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Abstract

Flavanone was synthesized through the Claisen–Schmidt condensation between benzaldehyde and acetophenone and subsequent
intramolecular Michael addition over aminopropyl-functionalized SBA-15 materials. The catalysts with well-ordered hexagonally
arranged mesopores were synthesized by one-pot co-condensation of tetraethoxysilane and aminopropyltriethoxysilane using amphi-
philic block copolymer as the template under acidic condition. The results showed that the catalysts had good activities and very high
selectivities to flavanone in solvent-free condition, while the use of organic solvents decreased the catalytic activities and flavanone selec-
tivities. The influence of substituents in the aromatic rings of benzaldehyde and 2 0-hydroxyacetophenone was also investigated under the
solvent-free condition.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The development of environmentally friendly solid cata-
lysts for the synthesis of fine chemicals and pharmaceuti-
cals is becoming an area of growing interest because the
use of heterogeneous catalytic processes allows easier sepa-
ration, recovery, and recycling of the catalysts from the
reaction mixtures [1–3]. To maintain economic viability, a
suitable heterogeneous system should also display activities
and selectivities comparable or superior to the existing
homogeneous route. Nevertheless, the number of available
examples of successful transformation from homogeneous
catalytic syntheses to heterogeneous ones is rather limited.

Flavonoids are polyphenolic compounds that are widely
distributed in plants preserving the health of plants against
infections and parasites. They have attracted increasing
attention due to numerous pharmacological applications
[4–10]. The synthesis of the flavonoids has been carried
out through a variety of procedures, but the most common
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one is performed via the Claisen–Schmidt condensation
and subsequent intramolecular Michael addition between
substituted benzaldehydes and substituted 2 0-hydroxyace-
topheones in basic or acidic media under homogeneous
conditions [11–13]. It is widely accepted that there is a need
to develop clean and economical processes, where the use
of noxious substances and the generation of wastes can
be avoided.

In the past decade, various solid catalysts have been
applied to flavanoid synthesis, such as magnesium oxide
[14], alumina [15], barium hydroxides [16,17], hydrotalcites
[18–20], and natural phosphates modified with NaNO3 or
KF [21–23]. However, most of them require the use of
expensive toxic solvents to facilitate the heat and mass
transfer in the liquid phase reaction systems [14]. We have
shown recently that amine-functionalized mesoporous
SBA-15 silica was very effective for the synthesis of flava-
none by Claisen–Schmidt condensation and subsequent
isomerization reaction under solvent-free condition [24].
Herein a detailed study of the influence of solvents, amino
group loadings, reaction conditions and substituting
groups in the aromatic rings on the catalytic performance
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of amine-functionalized SBA-15 for the synthesis of flava-
nones was presented. Since elimination of organic solvents
is a frequent goal in green chemistry, our catalyst repre-
sents a potentially valuable and clean route to prepare a
large group of organic compounds useful for
pharmaceuticals.

2. Experimental

2.1. Sample preparation

Surfactant P123 (EO20PO70EO20, Mav = 5800) was pur-
chased from Aldrich and other chemicals of reagent grade
were from Acros. All chemicals were used as received.

The aminopropyl-functionalized SBA-15 materials were
prepared by a one-pot co-condensation method according
to the literature [24]. Four grams of Pluronic 123 was dis-
solved in 125 g of 2.0 M HCl solution at room temperature.
After adding TEOS, the resultant solution was equilibrated
at 40 �C for 1 h to pre-hydrolyze TEOS, and then APTES
was slowly added into the solution. The molar composition
of the mixture was (1�x) TEOS: x APTES: 6.1 HCl: 0.017
P123: 165 H2O, where x varied from 0 to 0.20, or the molar
ratio of APTES/(TEOS + APTES) was 0–20%. The result-
ing mixture was stirred at 40 �C for 20 h and then trans-
ferred into a polypropylene bottle and reacted at 90 �C
under static condition for 24 h. The solid product was
recovered by filtration and dried at room temperature over-
night. The template was removed from the as-synthesized
material by refluxing in ethanol. Then the material was fil-
tered, washed several times with water and ethanol and
dried at 50 �C. The resultant samples are designated as
SBA-NH2-x-P, where P denotes ‘‘prehydrolysis of TEOS’’
and x is the molar percentage of the APTES/(TEO-
S + APTES). For comparison, a sample designated as
SBA-NH2-10 was prepared by similar procedures except
that TEOS and APTES were added to the acidic template
solution at the same time without TEOS prehydrolysis.
Another aminopropylated silica sample, denoted by
SiO2–NH2-10, was synthesized without the addition of
P123 template by the sol–gel process, where TEOS and
APTES were added into an opening beaker with 125 g of
2.0 M HCl solution at 40 �C under stirring and the mixture
was kept stirring at the same temperature until the water
was dried out.

