
t

red

nd amino-
e
nce on the
amount of
surface area
ndensation

distributed
s were ob-
e

rmation of
Journal of Catalysis 233 (2005) 266–275

www.elsevier.com/locate/jca

Catalytic applications of aminopropylated mesoporous silica prepa
by a template-free route in flavanones synthesis

Xueguang Wang, Yao-Hung Tseng, Jerry C.C. Chan, Soofin Cheng∗

Department of Chemistry, National Taiwan University, Taipei 106, Taiwan

Received 23 February 2005; revised 7 April 2005; accepted 8 April 2005

Available online 6 June 2005

Abstract

Aminopropylated silica containing mesopores was prepared by a simple sol–gel process with tetraethyl orthosilicate (TEOS) a
propyltriethoxysilane (APTES) under strong acidic condition. The materials were characterized by N2 sorption, TGA, FTIR, and solid-stat
NMR measurements. It was proved that the amount of APTES in the initial mixture and the preparation process had a great influe
textural properties of the hybrid organic–inorganic materials. The samples prepared by TEOS prehydrolysis and an appropriate
APTES (equal to or less than 10 mol%) contained mesoporous structures of narrow pore size distribution and possessed a larger
and pore volume than that prepared without TEOS prehydrolysis. The materials were used as catalysts in the Claisen–Schmidt co
between substituted benzaldehydes and substituted 2′-hydroxyacetophenones and the subsequent isomerization of the 2′-hydroxychalcone in-
termediates in the liquid phase. The results showed that the presence of an appropriate amount of aminopropyl groups and narrow
mesopores was important for good performance of the catalysts. Good catalytic activities and very high selectivities for flavanone
tained in solvent-free reactions. The influence of the substituting groups in the aromatic rings of benzaldehyde and 2′-hydroxyacetophenon
was investigated under solvent-free conditions. The influence of electron-donating and electron-withdrawing groups at thepara position of
benzaldehyde was contrary to the results obtained over other base catalysts. The possible reaction mechanism involving the fo
imine intermediates was suggested for the synthesis of flavanone over aminopropylated silica.
 2005 Elsevier Inc. All rights reserved.
Keywords:Aminopropylated silica; Mesoporous; Template-free; Prehydrolysis; Claisen–Schmidt condensation; Base catalyst; Chalcone; Flavanone
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1. Introduction

Flavonoids are a ubiquitous group of polyphenolic s
stances that are present in most plants, preserving the h
of plants against infections and parasites. They are
in numerous pharmacological applications with antima
ial [1], anticancer[2], anti-inflammatory[3], cytotoxic [4],
antibacterial[5], and anti-AIDS [6] activities. Tradition-
ally, flavonones were synthesized via the Claisen–Sch
condensation between substituted benzaldehydes and
stituted 2′-hydroxyacetopheones and the subsequent iso
ization of the 2′-hydroxychalcone intermediates in basic
acidic media under homogeneous conditions (Scheme 1)
* Corresponding author. Fax: +886 2 23636359.
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[7–9]. Environmental regulations and process safety
driving the industry to develop new strategies to replace
uid acid or base processes.

Heterogeneous catalysis is widely accepted as an env
mentally friendly alternative for the synthesis of fine che
icals and pharmaceuticals, since the use of heterogen
catalytic processes not only allows easier separation, re
ery, and recycling of the catalyst from the reaction mixtu
but also gives better selectivity than homogeneous proce
for many bimolecular reactions[10–12]. In the past decade
various solid catalysts have been applied to flavonoid s
thesis, such as magnesium oxide[12], alumina[13], barium
hydroxides[14,15], hydrotalcites[16–18], and natural phos

phates modified with NaNO3 or KF [19,20]. However, most
of them require rather complicated preparation of the cata-
lysts or the use of expensive toxic solvents to facilitate heat
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Scheme 1. (i) Claisen–Schmidt condensation

and mass transfer in liquid-phase reaction systems[12]. As a
clean route for organic synthesis, the ultimate goal of m
heterogeneous catalytic processes is to eliminate the u
solvents.

