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ABSTRACT: Bifunctionalized materials with different
matches of acid and base have been prepared through a
post-grafted approach. The synthesized materials were
characterized by X-ray diffraction (XRD), nitrogen adsorp-
tion−desorption isotherms, XRF analysis, elemental analysis,
transmission electron microscopy, IR spectra of pyridine
adsorption, thermogravimetry, and CO2-TPD. The character-
ization results indicated that the organic amines have been
successfully immobilized onto the surface of SBA-15 and Al-
SBA-15, and the structure of the supports were kept intact.
Moreover, the strength of the acidity for Al-SBA-15 is stronger
than that for SBA-15, while the strength of the basicity for tert-
butyl 2-(3-(triethoxysilyl)propylcarbamoyl)pyrrolidine-func-
tionalized SBA-15 or Al-SBA-15 is stronger than that for 3-aminopropyltriethoxysilane-functionalized SBA-15 or Al-SBA-15.
The synthesized bifunctional acid−base materials were tested in a Knoevenagel reaction, tandem deacetalization−Knoevenagel
reaction, one-pot deacetalization−Henry reaction, aldol reaction, and nitroaldol reaction. The catalytic results showed that
different acid−base matches favored different reactions.
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■ INTRODUCTION

Over the past decade, bifunctional materials with acidic and
basic properties have received much attention because they can
catalyze tandem multistep reactions in one catalytic system or
work synergistically to change the characteristics of a single
reaction.1−11 Direct co-condensation and post-grafting methods
have generally been applied for the preparation of these
bifunctional materials. Zeidan et al.3 depicted the preparation of
acid−base bifunctional SBA-15 with primary amine and
different acids (carboxylic, phosphoric, and sulfonic acid)
through “one-pot” synthesis and found that higher conversion
of the aldol product was achieved when a weaker acid
component (carboxylic vs sulfonic) was used. Hicks et al.4

put forward a methodology using a protection/deprotection
strategy to synthesize base-functionalized SBA-15 with control-
lable amine spacing and loadings. Our group used two different-
sized amino protective groups to prepare two kinds of acid−
base bifunctionalized mesoporous SBA-15 materials and found
that the steric hindrance of amines with different sizes in the
protective groups showed a relationship with the acid−base
cooperativity.12 Zhao et al.13 used an acid−base HPA catalyst
(C6H15O2N2)2HPW12O40) for heterogeneous transesterifica-
tion and esterification reactions. Toyao et al.14 studied an
amino-functionalized metal−organic framework catalyst by
using a solvothermal method for a one-pot sequential
deacetalization−Knoevenagel condensation reaction. Rostami-
zadeh et al.15 investigated the preparation and application of the

magnetic nanocatalyst (α-Fe2O3)-MCM-41-L-prolinium nitrate
in the production of quinazolin-4(3H)-one derivatives. Hatano
et al.16 have reported that chiral magnesium(II) binaphtholates
could be used as cooperative Brønsted/Lewis acid−base
catalysts in the highly enantioselective addition of phosphorus
nucleophiles to α,β-unsaturated esters and ketones.
Very recently, inorganic acid−base bifunctional materials

have been reported and applied in various reactions. For
example, Timofeeva et al.17 synthesized metal phosphate
molecular sieves with acid−base properties for the preparation
of propylene glycol methyl ether from methanol and propylene
oxide. Zhang et al.18 reported that acid−base bifunctional CaO-
ZrO2 catalysts could be applied in vapor-phase selective
dehydration of 1,4-butanediol to 3-buten-1-ol. Sinhamahapatra
et al.19 prepared mesoporous borated zirconia showing high
acidity in a Knoevenagel condensation reaction and a Claisen−
Schmidt condensation reaction. Li et al.20 produced a core−
shell structured MgAl-LDO@Al-MS inorganic nanocomposite
with hexagonal Mg−Al mixed oxide nanoplates as the inner
core and Al-containing mesoporous silica as the outer shell by a
low cost route for one-pot deprotection−Knoevenagel cascade
reaction sequences with high activity and selectivity.
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The past work was mainly concentrated on the adjustment of
the acidity of the acid−base bifunctional materials, while the
effect of the basicity was seldom investigated. It is well known
that the basicity of the materials might have greater influence
on some C−C bond-forming reactions than the acidity.21,22