All the obtained dried solids were treated with 0.2 M
methanol solution of tetramethylammonium hydroxide
(TMAOH) for 20 min to remove the residue Cl� ions
(1.0 g of the gel per 50 mL of solution). Finally, the mate-
rials were filtered, washed several times with methanol and
dried at 120 �C.

2.2. Sample characterization

X-ray powder diffraction (XRD) data were obtained on
a Panalytical X’Pert Pro diffractometer using Cu Ka radi-
ation (k = 1.5418 Å) at 45 kV and 40 mA. N2 adsorption–
desorption isotherms were carried out using a Micromer-
itics Tristar 3000 instrument at liquid nitrogen tempera-
ture. Before the measurements, the samples were
degassed at 100 �C for 12 h. The specific surface areas
were evaluated using the Brunauer–Emmett–Teller
(BET) method in the P/P0 range of 0.05–0.3. Pore size
distribution curves were calculated using the desorption
branch of the N2 adsorption–desorption isotherms and
the Barrett–Joyner–Halenda (BJH) method. Elemental
analyses (EA) were performed on a Heraeus CHN ele-
mental analyzer.

2.3. Catalytic reaction

The liquid phase base-catalyzed reactions were carried
out under N2 in a sealed flask immersed in a thermostat
bath with a magnetic stirrer. In a typical experiment
without the solvent, the reactants were mixed in the flask
and heated to the set reaction temperature. Then, 0.15 g
of the dried catalyst was rapidly added into the reactor.
For the reactions in the presence of solvent, the mixture
of the reactants in 5 ml of solvent was heated to the reaction
temperature before the dried catalyst was added into the
reactor. The liquid products were separated from the reac-
tion mixture at appropriate reaction intervals with a filter-
ing syringe and diluted with chlorobenzene for analysis.
The products were identified by GC–Mass spectrometry
(HP5971 mass spectrometer connected with a
30 · 0.25 mm RTX-50 capillary column) and analyzed by
using a Chrompak CP 9000 gas chromatograph (GC)
equipped with a 30 m · 0.32 mm RTX-50 capillary column
and an FID detector, where dodecane was used as the inter-
nal standard. The overall organic mass balance based on the
starting reactants was more than 95%.

3. Results and discussion

3.1. Textural characteristics and chemical composition of the
catalysts

The TMAOH treated amino-functionalized materials
with TEOS prehydrolysis showed one intense peak indexed
to (100) reflection and two weak peaks of (110) and (200)
reflections in their XRD patterns. The peak intensity weak-
ens with the increase in the loading of amino groups in the
samples from 5% to 20%. On the other hand, the materials
containing 10% amino groups prepared without TEOS pre-
hydrolysis (SBA-NH2-10) or without the addition of P123
template (SiO2–NH2-10) were X-ray amorphous. These
results confirmed that the aminopropyl-functionalized
materials synthesized with TEOS prehydrolysis had
ordered pore structures and the TMAOH treatment had
little influence on the ordering of mesoporous structure
as reported previously [24].

The textural characteristics and chemical compositions
of the modified materials after TMAOH treatment are
summarized in Table 1. All the materials prepared with



Table 1
Textural characteristics and chemical compositions of the amino-functionalized silica

Catalyst D100 spacing (Å) Pore diameter (Å) SBET (m2/g) Pore volume (cm3/g) N content (mmol/g)

Empirical Theoretical

Pure SBA-15 93 78 769 1.04 0 0
SBA-NH2-5-P 95 70 658 0.88 0.53 0.80
SBA-NH2-10-P 92 63 565 0.72 1.23 1.54
SBA-NH2-15-P 91 59 353 0.53 1.88 2.22
SBA-NH2-20-P 90 56 225 0.28 2.30 2.86
SBA-NH2-10 – – 447 0.26 1.28 1.54
SiO2–NH2-10 – – 542 0.28 1.57 1.54
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TEOS prehydrolysis exhibited the characteristic type IV
nitrogen sorption isotherms and contained mesopores of
narrow pore size distribution. Reasonably, the surface area
and pore volume decreased with the amino content. In con-
trast, samples SBA-NH2-10 and SiO2–NH2-10 contained
relatively low pore volumes.