Recently amino- or diamino-modified porous silic
were reported to be effective base catalysts for Knoe
nagel condensations, Michael additions, and the nitr
dol reactions[21–24]. Here we report our recent finding
on the efficient synthesis of flavanones by the Clais
Schmidt condensation reaction under solvent-free co
tions catalyzed by aminopropylated porous silica ma
rials. The materials were prepared through a simple
condensation method without the addition of any po
directing agents. The catalytic efficiency of the aminopro
lated silica is discussed for the Claisen–Schmidt cond
sation between substituted benzaldehydes and subst
2′-hydroxyacetopheones and the subsequent isomeriz
of the 2′-hydroxychalcone intermediates in the absence
solvent.

2. Experimental

2.1. Chemicals and catalyst synthesis

All chemical reagents and solvents were purchased f
Acros and used without further purification.

The aminopropylated silicas were prepared by the s
gel process of tetraethoxysilane (TEOS) and aminopro
triethoxysilane (APTES) under acid conditions. In the ty
ical synthesis, 8 g of TEOS was first added to an open
beaker with 125 g of 2.0 M HCl solution and hydrolyz
at 40◦C under stirring for 20 h. When the mixture b
came a slightly viscous solution, the appropriate amo
of APTES was slowly added, and the mixture was stir

at the same temperature until the water evaporated. The
obtained dried solids were finely ground and then treated
with a 0.2 M methanol solution of tetramethylammonium
ii) isomerization of 2′-hydroxychalcone intermediates.

f

d

hydroxide (TMAOH) for 20 min to neutralize the proto
nated amino groups (1.0 g of the gel per 50 ml of solutio
Finally, the material in powder form was filtered, wash
several times with methanol, and dried at 100◦C. The re-
sultant samples are designated Cat-x-P, where P denote
prehydrolysis of TEOS andx is the molar percentage o
APTES/(TEOS+ APTES). For example, Cat-10-P repr
sents the sample prepared with TEOS prehydrolysis
APTES/(TEOS+APTES)= 10 mol%. For comparison, th
sample denoted Cat-10, containing 10 mol% APTES,
prepared in a similar way without TEOS prehydrolysis.
other words, TEOS and APTES were added to the acid
multaneously. The other sample, denoted SBA-NH2, was
the mesoporous SBA-15 silica material containing 10 mo
APTES, prepared according to the procedures reporte
Ref. [24], with Pluronic 123 as the pore-directing age
and by hydrothermal reaction at 90◦C under static condi
tions for 24 h. The solid product recovered by filtration a
drying at room temperature overnight was refluxed in 9
ethanol for 24 h to remove the organic template. Fina
the material was treated with a 0.2 M methanol solut
of TMAOH for 20 min before it was used as the ca
lyst.

2.2. Catalyst characterization

N2 adsorption–desorption isotherms were measured
a Micromeritics Tristar 3000 at liquid nitrogen tempe
ture. Before the measurements, the samples were deg
at 100◦C for 12 h. The specific surface areas were e
uated with the Brunauer–Emmett–Teller (BET) method
the P/P0 range of 0.05–0.3. Pore size distribution curv
were calculated from the adsorption branch of the isothe
with the Barrett–Joyner–Halenda (BJH) method, and p

sizes were obtained from the peak positions of the distribu-
tion curves. The pore volume was taken at theP/P0 = 0.990
point.
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The loading of the aminopropyl groups was calcula
from the nitrogen content by elemental analysis, which
performed on a Heraeus CHNS elemental analyzer.

Thermogravimetric (TG) analyses were carried out
a Du Pont 951 thermogravimetric analyzer with a hea
speed of 10◦C/min in an air flow of 50 ml/min.

Fourier transform infrared (FTIR) spectra were taken
a Nicolet Magna-IR 550 spectrometer with a resolution
2 cm−1 by the KBr method.