The basicity of a primary amino group is usually weaker than
that of a secondary amine, and pyrrolidine is usually regarded as
a strong base in organic chemistry. Because the proline
molecular contains the pyrrolidine group, some researchers
used proline and its derivatives as homogeneous catalysts to
catalyze diverse reactions or immobilized it onto solid supports
to provide base sites.2,23−33 For instance, Calderoń et al.23

reported that L-proline heterogenized onto MCM-41 provided
stereoselectivities in some cases complementary to the
homogeneous catalyst in aldol reactions. Hsiao et al.25

anchored chiral proline derivative on mesoporous SBA-15
materials for asymmetric addition of diethyl zincs to
benzaldehydes and found that the catalytic activities may be
improved if the catalysts possessed well-distributed and less
sterically hindered proline derivatives as well as more
hydrophobic surfaces. Khalafi-Nezhad et al.28 supported L-
proline on silica to catalyze the one-pot synthesis of
spiroindolone derivatives, giving up to 90% yield after reaction
for 2 h.
In the current work, bifunctional SBA-15 and Al-SBA-15

catalysts with different acid−base matches were synthesized.
The incorporation content of the aluminum and grafted amine
amounts are similar for all bifunctionalized materials in order
that the catalytic behavior of these materials could be compared
to one another.

■ EXPERIMENTAL SECTION
Catalyst Preparation. SBA-15 silica with a hexagonal p6mm

structure was prepared according to the reported procedures34,35 using
the tr iblock copolymer Pluronic P123 (Mav = 5800,
(EO)20(PO)70(EO)20, Aldrich) as the structure-directing agent and
tetraethyl orthosilicate (TEOS, Aldrich) as the silica source. In a
typical synthesis, 2 g of Pluronic P123 copolymer was dissolved in 15
mL of H2O and 60 mL of 2 M HCl, and then 4.68 mL (0.02 mol) of
TEOS was added into the solution under stirring at 313 K. After that,
the resultant mixture was stirred at 313 K for 24 h and then aged
under static conditions at 373 K for 24 h. Finally, the solid product was
recovered by filtration and washed with deionized water. After being
air-dried at room temperature overnight, it was calcined at 823 K for 8
h to remove the template. The obtained sample was nominated as
SBA-15.

Al-SBA-15 was prepared according to the literatures.36,37 In a typical
synthesis, 2 g of Pluronic P123 copolymer was dissolved in 75 mL of
H2O, and then 1.92 g Al(NO3)3·9H2O was added and stirred for 0.5 h.
Afterward, the mixture was heated to 318 K, and then 4.68 mL (0.02
mol) of TEOS was added. Then, the mixture was stirred at 318 K for
24 h, aged at 373 K for 24 h under static conditions, and then filtered,
thoroughly washed, dried, and calcined at 823 K for 8 h to remove the
template. The molar composition of the mixture, TEOS/P123/
Al(NO3)3/H2O, was 1/0.017/0.25/192, and the obtained sample was
nominated as Al-SBA-15.

Tert-butyl 2-(3-(triethoxysilyl)propylcarbamoyl)pyrrolidine-1-car-
boxylate was synthesized according to the literature.38 In a typical
synthesis, 3.3 mmol of L-proline protected by BOC in the N side and
3.3 mmol of triethylamine were added to 10 mL of dried THF, and
then the solution was cooled to 273 K. Afterward, 3.3 mmol of ethyl
chloroformate was dropwise added under vigorously stirring. After 30
min, 1 mL of THF containing 4.8 mmol of APTES was introduced
into the solution within 15 min. After a further reaction for 1 h, the