3.2. Synthesis of flavanones

3.2.1. Influence of solvent on the catalytic performance

Flavonoids are commonly synthesized via the Claisen–
Schmidt condensation between substituted benzaldehydes
and substituted 2 0-hydroxyacetopheones followed by the
subsequent intramolecular Michel addition of the 2 0-
hydroxychalcone intermediates catalyzed by acids or bases
[11,14,18], as shown in Scheme 1. Blank experiment was
carried out by mixing 2 0-hydroxyacetophenone 1a and
benzaldehyde 2a at 100–160 �C and no reaction was
observed. Pure siliceous SBA-15 treated with methanol
solution of TMAOH was also tested for the catalytic con-
densation between 2 0-hydroxyacetophenone and benzalde-
hyde at 140 �C for 8 h. The reaction results showed that
very low catalytic activities and conversions lower than
3% were observed with or without the solvents. In contrast,
the amino-functionalized SBA-15 materials showed signif-
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Scheme 1. (i) The Claisen–Schmidt condensation and (ii
icantly high conversions and flavanone selectivities, indi-
cating that the amino groups instead of Si–O� groups
were the catalytic active sites in this reaction.

Table 2 shows the solvent effect on the catalytic conden-
sation of 2 0-hydroxyacetophenone and benzaldehyde over
SBA-NH2-10-P catalyst. Solvents were found to have great
influence on the catalytic performance. However, there is
no obvious correlation between the solvent polarity and
the conversion or the flavanone selectivity. On the other
hand, entry 6 in Table 2 shows that the catalyst has much
higher conversion of 1a and selectivity to flavanone 4a

under the solvent-free condition, indicating that the solvent
molecules would hamper the conversion of the reactants. It
is also noticed that the solvents containing benzene ring
such as nitrobenzene, benzonitrile and trimethylbenzene
gave relatively low flavanone selectivities, implying that
these solvent molecules also interfere with the cyclization
of 2 0-hydroxychalcone 3a to form 4a.

The conversions of the reactants were also influenced by
the relative amounts of the reactants. When the 1a/2a

molar ratio was reduced from 1:1 to 1:1.5 under solvent-
free condition, the conversion of 1a increased from 84%
to 92% and the selectivity to 4a was retained around
70%. The 1a/2a molar ratio of 1:1.5 was used for further
studies hereafter. In all the reactions, no by-products other
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Table 2
The catalytic performance of SBA-NH2-10-P in the condensation of 2 0-hydroxyacetophenone (1a) and benzaldehyde (2a) with and without solvents at
140 �C for 8 ha

Entry 1a/2a

(molar ratio)
Solvent Dielectric constant

(20 �C)
Conversion of
1a (%)

Selectivity to
3a (%)

Selectivity to
4a (%)

1 1:1 DMSO 48.9 52 32 68
2 1:1 Nitrobenzene 35.6 53 61 39
3 1:1 Benzonitrile 26.5 35 52 48
4 1:1 Hexyl alcohol 13.3 12 33 67
5 1:1 1,3,5-Trimethylbenzene 2.3 55 64 36
6 1:1 – – 84 29 71
7 1:1.5 – – 92 31 69

a Reaction conditions: 10 mmol 1a; 10 or 15 mmol 2a; 5 ml solvent.
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than chalcone and flavanone were detected by GC and
GC–MS in the reaction products, indicating that neither
Cannizzaro reaction of aldehyde nor condensation of
ketone took place under the reaction conditions.

3.2.2. Effect of reaction temperature and time on catalytic

performance

The effect of the reaction temperature on the catalytic
activity and selectivity was examined between 110 and
160 �C in the absence of solvent over SBA-NH2-10-P,
and the results are illustrated in Fig. 1. It was found that
the conversion of 2 0-hydroxyacetophenone as well as the
flavanone selectivity increased gradually with increasing
reaction temperature from 110 to 140 �C. As the tempera-
ture was further increased, the conversion and selectivity
were almost unchanged and kept around 92% and 69%,
respectively. The leveling off of conversion is probably
due to the blockage of catalytic centers by the high concen-
tration of the products at this high conversion stage. On
the other hand, the intramolecular isomerization of
2 0-hydroxychalcone to form flavanone is a unimolecular
reaction, it is expected that the entropy change of this
isomerization is negligible. As a result, the selectivity to
flavanone is independent of reaction temperature if the
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Fig. 1. Effect of reaction temperature on the catalytic performance.
Reaction conditions: 10 mmol 1a + 15 mmol 2a; reaction time, 8 h.
final selectivity was determined by the thermodynamic
equilibrium between 2 0-hydroxychalcone and flavanone.

