl(1-
phenylprop-1-enyloxy)silane. We first tested the blank experi-
ment and the catalytic performances of the NaSO3Ph-PMO
support. The blank experiment indicated that no product could
be detected; meanwhile, the NaSO3Ph-PMO sample displayed
very low yield (5.4%). As shown in Figure 6, the reaction files
showed that the Sc(OTf)2-SO3Ph-PMO catalyst exhibited
much higher yield (90%) than that of Sc(OTf)2-SO3Ph-SBA-
15 with a 65% yield. To gain precise insight into the superior

Figure 5. N2 sorption isotherms of PMO(Ph) and Sc(OTf)2-SO3Ph-
PMO samples.

Table 1. Structural Parameters of Phenyl-Bridged PMO and
PMO-Supported Lewis Acid Catalysts

sample
S content
(mmol/g)

Sc loading
(mmol/g)

SBET
(m2/g)

Vp
(cm3/g)

Dp
(nm)

PMO(Ph) − − 615 0.78 4.1
Sc(OTf)2-
SO3Ph-PMO

0.84 0.23 446 0.45 3.6

Sc(OTf)2-
SO3Ph-PMOa

0.69 0.19 359 0.42 3.5

Sc(OTf)2-
SO3Ph-SBA-

15

0.81 0.22 555 1.1. 6.3

aAfter being reused 10 times.

Table 2. Water Medium Barbier−Grignard Reaction with Various Catalystsa

catalyst R conversion (%) selectivity (%) yield (%)

blank H 0 0 0
NaSO3Ph-PMOb H 8.7 ∼100 8.7

Sc(OTf)3 H 85 ∼100 85
Sc(OTf)2-SO3Ph-PMO H 91 ∼100 91
Sc(OTf)2-SO3Ph-SBA-15 H 81 ∼100 81

Sc(OTf)3 NO2− 95 ∼100 95
Sc(OTf)2-SO3Ph-PMO NO2− 98 ∼100 98
Sc(OTf)2-SO3Ph-SBA-15 NO2− 95 ∼100 95

Sc(OTf)3 CH3O− 83 ∼100 83
Sc(OTf)2-SO3Ph-PMO CH3O− 86 ∼100 91
Sc(OTf)2-SO3Ph-SBA-15 CH3O− 78 ∼100 78

aReaction conditions: catalyst containing 0.025 mmol Sc, 0.50 mmol benzaldehyde or its derivatives, 1.0 mmol allyl-tri-n-butaltin, 5.0 mL H2O, T =
80 °C, and t = 24 h. b100 mg NaSO3Ph-PMO sample.
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activity of the Sc(OTf)2-SO3Ph-PMO catalyst, we first analyzed
the mesoporous structure and chemical composition of the
control catalyst Sc(OTf)2-SO3Ph-SBA-15. The XRD pattern
and TEM image of the Sc(OTf)2-SO3Ph-SBA-15 catalyst
confirmed a 2D ordered hexagonal mesostructure, which was
similar to that of the Sc(OTf)2-SO3Ph-PMO catalyst (Figure
S1, Supporting Information). Meanwhile, XPS spectra (Figure
S2, Supporting Information) of the Sc(OTf)2-SO3Ph-SBA-15
catalyst revealed that it had almost the same Sc and S binding
energy as those of the Sc(OTf)2-SO3Ph-PMO catalyst,
demonstrating a similar chemical microenvironment. There-
fore, the excellent catalytic efficiency of the Sc(OTf)2-SO3Ph-
PMO catalyst was probably due to the existing hydrophobic
microenvironment, which enriched the organic reactants and
thus led to enhanced activity. In order to prove the above
hypothesis, benzaldehyde substance adsorption tests in water
over the Sc(OTf)2-SO3Ph-PMO and Sc(OTf)2-SO3Ph-SBA-15
catalysts were measured. The adsorption capacities of Sc-
(OTf)2-SO3Ph-PMO and Sc(OTf)2-SO3Ph-SBA-15 catalysts
were 38% and 32%, respectively (Figure 7). Meanwhile, it could
be found that the former adsorbed benzaldehyde more rapidly.