Figure 1. 1H NMR of tert-butyl 2-(3-(triethoxysilyl)propylcarbamoyl)pyrrolidine-1-carboxylate. ∗ denotes solvent peak.
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product was successively washed by copious water, saturated
NaHCO3, and saturated NaCl solution. The organic layer was
obtained by a separatory funnel and then dried over MgSO4. The
resulting solution was concentrated by rotary evaporation under
reduced pressure and then filtered through a hexane-packed alumina
column. The column was washed with a mixture of hexane/ethyl
acetate (7/3). The final product was obtained by evaporating the
solvent (1H NMR in Figure 1 and 13C NMR in Figure S1, Supporting
Information).
SBA-15-pyrro-Boc and Al-SBA-15-pyrro-Boc were synthesized as

follows (Figure 2).35 A total of 1.0 g of SBA-15 or Al-SBA-15 was
refluxed in anhydrous toluene with 0.8 mmol of Tert-butyl 2-(3-
(triethoxysilyl)propylcarbamoyl)pyrrolidine-1-carboxylate for 10 h.
Then the mixture was filtered and washed abundantly with several
solvents with different polarity (hexane, dichloromethane and ethanol)
to remove the residual unsupported tert-butyl 2-(3-(triethoxysilyl)-
propylcarbamoyl)pyrrolidine-1-carboxylate. The obtained solid was
dried overnight and nominated as SBA-15-pyrro-Boc and Al-SBA-15-
pyrro-Boc.
SBA-15-pyrro and Al-SBA-15-pyrro were synthesized as follows

(Figure 2). A total of 1.0 g of SBA-15-pyrro-Boc or Al-SBA-15-pyrro-
Boc was first dried under vacuum at 373 K for 5 h and then added into
a 50 mL flask containing 10 mL of dried CH2Cl2. After cooling to 273
K, 10 mL of trifluoroacetic acid was dropwise added under N2. After
that, the mixture was stirred at room temperature for 6 h. Then, the
mixture was filtered and washed abundantly with several solvents with
different polarity (hexane, dichloromethane, and ethanol) and then
washed successively with THF containing 5% triethylamine, copious
water, and ethanol until the pH value reached 7. Finally, the solid was
obtained by drying at ambient temperature overnight.
SBA-15-APTES and Al-SBA-15-APTES were synthesized by post-

synthetic grafting procedures (Figure 2).9,35,37 SBA-15 and Al-SBA-15
were first dried under vacuum at 373 K for 5 h. Then 0.5 g of dried
SBA-15 or Al-SBA-15 was refluxed in anhydrous toluene with 0.1 mL
(0.4 mmol) APTES (3-aminopropyltriethoxysilane) for 10 h. Then,
the solid was filtered and washed abundantly with several solvents with
different polarity (hexane, dichloromethane, and ethanol) to remove
the residual unsupported APTES. The pale solid was dried overnight
and nominated as SBA-15-APTES or Al-SBA-15-APTES.

Catalyst Characterization. Powder X-ray diffraction patterns
(XRD) were obtained on a Rigaku D/max-2200 (0.2°/min) using Cu
Ka radiation (40 kV, 40 mA). N2 adsorption−desorption isotherms
were measured with a Micromeritics ASAP 2020 system at liquid N2
temperature. Before measurements, the sample was outgassed at 403 K
for 6 h. The BET surface area was calculated using the Brunauer−
Emmett−Teller (BET) method. Transmission electron microscope
(TEM) was performed on a Hitachi H-8100 electron microscope
operating at 200 kV. Elemental analyses of nitrogen were obtained
with a VarioEL CHN elemental analyzer. In situ IR spectra of
adsorbed pyridine were recorded on a NICOLET Impact 410
spectrometer. The samples were pressed into self-supporting discs,
placed in an IR cell, and treated under vacuum at 473 K for 1 h.
Differences in IR spectra were recorded after reaching adsorption/
desorption equilibrium of pyridine and evacuating at 373 K for 1 h to
remove physically adsorbed pyridine. CO2-TPD was measured on a
GC-8A, equipped with a thermal conductivity detector. A 100 mg
sample was calcined for 1 h at 473 K under a flowing helium gas and
then cooled to 323 K to adsorb CO2. After, the physically adsorbed
CO2 was purged by a He flow at 323 K, and CO2-TPD was performed
at the rate of 10 K min−1 up to 600 K.

Catalytic Tests. Knoevenagel Reaction. The catalyst (0.05 g),
benzene (5 mL), benzaldehyde (1 mmol), and ethyl cyanoacetate (1
mmol) were placed into a reaction vessel.35 The mixture was
vigorously stirred at 353 K under nitrogen. After certain times, the
catalyst was separated by filtration. The products were analyzed with a
BEIFEN-3420A gas chromatograph (GC) equipped with an OV-101
capillary column and FID detector.