The catalytic performance of sample SBA-NH2-10-P as
a function of the reaction time in the condensation of benz-
aldehyde and 2 0-hydroxyacetophenone was studied under
solvent-free condition at 140 �C (Fig. 2). The catalytic
activity was found to increase rapidly with the reaction
time up to 8 h and then slow down. The selectivity to flava-
none also increased gradually with time in 8 h, and then it
was kept around 69% as the reaction time was prolonged to
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Fig. 2. The 1a conversion and selectivity to 4a as a function of reaction
time over SBA-NH2-10-P and SiO2–NH2-10 in the absence of solvent.
Reaction conditions: 1a, 10 mmol; 2a, 15 mmol; reaction temperature,
140 �C.
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14 h. The final selectivity, supported by a separate experi-
ment using flavanone as the reactant, was found to be
determined by the thermodynamic equilibrium between
2 0-hydroxychalcone and flavanone. When 0.15 g of the cat-
alyst was heated with flavanone at 140 �C for more than
8 h, a portion of flavanone was converted to chalcone with
the molar ratio of flavanone/(flavanone + chalcone) being
around 69% and that was unchanged with prolonged reac-
tion time.

3.2.3. Influence of amino loading and porous structure

The catalytic activities of ordered mesoporous SBA-15
catalysts prepared with TEOS prehydrolysis and contain-
ing different amounts of amino groups are displayed in
Table 3. The conversion of 2 0-hydroxyacetophenone
reaches a maximum for the catalyst SBA-NH2-10-P, which
contains 1.23 mmol/g amino groups. Thereafter, the con-
version decreases gradually with the increase in the amino
loadings. However, the selectivities to flavanone were all
around 68% over this series of catalysts, indicating the
attainment of thermodynamic equilibrium between 2 0-
hydroxychalcone and flavanone. The appearance of an
optimal conversion for 10% amino loading is attributed
to the decrease in surface area and pore volume of the
materials with the increase in amino loading. On the other
hand, the results of entries 2, 5 and 6 in Table 3 compare
the performance of the three catalysts containing similar
amino loadings around 10% but different crystallographic
ordering. The amorphous samples SBA-NH2-10 and
SiO2–NH2-10 gave relatively lower conversions than
SBA-NH2-10-P of ordered pore structures. Especially,
amorphous SiO2–NH2-10 which has the highest N content
in the solids among these three catalysts, gave the lowest
conversion, implying that a great portion of the amino
groups are probably not accessible to the reactant mole-
cules. Moreover, the ordered pore size and large pore vol-
ume on SBA-NH2-10-P would facilitate the diffusion of the
reactant and product molecules in the pore channels. The
lower selectivities to flavanone over the amorphous cata-
lysts are likely accounted for by assuming that the equilib-
rium between chalcone and flavanone was not reached yet.
As the reaction time was prolonged to 10 h, the selectivity
to flavanone increased to 69%, as shown in Fig. 2.
Table 3
Catalytic performance of the amino-functionalized silica materials with
different amino loadings in the condensation of 2 0-hydroxyacetophenone
(10 mmol) and benzaldehyde (15 mmol) in the absence of solvent at 140 �C
for 8 h

Entry Catalyst Conversion
of 1a (%)

Selectivity
to 3a (%)

Selectivity
to 4a (%)

1 SBA-NH2-5-P 74 32 68
2 SBA-NH2-10-P 92 31 69
3 SBA-NH2-15-P 87 32 68
4 SBA-NH2-20-P 81 32 68
5 SBA-NH2-10 61 38 62
6 SiO2–NH2-10 42 34 66
7 Used SBA-NH2-10-P 81 32 68
In order to check the possible leaching of the active sites,
the used catalyst SBA-NH2-10-P was treated with ethanol
in a Soxhlet apparatus for 3 h and then dried at 100 �C
overnight, and then it was reused as a catalyst for the con-
densation between 2 0-hydroxyacetophenone and benzalde-
hyde under solvent-free condition. The result is shown in
entry 7 in Table 3. The catalyst gave 81% conversion of
2 0-hydroxyacetophenone and 68% selectivity to flavanone,
indicating that most of the active sites could be regenerated
by a simple solvent treatment.