The NMR experiments were carried out at29Si, 13C, and
1H frequencies of 59.6, 75.5, and 300.1 MHz, respectiv
on a Bruker DSX300 NMR spectrometer equipped wit
commercial 4-mm MAS-NMR probe. All spectra were me
sured at room temperature. The magic-angle spinning
quencies were set at 6 kHz for all experiments, and the v
ation was limited to±3 Hz with a commercial pneumat
control unit. Chemical shifts were externally referenced
TMS for 29Si and13C. For the29Si Bloch-decay experimen
the number of scans was set at 3072, and the recycle
lay was set at 60 s.13C{1H} cross-polarization spectra wer
measured with a recycle delay of 5 s, and the contact ti
were 3 ms. The number of scans was 5120. During the
tact time the1H nutation frequency was set equal to 50 kH
and a linear ramping was applied to the nutation frequ
cies of13C (27.3 to 43.0 kHz). The proton decoupling fie
during the acquisition period was 83 kHz.

2.3. Catalytic reaction procedure

The catalytic reactions of flavanone synthesis were
ried out under N2 in a sealed flask immersed in a the
mostatted bath with a magnetic stirrer. For the reaction
the absence of solvent, 15 mmol of benzaldehyde deriva
and 10 mmol of substituted 2′-hydroxyacetonphenone we
mixed and heated to 140◦C, and then 0.15 g of the drie
catalyst was rapidly added. For the reactions in the pres
of solvent, benzaldehyde and 2′-hydroxyacetophenone we
mixed with 5 ml of the solvent and heated to 140◦C before
the dried catalyst was added. The liquid products were s
rated from the reaction mixture at appropriate reaction in
vals with a filtering syringe and diluted with chlorobenze
for analysis. The products were analyzed with a Chrom
CP 9000 gas chromatograph (GC) equipped with a 30×
0.32 mm RTX-50 capillary column and FID detector, a
identified by GC–mass spectrometry (HP5971 mass s
trometer connected to a 30 m× 0.25 mm RTX-50 capillary
column). To calculate the weight balance at the end of
action, the catalyst was filtered and washed with CH2Cl2.
Then the solid was refluxed in fresh CH2Cl2 for 3 h, fol-
lowed by filtration and washing again with CH2Cl2. The

organic materials were recovered after the solvent was evap
orated. It accounted for more than 95% of the starting reac-
tants.
talysis 233 (2005) 266–275
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Fig. 1. (a) Nitrogen adsorption–desorption isotherms and (b) BJH pore
distribution of the aminopropylated silica materials.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. N2 sorption and elemental analysis
The N2 adsorption–desorption isotherms of the cataly

are shown inFig. 1. The isotherms of Cat-5-P and Cat-10
have type IV characteristics of the IUPAC classification, a
those of Cat-15-P and Cat-10 have no apparent hyste
loops and are closer to type I characteristics. BJH pore
analysis shows that Cat-5-P and Cat-10-P contain m
pores of narrow pore size distribution (PSD) in the ran
of 3–4 nm, and Cat-15-P and Cat-10 contain only neglig
amounts of mesopores. These results imply that mesopo
structures of narrow PSD can be formed by prehydrolysi

-TEOS and then co-condensation with an appropriate amount
of APTES in an acidic environment without the addition
of pore-directing agents. Nevertheless, these materials were
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Table 1
Physicochemical properties of the aminopropylated amorphous silica
SBA-NH2 catalysts

Catalyst SBET

(m2/g)

Vp

(cm3/g)

N content (mmol/g)

Theoretical Experimenta

Cat-0 753 0.62 0 0
Cat-5-P 609 0.46 0.8 0.67
Cat-10-P 542 0.39 1.54 1.62
Cat-15-P 310 0.20 2.22 2.18
Cat-10 489 0.28 1.54 1.57
SBA-NH2 664 0.85 1.54 1.21

X-ray amorphous, implying no long-range ordering of t
mesopores.

The basic physical and compositional characteristics
shown inTable 1. The aminopropyl groups from APTES a
effectively incorporated into the silica framework. Howev
the surface area and pore volume decrease with nitro
content for the materials prepared by the TEOS prehydr
sis process. On the other hand, in a comparison of Cat-
and Cat-10, which have the same APTES content in
mixture but are prepared by different methods, the one
pared by TEOS prehydrolysis has a larger surface area,
volume, and narrower PSD than that prepared without
hydrolysis.