One-Pot Deacetalization−Knoevenagel Reaction. Into a reaction
vessel were placed the catalyst (0.05 g), benzene (5 mL),
benzaldehyde dimethylacetal (1 mmol), and ethyl cyanoacetate (1
mmol).39 The mixture was vigorously stirred at 353 K under nitrogen
for 30 min. Then, the catalyst was separated by filtration. The products
were analyzed with a BEIFEN-3420A gas chromatograph (GC)
equipped with an OV-101 capillary column and FID detector.

One-Pot Deacetalization−Henry Reaction. Into a reaction vessel
were placed the catalysts (0.05 g), benzaldehyde dimethylacetal (1.0
mmol), and nitromethane (5 mL).39 The mixture was vigorously
stirred at 363 K under nitrogen. The products were analyzed with a

Figure 2. Synthetic route for SBA-15-APTES, Al-SBA-15-APTES, SBA-15-pyrro, and Al-SBA-15-pyrro.
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BEIFEN-3420A gas chromatograph (GC) equipped with an OV-101
capillary column and FID detector.
Nitroaldol Reaction. Into a reaction vessel were placed the catalysts

(0.05 g), benzaldehyde dimethylacetal (1.0 mmol), and nitromethane
(5 mL). The mixture was vigorously stirred at 363 K under nitrogen.
The products were analyzed with a BEIFEN-3420A gas chromato-
graph (GC) equipped with an OV-101 capillary column and FID
detector.
Aldol Reaction. Into a reaction vessel were placed the catalysts

(0.05 g), 4-nitrobenzaldehyde (1.0 mmol), and acetone (5 mL). The
resulting mixture was vigorously stirred at 323 K under nitrogen. The
products were analyzed with a BEIFEN-3420A gas chromatograph
(GC) equipped with an OV-101 capillary column and FID detector.

■ RESULTS AND DISCUSSION
The powder XRD patterns of the synthesized SBA-15-APTES,
SBA-15-pyrro, Al-SBA-15-APTES, and Al-SBA-15-pyrro are
shown in Figure 3. For all of the samples, three well-resolved

peaks can be clearly observed, indicating that the prepared
bifunctional materials contain well-ordered hexagonal arrays of
one-dimensional channel structures.12,34

The TEM images of sample Al-SBA-15-pyrro are presented
in Figure 4. Parallel straight pores and hexagonally arrayed
pores are clearly observed, which can be ascribed to the (110)
and (100) directions of the p6mm phase, respectively.12,34

TEM images indicate that the structural ordering of Al-SBA-15-
pyrro remains intact after the organic modifications. This result,

together with the XRD patterns, confirms the formation of the
highly ordered mesostructure.
The N2 adsorption−desorption isotherms of Al-SBA-15-

pyrro, SBA-15-APTES, Al-SBA-15, and SBA-15 are shown in
Figure 5, and BJH pore size distributions of Al-SBA-15-pyrro

and SBA-15-APTES are represented in Figure 6. It is shown
that the four samples display a type IV isotherm with H1
hysteresis and a sharp increase in volume adsorbed in the P/P0
range from 0.6 to 0.8, indicating that the ordered mesoporous
structure of SBA-15 is well remained.12 From Table 1, it is
observed that after the introduction of organic functional
groups, the BET specific surface area gradually decreases from
831 m2/g for SBA-15 to 648 m2/g for SBA-15-APTES and
from 904 m2/g for Al-SBA-15 to 746 m2/g for Al-SBA-15-

Figure 3. Powder XRD patterns of the synthesized samples.

Figure 4. TEM images of Al-SBA-15-pyrro in the direction of the pore
axis (A) and in the direction perpendicular to the pore axis (B).

Figure 5. N2 adsorption−desorption isotherms of Al-SBA-15-pyrro,
SBA-15-APTES, Al-SBA-15, and SBA-15.