3.2.4. Influence of substituting groups

The catalytic reactions between various para-substituted
benzaldehyde and 2 0-hydroxyl-5 0-substituted acetophe-
nones were carried out in the absence of solvent over cata-
lyst SBA-NH2-10-P. The results are summarized in Table
4. All the reactions show relatively high conversions of
acetophenones (1) and very high selectivities to flavanones
(4). The substituting groups in the aromatic rings have
great influence on the conversion and selectivity. The
presence of the electron-withdrawing groups (ACl and
ANO2) at the para-position of benzaldehyde decreases
the conversion but increases the flavanone selectivity, while
the electron-donating groups (AOCH3) on benzaldehyde
favor the conversion of the reactants but decrease the
selectivity to flavanones. These trends in conversion are
opposite to those observed on other solid base or acid
catalysts [18,22], implying that the Claisen–Schmidt con-
densation may have different reaction mechanism over
the aminopropyl-functionalized silica [25].

In the previous studies on the adsorption of benzalde-
hyde on the aminopropyl xerogels, Sartori et al. [26,27]
showed that the C@N imine species were formed as the
main surface component (Scheme 2) and a reaction mech-
anism for the nitroaldol condensation on the basis of imine
formation was proposed. A similar reaction pathway is
suggested here for the Claisen–Schmidt condensation over
amine-functionalized mesoporous silica. The imine species
are proposed to be one of the intermediates and the attack
of imine by the anion of acetophenone produces the corre-
sponding adducts. The first step of the imine formation is
the attack by the nucleophilic amine on the carbonyl. A
rapid proton transfer results in an unstable carbinolamine.
Table 4
Reactions between 2 0-hydroxyacetophenone (10 mmol) and benzaldehyde
(15 mmol) with various substituting groups in the absence of solvent over
SBA-NH2-10-P at 140 �C for 8 h

Reaction R R 0 Conversion
of 1 (%)

Selectivity
to 3 (%)

Selectivity
to 4 (%)

a H H 92 31 69
b H NO2 66 14 86
c H Cl 83 27 73
d H CH3O 87 39 61
e CH3O H 89 16 84
f Cl H 92 25 75
g CH3O CH3O 84 18 82
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The carbinolamine then reacts to form imine by the loss of
water [28]. An electron-withdrawing group on benzalde-
hyde would favor the formation of carbinolamine interme-
diate but hinder the dehydration process and the formation
of imine. As a result, the conversion of the reactants
decreases. On the other hand, the influence of the
substituents at the meta position of acetophenone on the
conversion seems to be less significant. Both the electron-
donating and -withdrawing groups in the aromatic rings
of acetophenone can enhance the selectivity to flavanones
(cf. Reactions a, e and f in Table 4). The results are
probably due to the difference in the thermodynamic distri-
butions of products 3 and 4 among the compounds
containing different substituents. The geometric effect
which restricts the diffusion and adsorption of reactants
was proposed for the decrease in catalytic activities over
other solid catalysts like barium hydroxide, zeolites and
hydrotalcites when large substituting groups such as
NO�2 , Cl� and CH3O� was present on the reactants [16–
20]. However, this effect seems to be negligible in our sys-
tem, probably due to that the large mesoporous structure
provides a relatively open space for diffusion.

4. Conclusions

Aminopropyl-functionalized SBA-15 of ordered
hexagonally arranged mesoporous structure was an effi-
cient base catalyst for the synthesis of flavanones via the
Claisen–Schmidt condensation between 4-substituted
benzaldehydes and 2 0-hydroxyacetopheones and the subse-
quent isomerization of the 2 0-hydroxychalcone intermedi-
ates in the absence of solvent. The use of solvents
markedly decreased both the catalytic activity and the
selectivity to flavanone. The ordered pore size and large
pore volume of the amino-functionalized SBA-15 facilitate
the diffusion of the reactant and product molecules in the
pore channels. The optimal conversion was obtained for
the functionalized SBA-15 synthesized with 10% APTES/
(TEOS + APTES) molar ratio in the initial mixture. The
catalytic activity decreased with higher amino loading on
SBA-15 probably due to the decrease in surface area and
pore volume. The substituents in the aromatic rings of
the benzaldehyde have great effect on the catalytic
performance in the Claisen–Schmidt condensation under
solvent-free condition. The presence of the electron-with-
drawing groups at the para-position of benzaldehyde
decreased the conversion but increased the flavanone selec-
tivity, while electron-donating groups on benzaldehyde
favored the conversion but decreased the selectivity to flav-
anones. The results were explained by the formation of imi-
nes as the intermediates.
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