3.1.2. Thermogravimetric analysis
The weight loss (TGA) and derivative weight (DTA)

the prepared catalysts containing 10 mol% APTES in
initial mixture with and without TEOS prehydrolysis a
illustrated in Fig. 2. The relatively large weight losses
temperatures lower than 100◦C are attributed to the loss o
adsorbed water. However, the amount of adsorbed wate
creased from 17 wt% for Cat-10-P synthesized with TE
prehydrolysis to 12 wt% for Cat-10 without prehydrolys
indicating the greater surface hydrophilicity of the form
catalyst[25]. This may be due to the fact that the ami
groups on Cat-10-P, which contain mesopores of nar
PSD, are more accessible by water than are those on Ca
The weight loss of about 8–10 wt% from 250 to 500◦C
is due to the decomposition of the aminopropyl groups
corporated. Furthermore, both samples exhibit about 1
weight loss at 500–700◦C. These are likely due to the deh
droxylation of the silicate networks[26] or the elimination
of residual ethoxy groups, attributed to the incomplete
drolysis of TEOS[27]. The results of TG analysis were
agreement with those of the chemical elemental analy
revealing that APTES in the synthesis mixture was alm
completely incorporated into the silica framework.

3.1.3. FTIR measurement
Fig. 3 illustrates the FTIR spectra of the aminoprop

lated silicas with different APTES contents prepared w

and without TEOS prehydrolysis. It shows that TEOS pre-
hydrolysis in the preparation procedure does not exert an ob-
vious influence on the IR spectra. The typical Si–O–Si bands
talysis 233 (2005) 266–275 269
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Fig. 2. TGA and DTG profiles of aminopropylated silica containi
10 mol% APTES (a) with and (b) without TEOS prehydrolysis.

around 1220, 1070, 791, and 470 cm−1 associated with the
condensed silica network are present in all cases. In the
frequency region, the presence of the weak N–H bend
vibration at 687 cm−1 and the symmetric –NH3+ bending
vibration around 1510 cm−1 confirm the incorporation o
amino groups. The intensity of these two peaks increa
with the APTES content. The peak of the C–N stret
ing vibration is normally observed in the range of 100
1200 cm−1 [28]. However, this peak cannot be resolve
because of its overlap with the absorbance of Si–O
stretch in the 1000–1130 cm−1 range and that of Si–CH2–R
stretch in the 1200–1250 cm−1 range[27,29]. The weak
bands around 1450–1470 cm−1, associated with –CH2 vi-
brations, can be seen for the samples containing am
propyl groups and the intensity increases with the APT
content (Fig. 3B). This further confirms the incorporation o
organic species into the framework. For the reference
ica sample prepared by the same method, no absorb
peaks at 1475, 1450, or 1385 cm−1, ascribed toδasym–CH3,

δ –CH2, and δsym –CH3, respectively, can be seen, im-
plying that ethoxy groups in TEOS were completely hy-
drolyzed under the synthesis conditions[23]. The pres-
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Fig. 3. FTIR spectra of samples prepared with TEOS prehydrolysis
taining different APTES contents: (a) 0 mol%, (b) 5 mol%, (c) 10 mo
(d) 15 mol%, and (e) a sample prepared without TEOS prehydrolysis
taining 10 mol% APTES in the starting mixture (whole range in (A) a
amplification between 1350 and 1750 cm−1 in (B)).

ence of two weak bands at 1990 and 1875 cm−1 is at-
tributed to the overtones and combination modes of
inter- and intra-tetrahedral fundamental vibrational mo
of the siliceous framework, which completely absorbs
radiation below 1300 cm−1 [23]. The strong peak aroun
1630 cm−1 is mainly from the bending vibration of ad
sorbed H2O. For all of the samples, the peaks associa
with noncondensed Si–OH groups in the range of 9
970 cm−1 were present[30]. The gradual shift of the Si–OH
band toward lower wave number (from 966 to 942 cm−1)

as the APTES concentration increases is probably due to
the increase in interaction between the –NH2 groups and
the silanol groups through hydrogen bonding, as illustrated
talysis 233 (2005) 266–275

Fig. 4. Possible hydrogen bonding interaction (a) intermolecular and
intramolecular Si–OH· · ·NH2 bridges[23].