Figure 6. BJH pore size distributions of Al-SBA-15-pyrro and SBA-15-
APTES.
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pyrro. In addition, the pore diameter and total pore volume
decrease slightly after the functionalization of SBA-15 or Al-
SBA-15.
The surface acidity of SBA-15 and Al-SBA-15 was examined

through pyridine adsorption and subsequent IR spectroscopy
(Figure 7). Al-SBA-15 gives two IR bands at 1456 and 1623

cm−1 due to pyridine adsorbed on Lewis acid sites, two IR
bands at 1540 and 1638 cm−1 due to pyridine adsorbed on
Brønsted acid sites, and one band at 1491 cm−1 attributed to
pyridine associated with both Lewis and Brønsted acid sites.
However, these peaks are very weak for pure silica SBA-15,
indicating that its acidity is far weaker than Al-SBA-15.
The surface basicity of Al-SBA-15-pyrro, Al-SBA-15-APTES,

SBA-15-APTES, Al-SBA-15, and SBA-15 was examined through
CO2-TPD spectra (Figure 8). Because the pyrrolidine and
APTES grafted onto SBA-15 are more stable than the
corresponding pure organic compounds,40 which could bear
up to about 600 K and do not decompose (Figure S2,
Supporting Information), the TPD experiment was carried out
from room temperature to 600 K.41 It is shown that the
absorption peaks for Al-SBA-15 and SBA-15 are centered at
about 405 K indicating the existence of weak basic sites in the
two materials. Moreover, there is an absorption peak centered
at about 460 and 580 K for Al-SBA-15-APTES and Al-SBA-15-
pyrro, respectively, indicating that the organic amine has been
successfully grafted onto Al-SBA-15, and the basicity of Al-SBA-
15-pyrro is stronger than that of Al-SBA-15-APTES. In
addition, the absorption peak position of SBA-15-APTES (or
SBA-15-pyrro) is the same as that of Al-SBA-15-APTES (or Al-
SBA-15-pyrro), while the peak area of the former is larger than
the latter, indicating that there is the same basicity in the two

couple materials, while the different acidity of the supports
might have influence on the CO2 adsorbing capacity. In
addition, there is no absorption peak for SBA-15-pyrro and Al-
SBA-15-pyrro under 500 K, suggesting no weak base sites in the
bifunctional materials.
Quantification of the functional group loaded in SBA-15 and

Al-SBA-15 was performed for the bifunctional materials using
elemental analysis (CHN) (Table 2). The results of CHN
elemental analysis indicate that there is very little difference in
the amount of basic groups grafted onto the surface of SBA-15
and Al-SBA-15.

The catalytic properties of the bifunctionalized materials in
the Knoevenagel reaction are shown in Table 3. It is shown that
the catalytic activity over weak base catalysts (SBA-15-APTES
and Al-SBA-15-APTES) is much better than that over strong
base catalysts (SBA-15-pyrro and Al-SBA-15-pyrro). In
addition, the catalytic performance of catalysts with weak acid
(SBA-15-APTES and SBA-15-pyrro) is also better than the
catalytic performance of catalysts with moderately strong acid
and the same base (Al-SBA-15-APTES and Al-SBA-15-pyrro).
In general, weak acid matching weak base favors the
Knoevenagel reaction. Moreover, the catalyst SBA-15-APTES
can be reused three times without significant loss of the activity.
Parvin et al.42 reported imidazolium chloride-immobilized

SBA-15 for solvent-free Knoevenagel condensation using a
microwave and found that the acid−base-bifunctionalized SBA-

Table 1. Structural and Textural Parameters of the
Synthesized Materials

sample SBET
a (m2 g−1) Dp

b (nm) Vp
c (cm3 g−1)

SBA-15 831 5.8 1.18
SBA-15-APTES 648 5.7 1.05
Al-SBA-15 904 6.3 1.36

Al-SBA-15-pyrro 746 6.1 1.19
aSBET = surface area. bDp = average pore width. cVp = total pore
volume.

Figure 7. IR spectra of pyridine adsorption on SBA-15 and Al-SBA-15
at 373 K and 473 K.

Figure 8. CO2-TPD spectra of SBA-15-pyrro, Al-SBA-15-pyrro, Al-
SBA-15-APTES, SBA-15-APTES, Al-SBA-15, and SBA-15.