Therefore, the higher enrichment capacity and fast adsorption
rate for the organic substances were responsible for the
excellent catalytic performance of the Sc(OTf)2-SO3Ph-PMO
catalyst for carbon−carbon coupling reactions in water.47

To determine whether the heterogeneous or the leaching
scandium triflate was the real catalytic active site in Sc(OTf)2-
SO3Ph-PMO catalys, we carried out the control experiment
proposed by the Sheldon group.48 After the conversion in the
Barbier−Grignard reaction between benzaldehyde and allyl-tri-
n-butaltin reached 50%, the mixture was centrifuged to
discharge the Sc(OTf)2-SO3Ph-PMO catalyst and subsequently
permitted the remaining liquor to react for another 12 h. We
found that both the benzaldehyde conversion and 1-phenyl-3-
buten-1-ol yield did not change with the increase in time,
suggesting that the catalytic reactivity by the leaching Sc
complex could be excluded in the present coupling reactions.
One of the most important issues for solid Lewis acid

catalysts is their stability in water. Figure 8 shows the

recyclability of the Sc(OTf)2-SO3Ph-PMO catalyst during a
water medium Mukaiyama−Aldol reaction between benzalde-
hyde and trimethyl(1-phenylprop-1-enyloxy)silane. No remark-
able decrease could be found in the catalytic activity after being
used repetitively 10 times, revealing its superiority over the
corresponding Sc(OTf)3 homogeneous catalyst for reducing
cost and diminishing environmental pollution from heavy metal
ions. XPS data (Figure 9a,b) of the Sc(OTf)2-SO3Ph-PMO
catalyst after 10 runs displayed a similar binding energy value,
suggesting an unchanged coordinated microenvironment.
Moreover, the recycled Sc(OTf)2-SO3Ph-PMO catalyst dis-
played a slightly decreased Sc loading, SBET, VP, and DP copared
to the fresh Sc(OTf)2-SO3Ph-PMO (Table 1). The small-angle
XRD pattern of the recycled Sc(OTf)2-SO3Ph-PMO catalyst
(Figure S3a, Supporting Information) showed a slight
decreased density of the (100) reflection. Moreover, the
Sc(OTf)2-SO3Ph-PMO catalyst still exhibited type IV N2
sorption isotherms with a H1 hysteresis loop (Figure S3b,
Supporting Information). In addition, the TEM image of the
reused Sc(OTf)2-SO3Ph-PMO catalyst also exhibited a uniform
mesoporous structure (Figure 9c,d) as a result of its excellent
stability in water medium chemical transformations. These

Figure 6. Reaction profile of Sc(OTf)2-SO3Ph-PMO and Sc(OTf)2-
SO3Ph-SBA-15 catalysts in a water medium Mukaiyama−Aldol
reaction. Reaction conditions are given in the Experimental Section.

Figure 7. Benzaldehyde adsorption files of Sc(OTf)2-SO3Ph-PMO and
Sc(OTf)2-SO3Ph-SBA-15 catalysts.

Figure 8. Recyclability of Sc(OTf)2-SO3Ph-PMO catalyst in a water
medium Mukaiyama−Aldol reaction between benzaldehyde and
trimethyl(1-phenylprop-1-enyloxy)silane. Reaction conditions are
given in the Experimental Section.
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results confirmed that the ordered degree of the mesoporous
structure for the recycled Sc(OTf)2-SO3Ph-PMO catalyst had
only a slight decrease after 10 reuses.

■ CONCLUSION

In conclusion, a new periodic mesoporous Sc Lewis acid
catalyst was successfully synthesized by immobilizing scandium
triflate into sodium benzenesulfonate-functionalized periodic
mesoporous silica. It showed much higher reactivity in the
water medium Barbier−Grignard and Mukaiyama−Aldol
reactions compared to those of the homogeneous catalyst
Sc(OTf)3 and control catalyst Sc(OTf)2-SO3Ph-SBA-15. This
excellent catalytic reactivity could be attributed to its intrinsic
properties resulting from mesoporosity and the hydrophobic
microenvironment. Meanwhile, it also displayed excellent
stability in water and could be reused 10 times with a slight
loss of catalytic efficiency. This novel approach could be used
for the synthesis of highly active solid Lewis acid catalysts for
various aqueous organic transformations.
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