Fig. 5. 29Si MAS NMR spectra of aminopropylated silica materials co
taining 10 mol% APTES in the mixture (a) with and (b) without TEO
prehydrolysis.

in Figs. 4a and b[23]. In the higher frequency region, th
presence of aminopropyl groups was further corrobora
by a broad band at 2700 to 3400 cm−1 and by the in-
creases in its intensity with the aminopropyl content. T
peaks in the 3000–2750 cm−1 range are due to the stretc
ing of CH2 groups, and those in the 3000–3400 cm−1 range
are attributed to the asymmetric and symmetric stretch
vibrations of NH2 groups. In comparison with pure silic
the broadening of the silanol bands around 3480 cm−1 may
be caused by the hydrogen-bonding interaction between
–NH2 groups and the silanol groups.

3.1.4. Solid-state NMR
Solid-state13C and29Si NMR spectroscopies were prov

to be the most useful for providing chemical information
garding the condensation of organosiloxane and silox
29Si MAS NMR spectra for aminopropylated silica mate
als containing 10 mol% APTES in the mixture are sho
in Fig. 5. Three distinct resonance peaks at−92, −101,
and −110 ppm are attributed to the Q2, Q3, and Q4 sili-
cons (Qn = Si(OSi)n(OH)4−n, n = 2–4), respectively, an
two other peaks at−57 and−67 ppm are attributed to th
T2 and T3 silicons (Tm = RSi(OSi)m(OH)3−m, m = 1–3),

m
respectively. The appearance of Tpeaks confirms that the
organosiloxane precursor APTES are condensed as a part of
the silica framework. The relative integrated intensities of
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Fig. 6.13C CP MAS NMR spectra of aminopropylated silica materials c
taining 10 mol% APTES in the mixture with TEOS prehydrolysis.

the Tm and Qn signals (Tm/(Tm + Qn)) are 0.12 and 0.11
for Cat-10-P and Cat-10, respectively, in good agreem
with those theoretically expected on the basis of the c
position of APTES in the initial mixture. The relative ar
ratios of Q4/(Q3 + Q2) peaks (Fig. 5) of these two sam
ples are different, indicating that the preparation method
influence on the completeness of TEOS condensation.
Q4/(Q3 + Q2) ratio of 1.15 for the sample synthesized w
TEOS prehydrolysis (Cat-10-P) is smaller than the valu
1.58 for Cat-10. Although Cat-10-P, with larger surface a
and pore volume, may contain more silanol groups on
surface, the relatively smaller Q4/(Q3 + Q2) value of Cat-
10-P in comparison with that of Cat-10 implies that larg
numbers of defects may be present in the former sam
Since the catalysts were prepared in open beakers, w
APTES was added in the synthesis gel of Cat-10-P a
TEOS prehydrolysis, a portion of the water was evapora
Therefore, the APTES concentration in the gel of Cat-1
should be relatively high in comparison with that in the s
thesis mixture of Cat-10. As a result, the dehydration
condensation of the silicate species were more seriousl
terfered with during the preparation of sample Cat-10-P t
they were during the preparation of Cat-10.

The13C CP-MAS NMR spectrum of Cat-10-P is illustra
ed inFig. 6. Three peaks at 10, 22, and 44 ppm, correspo
ing to the C atoms on the Si–CH2–CH2–CH2–NH2 group,
are clearly displayed in sequence from left to right[31]. It
further confirms that APTES precursors are co-conden

into the prepared material, and the organic moieties are not

5 1,3,5-Trimethylbenzene 2.3
6 – –
talysis 233 (2005) 266–275 271

bons of surface ethoxy groups (Si–OCH2CH3) are seen
further implying that the ethoxy groups of both TEOS a
APTES precursors are completely hydrolyzed in the pre
ration procedure[32]. This is also supported by IR spect
in Fig. 3.