Table 2. Analytical Data for Prepared Materials

sample amount of base groupsa (mmol g−1)
Alb

(%)
Si/
Alb

SBA-15-pyrro 0.31 − −
Al-SBA-15-pyrro 0.29 1.532 25
SBA-15-APTES 0.27 − −

Al-SBA-15-APTES 0.28 1.567 25
aAmount of base groups grafted onto the surface was calculated from
elemental analysis. bAmount of aluminum species and Si/Al ratio were
calculated from XRF analysis.
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15 with a 7.5% base group performed very well. Motokura et
al.43 also reported that an acid−base bifunctional catalyst SA-
supported 3-(diethylamino)propyl functional group (SANEt2)
possessed high catalytic performance in the addition reaction of
ethyl cyanoacetate to methyl vinyl ketone, affording up to 90%
yield of 2-cyano-5-oxo-2-(3-oxobutyl)hexanoic acid ethyl ester,
while both triethylamine and amorphous silica−alumina (SA)
showed no catalytic activity. In addition, Almeida and
Cardoso44 found that the catalytic activity of (CH3)3NH

+ and
(CH3)4N

+ ions-exchanged Y zeolites (Me3Y and Me4Y) was
obviously lower than that of CH3CH2CH2NH3

+ and
CH3CH2CH2CH2NH3

+ ions-exchanged Y zeolites (Pr1Y and
Bu1Y) in the Knoevenagel condensation of n-butyraldehyde
with ethyl cyanoacetate, although the Me3

+ and Me4
+ cations

provided higher basicity.
The catalytic properties of the bifunctionalized materials in

the one-pot deacetalization−Knoevenagel reaction are listed in
Table 4. The first reaction step is the acid-catalyzed
deacetalization of dimethoxymethylbenzene to give benzalde-
hyde, while the second reaction step is the base-catalyzed
Knoevenagel reaction to give the final product benzylidene
ethyl cyanoacetate. It can be inferred that catalysts with weak
acid and weak base (e.g., SBA-15-APTES) cannot efficiently
catalyze this reaction. Moreover, catalysts only with moderately

strong acid (e.g., Al-SBA-15) cannot catalyze the second
reaction needing base catalysis. Additionally, catalysts with
moderately strong acid and strong base (i.e., Al-SBA-15-pyrro)
cannot also effectively catalyze the one-pot tandem deacetaliza-
tion−Knoevenagel reaction. Indeed, relatively high catalytic
activity can be observed over Al-SBA-15-APTES with
moderately strong acid and weak base with 75.2% conversion
of 1 and 72.7% yield of 3. Furthermore, only a negligible
deactivation occurs for the catalyst Al-SBA-15-APTES after
being used three times. The slight decrease in conversion is
probably due to the incomplete removal of absorbed species
from the active sites.
Motokura et al.45 described an interesting phenomenon in

the tandem deacetalization−Knoevenagel condensation over
organic primary amines immobilized onto acidic montmor-
illonite interlayers (H-mont-NH2). They found that the
preparation solvents have a great influence on the catalytic
activities. For example, the catalyst prepared in heptane (H-
mont-NH2 [heptane]) gave >99% conversion of dimethox-
ymethylbenzene and >95% yield of the final product 3, while
the catalytic behavior over the catalysts synthesized in THF,
toluene, DMSO, acetonitrile, and water was much worse than
that of H-mont-NH2 [heptane]. In addition, they also found
that the catalytic performance over acidic montmorillonite
interlayers (H-mont) was worse than that of H-mont-NH2
[heptane]. The former only afforded 26% conversion of
dimethoxymethylbenzene and trace yield of the final product
3 after reaction for 1 h. It is similar with our experimental
results. As mentioned above, the catalytic behavior of the acidic
catalyst Al-SBA-15 is worse than the acid−base bifunctional
catalysts Al-SBA-15-pyrro and Al-SBA-15-APTES. A reasonable
explanation for the phenomenon might be that the existence of
base in the catalysts favors the transformation of the
intermediate product 2 and thus accelerates the reaction. As
for the catalytic behavior of Al-SBA-15-pyrro, it is far worse
than that of Al-SBA-15-APTES; weak bases might better
catalyze the second base-catalyzed Knoevenagel reaction than
strong bases.
The catalytic properties of the bifunctionalized materials in

the one-pot deacetalization−Henry reaction are presented in
Table 5. The weak acid catalyst SBA-15 shows no catalytic
activity, while the catalyst with weak acid and weak base also
cannot catalyze this reaction. Moreover, the catalyst with
moderately strong acid (Al-SBA-15) affords very low
conversion of 1 and no final product due to the lack of base
sites, while the catalyst with moderately strong acid and strong

Table 3. Reaction Data for Knoevenagel Reaction over
Different Catalystsa

catalyst conversion (%) selectivity (%)

SBA-15 <1 −
Al-SBA-15 <1 −
SBA-15-APTES (first) 94.7 ∼100
SBA-15-APTES (second) 94.5 ∼100
SBA-15-APTES (third) 94.6 ∼100
Al-SBA-15-APTES 76.7 ∼100
SBA-15-pyrro 44.0 ∼100
Al-SBA-15-pyrro 35.4 ∼100

aReaction conditions: benzaldehyde (1 mmol), ethyl cyanoacetate (1
mmol), catalyst (0.05 g). Reaction time: 30 min. Reaction temper-
ature: 353 K.

Table 4. Reaction Data for One-Pot Deacetalization−
Knoevenagel Reaction over Different Catalystsa

catalyst
conversion of 1

(%)
yield of 2

(%)
yield of 3

(%)

SBA-15-APTES trace − −
Al-SBA-15-APTES (first) 75.2 2.5 72.7

Al-SBA-15-APTES
(second)

74.9 2.3 72.6

Al-SBA-15-APTES (third) 74.6 2.3 72.7
SBA-15 trace trace −

Al-SBA-15 11.4 11.4 −
Al-SBA-15-pyrro 14.2 7.3 6.9

aReaction conditions: 1 (1 mmol), ethyl cyanoacetate (1 mmol),
catalyst (0.05 g). Reaction time: 30 min. Reaction temperature: 353 K.

Table 5. Reaction Data for One-Pot Deacetalization−Henry
Reaction over Different Catalystsa

catalyst conversion of 1 (%) yield of 2 (%) yield of 4 (%)

SBA-15 trace − −
Al-SBA-15 2.1 2.1 −

SBA-15-APTES trace − −
Al-SBA-15-APTES 38.4 4.4 34
SBA-15-pyrro trace − −

Al-SBA-15-pyrro 4.7 0.8 3.9

aReaction conditions: 1 (1 mmol), nitromethane (5 mL), catalyst
(0.05 g). Reaction time: 30 min. Reaction temperature: 363 K.
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base can give 3.9% yield of the final product 4. Although the
acidity of Al-SBA-15 might be stronger than that of Al-SBA-15-
pyrro, the existence of base in Al-SBA-15-pyrro could favor the
transformation of the intermediate product 2 and thus properly
accelerate the cascade reaction. In addition, the catalyst with
moderately strong acid and weak base favors the tandem
reaction. In the case of the Henry reaction, it is difficult to
achieve high selectivity of the nitroalkene using strong bases
because the conjugate addition of the nitroalkane to form bis-
nitro compounds in a side reaction. Thereby, the synthesis of
nitroalkene over strong base catalysts often proceeds in poor
yield due to the dimerization or polymerization.11,46,47

The catalytic properties of the bifunctionalized materials in
the nitroaldol reaction are described in Table 6. Base-free

catalysts SBA-15 and Al-SBA-15 cannot catalyze this nitroaldol
reaction of benzaldehyde and nitromethane at all, while acid−
base bifunctional catalysts can catalyze this reaction. Fur-
thermore, the catalytic activity over the four bifunctionalized
catalysts is as follows: SBA-15-APTES > Al-SBA-15-APTES >
SBA-15-pyrro > Al-SBA-15-pyrro. Therefore, it is supposed that
strong base is not very suitable for the nitroaldol reaction.
Catalysts with weak acid and weak base (e.g., SBA-15-APTES)
can catalyze this reaction with nearly 100% yield.
Shylesh et al.48 reported an acid−base bifunctional catalyst