3.2. Catalysis

3.2.1. Catalytic activity in the presence of solvent
The Claisen–Schmidt condensation of benzaldehyde

2′-hydroxyacetophenone was reported to be catalyzed
acids or bases; the reaction paths are shown inScheme 1.
Pure silica gel Cat-0 treated with a 0.2 M methanol solut
of TMAOH was first tested for the catalytic condensation
tween benzaldehyde (1a) and 2′-hydroxyacetophenone (2a),
with and without the solvents. The reaction results show
that pure silica gave negligible conversion (< 3%) of ace-
tophenone in all cases. In contrast, significant convers
and selectivities of flavanone (4a) were obtained over th
aminopropylated silica.Table 2shows that the catalyst gav
different conversions of 2′-hydroxyacetophenone and sele
tivities of 2′-hydroxychalcone (3a) and flavanone in dif-
ferent solvents and under solvent-free conditions over
10-P. However, there seems to be no correlation betw
the solvent polarity and the conversion or the selectivity
flavanone. Entry 6 inTable 2shows that the catalyst un
der solvent-free conditions has much a higher conver
of 2a and selectivity for flavanone, indicating that solve
can hamper both the conversion of the reactants and
isomerization of chalcone. This may be due to dilution
the concentration of the reactant by the solvent molecu
which would reduce the contact probability between the
actant molecules and the base active sites on the cat
On the other hand, the solvent molecules surrounding
amine active sites also reduce their ability to interact w
the reactants. The decrease in the selectivity for flavan
can be responsible for the change in thermodynamic
ance between chalcone and flavanone in different solve
These results are different from those obtained over o
solid catalysts such as MgO[12] and natural phosphate[33],
in which the solvent often facilitates the conversion of the

actants and the isomerization of chalcone. Moreover, no by-

ed in
n of
decomposed during the preparation procedure. Furthermore,
no peak signals around 19 and 60 ppm assigned to the car-

products other than chalcone and flavanone were observ
our reaction products, indicating that Cannizzaro reactio

Table 2
The catalytic performance of Cal-10-P in the condensation of benzaldehyde and 2′-hydroxyacetophenone with and without solvents at 140◦C for 10 h

Entry Solvent Dielectric constant
(20◦C)

Conversion of
2a (%)

Selectivity to3a
(%)

Selectivity to4a
(%)

1 DMSO 48.9 30 36 64
2 Nitrobenzene 35.6 35 45 55
3 Benzonitrile 26.5 13 40 60
4 1,2-Dichlorobenzene 2.8 17 52 48
20 44 56
88 31 69
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Fig. 7. The catalytic performances as a function of reaction time in the
densation of benzaldehyde and 2′-hydroxyacetophenone in the absence
solvent over aminopropylated silica materials prepared by different m
ods.

aldehyde or condensation of ketone did not take place u
the reaction conditions.

3.2.2. Dependence of reaction period
The catalytic activities versus the reaction time in C

sen–Schmidt condensation of benzaldehyde and 2′-hydro-
xyacetophenone over the aminopropylated silica mate
prepared with 10 mol% APTES but by different methods
shown inFig. 7, including the amorphous silica synthesiz
with and without TEOS prehydrolysis (samples Cat-1
and Cat-10, respectively), as well as SBA-NH2. The activ-
ities of Cat-10-P and SBA-NH2 were found to be close t
each other, and both were almost twice as high as that of
10. As the reaction time increased to 14 h, the conver
of 2a over Cat-10-P and SBA-NH2 increased to ca. 97%
whereas that over Cat-10 was only 55%. Since both Cat
P and SBA-NH2 possess mesopores of narrow PSD, th
results indicate that the presence of mesopores has a
influence on the performance of the catalysts, which lik
facilitates the diffusion of the reactant molecules to the

tive sites and the product molecules away from the surface of
the catalyst. This proposal was also confirmed by the obser-
vation that the reaction reaches the highest conversion faste
talysis 233 (2005) 266–275

r

-

t

Table 3
Catalytic performance of various aminopropylated catalysts with diffe
amino loadings and preparation methods in the condensation of benz
hyde and 2′-hydroxyacetophenone in the absence of solvent at 140◦C for
10 h

Catalyst Conversion of2a
(%)

Selectivity to3a
(%)

Selectivity to4a
(%)