MSN−NNH2−SO3H with strong acid and weak base for the
nitroaldol reaction and found that 89% yield of the nitroalkene

product can be achieved after reaction for 6 h. However, our
prepared SBA-15-APTES only needs 30 min to complete this
reaction. They also found that catalysts without base sites (e.g.,
MSN and MSN−SO3H) displayed no catalytic activity at all.
The catalytic properties of the bifunctionalized materials in

the aldol reaction of acetone with 4-nitrobenzaldehyde are
summarized in Table 7. It is clear that catalysts without base
sites (SBA-15 and Al-SBA-15) or catalysts with protected base
sites (e.g., SBA-15-pyrro-Boc and Al-SBA-15-pyrro-Boc)
cannot catalyze the aldol reaction. The catalytic activity over
the four bifunctionalized catalysts is as follows: Al-SBA-15-
APTES (moderately strong acid and weak base) > SBA-15-
pyrro (weak acid and strong base) > Al-SBA-15-pyrro
(moderately strong acid and strong base) > SBA-15-APTES
(weak acid and weak base). In addition, the product
distribution is also affected by the acidity and basicity of the
catalysts. Basically, the ratio of alcohol product to dehydrated
product is higher over catalysts with stronger acidity.
Davis and co-workers3,49 synthesized acid−base bifunctional

SBA-15 incorporated with primary amine and different acids
(sulfonic acid, phosphoric acid, and carboxylic acid) for an aldol
reaction of acetone with 4-nitrobenzaldehyde. They found the
carboxylic acid/amine material showed highest catalytic activity,
followed by the phosphoric acid/amine catalyst, while the
combination of sulfonic acid with amines was the worst. In
addition, the same authors also found that the product A/B
molar ratio was the highest over the phosphoric acid/amine
catalyst with moderately strong acid and weak base, followed by
the carboxylic acid/amine catalyst. Brunelli et al.50 prepared a
series of aminosilanes grafted onto mesoporous SBA-15 silica
with controlled linker lengths including C1 (methyl), C2
(ethyl), C3 (propyl), C4 (butyl), and C5 (pentyl). In the aldol
condensation of 4-nitrobenzaldehyde and acetone, the reaction
rate increased with the number of carbons in the carbon chain
up to the propyl chain. They also suggested that the interaction
between amines and silanols should be weaker than that
between amines and carboxylic acids, especially between
proline and carboxylic acids.51 Our group optimized the
synergetic effect between the acidic and basic groups by finely
tuning the distance between the two kinds of groups and found
that it was an important factor influencing the catalytic
behavior.37

Table 6. Reaction Data for Nitroaldol Reaction over
Different Catalystsa

catalyst conversion (%) selectivity (%)

SBA-15 trace −
Al-SBA-15 trace −

SBA-15-APTES ∼100 ∼100
Al-SBA-15-APTES 65.5 ∼100
SBA-15-pyrro 15.8 ∼100

Al-SBA-15-pyrro 8.9 ∼100
aReaction conditions: benzaldehyde (1 mmol), nitromethane (5 mL),
catalyst (0.05 g). Reaction time: 30 min. Reaction temperature: 363 K.

Table 7. Reaction Data for Aldol Reaction over Different Catalystsa

catalyst conversion (%) Ab (%) Bb (%) A/B TOF (mol/site/h)

SBA-15-APTES 21.1 86.8 13.2 6.6 0.84
Al-SBA-15-APTES 54.7 91.6 8.4 10.9 2.18
SBA-15-pyrro 47.5 84.1 15.9 5.3 1.89

Al-SBA-15-pyrro 26.0 94.5 5.5 17.1 1.04
SBA-15 trace − − − −

Al-SBA-15 trace − − − −
SBA-15-pyrro-Boc trace − − − −

Al-SBA-15-pyrro-Boc trace − − − −

aReaction conditions: 4-nitrobenzaldehyde (1 mmol), acetone (5 mL), catalyst (0.05 g). Reaction time: 30 min. Reaction temperature: 323 K.
bSelectivity calculated through 1H NMR spectroscopic analysis.
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■ CONCLUSIONS
In this study, a series of acid−base bifunctional catalysts with
different matches of acidity and basicity were prepared. XRD
data provide evidence that the functionalized materials keep a
2D-hexagonal mesoporous framework. TEM profiles show the
formation of the highly ordered mesostructure. Elemental
analysis and IR spectra of pyridine adsorption confirm that the
aluminum species and the base groups are successfully
incorporated onto the mesoporous SBA-15. The synergic effect
between the acid and base in the bifunctional materials is
observed. In our tested conditions, weak acid matching weak
base is beneficial to the Knoevenagel reaction and nitroaldol
reaction, while moderately strong acid matching weak base is
advantageous to the one-pot deacetalization−Knoevenagel
reaction, one-pot deacetalization−Henry reaction, and aldol
reaction.
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