Cat-5-P 76 31 69
Cat-10-P 88 31 69
Cat-15-P 24 31 69
Cat-10 49 32 68
Used Cat-10-P 64 30 70

over SBA-NH2, which possesses highly ordered mesopo
rather than over Cat-10-P. Nevertheless, the latter cat
was obtained by a much more economical route without
use of an organic template. On the other hand, the sele
ities for flavanone over all three catalysts were similar. T
selectivity for flavanone increased gradually within 8–10
and then it retained around 69% as the reaction time was
longed to 14 h. This is due to the thermodynamic equilibri
between 2′-hydroxychalcone and flavanone, which was s
ported by a separate experiment. When 0.15 g of the cat
was heated with flavanone at 140◦C for more than 8 h, a
portion of the flavanone was converted to chalcone, and
molar ratio of flavanone/(flavanone+ chalcone) was aroun
69%, and that was unchanged with prolonged reaction t

3.2.3. Influence of aminopropyl group loading
The catalytic activities of the catalysts containing diff

ent amounts of amino groups are displayed inTable 3. Both
Cat-5-P and Cat-10-P catalysts, which contain mesopo
structures with narrow PSDs, show very high conversion
2a (76 and 88%, respectively). In contrast, Cat-15-P, wh
contains greater amounts of amino groups but a neglig
amount of mesopores, has the conversion dramatically
creased to 24%. However, the selectivities for flavanone
all similar and are around 69%.

When the used Cat-10-P catalyst was re-used after b
treated with CH2Cl2 in a Soxhlet apparatus for 3 h and th
dried at 100◦C overnight, a lower conversion of acetoph
none (64 versus 88%) but a similar selectivity for flavano
(70 versus 69%) was observed (Table 3). These results in
dicate that most of the active sites could be regenerate
solvent treatment, and the decrease in conversion is pr
bly due to the incomplete removal of absorbed species f
the active sites by a simple CH2Cl2 treatment.

3.2.4. Influence of the nature of the reactant
The results of Claisen–Schmidt condensations betw

variouspara-substituted benzaldehyde and 2′-hydroxyl-5′-
substituted acetophenones carried out in the absence o
vent over Cat-10-P are summarized inTable 4. All of the
reactions show relatively high conversions of acetopheno
r

and very high selectivities for flavanones. To the best of
our knowledge, the selectivities for flavanones reported in
this table are the highest values reported for the catalytic
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Table 4
Reactions of benzaldehyde and 2′-hydroxyacetophenone with various su
stituting groups in the absence of solvent over Cat-10-P at 140◦C for 10 h

Reaction R R′ Conversion
of 2 (%)

Selectivity
to 3 (%)

Selectivity
to 4 (%)

a H H 88 31 69
b CH3O H 94 45 55
c Cl H 86 30 70
d NO2 H 58 15 85
e H CH3O 83 14 86
f H Cl 90 24 76
g CH3O CH3O 80 18 82
h CH3O Cl 90 32 68
i Cl CH3O 55 13 87
j NO2 CH3O 60 21 79

Claisen–Schmidt condensation reactions with or without
solvents up to date.

The substituting groups in the aromatic rings have a g
influence on the conversion and selectivity. Reactions
show that the presence of electron-donating groups a
para position of benzaldehyde (1) increases the conversio
of the reactants but decreases the selectivity for flavano
and the electron-withdrawing groups on benzaldehyde
crease the conversion but increase the flavanone selec
These trends in conversion are the reverse of those obs
on other solid base or acid catalysts[16,20], implying that
the Claisen–Schmidt condensation may have a differen
action mechanism over the aminopropylated silica. In c
trast, the electron-donating groups in the aromatic ring
acetophenone (2) decrease the conversion of the reacta
and the electron-withdrawing groups increase the con
sion of the reactants (reactions e and f). However, the
fluence of the substituents on acetophenone was less s
icant in comparison with that on benzaldehyde. Moreo
both the electron-donating and electron-withdrawing gro
on acetophenone enhance the selectivity for flavanones
steric effect of substituting groups such as NO2–, Cl–, and
CH3O– was reported to decrease catalytic activities o
other solid catalysts like barium hydroxide, zeolites, and
drotalcites[14–18]. However, this seems to be negligible
our system, which may be due to the relatively large sp
in the mesopore structure.

3.2.5. Reaction mechanism
The Claisen–Schmidt condensation of benzaldehyde

2′-hydroxyacetophenone has been studied under acid
basic conditions[7–9]. When a base catalyst is used, t
reaction mechanism generally accepted involves the for
tion of the anion of acetophenone through the deprotona
of the methyl group, followed by its attack on the carbo
group on benzaldehyde. If the reaction condition and
substituents present in the aromatic rings are suitable
chalcone products can cyclize to form the correspond

flavanone isomers[7–9,16]. According to these pathways,
the aldehydes bearing the electron-withdrawing groups in
the aromatic ring should be more reactive than those with
talysis 233 (2005) 266–275 273

,

.
d

-

electron-donating groups. However, the opposite was
served in our system, with aminopropylated silica as
catalyst. This suggests that the reaction mechanism cou
different from that over other base catalysts. The previ
studies on the adsorption of benzaldehyde on aminopr
xerogels by Sartori et al.[23,34]showed that the C=N imine
species were formed as the main component, and on
basis of imine formation a reaction mechanism for the
troaldol condensation was proposed. To explain the pre
reaction results, the imine species were proposed to be
of the intermediates. The modified reaction mechanism
shown inScheme 2. Over the aminopropylated silica ca
alysts, the benzaldehyde molecules and the amino gr
would form the C=N imine species, which was then a
tacked by the anion of acetophenone to produce the c
sponding adduct. According to the organic textbook[35],
the first step of the imine formation is the attack by the
cleophilic amine on the carbonyl. A rapid proton trans
results in an unstable intermediate called a carbinolam
A carbinolamine then reacts to form imine by the loss of w
ter. In the homogeneous system of imine formation, it w
reported that under slightly acidic conditions, formation
the carbinolamine intermediate is slow, while under neu
or basic conditions, dehydration of the carbinolamine
comes the slow step[36]. An electron-withdrawing group o
benzaldehyde would favor the formation of carbinolam
intermediate but hinder the dehydration process and the
mation of imine. As a result, the conversion decreases.
cording to the reaction results, imine formation should
the key step in determining the conversion. Furthermore
electron-withdrawing group on benzaldehyde facilitates
subsequent chalcone isomerization, and the selectivity o
vanone increases. As for the substituents at themetaposition
of acetophenone, the influence on the conversion was fo
to be less significant. However, the selectivities for flavan
were increased with substituents on the acetophenone.
is probably the thermodynamic distribution between pr
ucts3 and4.

4. Conclusions

The aminopropylated silica catalysts with different loa
ings of the amino group were prepared by a sample
condensation of TEOS and APTES under strong acid c
ditions. The materials with TEOS prehydrolysis and 1
or less APTES in the initial mixture contained mes
porous structure with narrow pore size distribution. Th
also showed larger surface area and pore volume than
without TEOS prehydrolysis. When used as base cata
in liquid-phase reaction, the aminopropylated silica g
very high conversion and selectivity for flavanones for
Claisen–Schmidt condensation between substituted

′
zaldehydes and substituted 2-hydroxyacetopheones and the
subsequent isomerization of the 2′-hydroxychalcone inter-
mediates under solvent-free conditions. Moreover, the ma-
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Scheme 2. Proposed mechanisms over the aminopropylated silica

terials with narrower distributed mesopores showed m
higher conversions. In contrast, the use of solvents mark
decreased both the catalytic activity and the selectivity
flavanone over the aminopropylated silica catalysts. The
stituents in the aromatic rings of the benzaldehyde gre
influenced the conversion and the selectivity for flavano
whereas the substituents at themetaposition of acetophe
none affected the conversion less significantly. The p
ence of electron-donating groups at thepara position of
benzaldehyde increased the conversion but decreased t
lectivity for flavanones, whereas the electron-withdraw

groups on benzaldehyde decreased the conversion but in
creased the flavanone selectivity. The trend was in contras
to the results observed over other base catalysts. The pos
) Claisen–Schmidt condensation and (ii) isomerization of 2′-hydroxychalcone.

e-

sible reaction mechanism through the imine intermed
was proposed. According to the reaction results, the im
formation should be the key step determining the con
sion.
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