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Abstract

Aminopropylated silica containing mesopores was prepared by a simple sol-gel process with tetraethyl orthosilicate (TEOS) and amino-
propyltriethoxysilane (APTES) under strong acidic condition. The materials were characterizedsbyphion, TGA, FTIR, and solid-state
NMR measurements. It was proved that the amount of APTES in the initial mixture and the preparation process had a great influence on th
textural properties of the hybrid organic—inorganic materials. The samples prepared by TEOS prehydrolysis and an appropriate amount c
APTES (equal to or less than 10 mol%) contained mesoporous structures of narrow pore size distribution and possessed a larger surface ai
and pore volume than that prepared without TEOS prehydrolysis. The materials were used as catalysts in the Claisen—Schmidt condensati
between substituted benzaldehydes and substit(tiegd2oxyacetophenones and the subsequent isomerization dftiyel@xychalcone in-
termediates in the liquid phase. The results showed that the presence of an appropriate amount of aminopropyl groups and narrow distribute
mesopores was important for good performance of the catalysts. Good catalytic activities and very high selectivities for flavanones were ob
tained in solvent-free reactions. The influence of the substituting groups in the aromatic rings of benzaldeh{xgdmkacetophenone
was investigated under solvent-free conditions. The influence of electron-donating and electron-withdrawing groygesaptisition of
benzaldehyde was contrary to the results obtained over other base catalysts. The possible reaction mechanism involving the formation «
imine intermediates was suggested for the synthesis of flavanone over aminopropylated silica.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction [7-9]. Environmental regulations and process safety are
driving the industry to develop new strategies to replace lig-
Flavonoids are a ubiquitous group of polyphenolic sub- uid acid or base processes.
stances that are present in most plants, preserving the health Heterogeneous catalysis is widely accepted as an environ-
of plants against infections and parasites. They are usedmentally friendly alternative for the synthesis of fine chem-
in numerous pharmacological applications with antimalar- icals and pharmaceuticals, since the use of heterogeneous
ial [1], anticancef2], anti-inflammatory{3], cytotoxic[4], catalytic processes not only allows easier separation, recov-
antibacterial[5], and anti-AIDS[6] activities. Tradition-  ery, and recycling of the catalyst from the reaction mixture,
ally, flavonones were synthesized via the Claisen—Schmidtput also gives better selectivity than homogeneous processes
condensation between substituted benzaldehydes and subfor many bimolecular reactiorj40-12] In the past decade,
stituted 2-hydroxyacetopheones and the subsequent isomer-yarious solid catalysts have been applied to flavonoid syn-
ization of the 2-hydroxychalcone intermediates in basic or thesis, such as magnesium ox[de], alumina[13], barium
acidic media under homogeneous conditiosheme Y hydroxideg14,15] hydrotalcite§16—18] and natural phos-
phates modified with NaN§or KF [19,20] However, most
~* Corresponding author. Fax: +886 2 23636359, of them require rather complicated preparation of the cata-
E-mail addresschem1031@ntu.edu.t¢®. Cheng). lysts or the use of expensive toxic solvents to facilitate heat
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Scheme 1. (i) Claisen—Schmidt condensation and (ii) isomerizatiofslf@oxychalcone intermediates.

and mass transfer in liquid-phase reaction sysfdi2s As a hydroxide (TMAOH) for 20 min to neutralize the proto-
clean route for organic synthesis, the ultimate goal of many nated amino groups (1.0 g of the gel per 50 ml of solution).
heterogeneous catalytic processes is to eliminate the use ofinally, the material in powder form was filtered, washed
solvents. several times with methanol, and dried at 2@0 The re-
Recently amino- or diamino-modified porous silicas sultant samples are designated &€#®; where P denotes
were reported to be effective base catalysts for Knoeve- prehydrolysis of TEOS and is the molar percentage of
nagel condensations, Michael additions, and the nitroal- APTES/(TEOS+ APTES). For example, Cat-10-P repre-
dol reactiong[21-24} Here we report our recent findings sents the sample prepared with TEOS prehydrolysis and
on the efficient synthesis of flavanones by the Claisen— APTES/(TEOS+APTES)= 10 mol%. For comparison, the
Schmidt condensation reaction under solvent-free condi- sample denoted Cat-10, containing 10 mol% APTES, was
tions catalyzed by aminopropylated porous silica mate- prepared in a similar way without TEOS prehydrolysis. In
rials. The materials were prepared through a simple co- other words, TEOS and APTES were added to the acid si-
condensation method without the addition of any pore- multaneously. The other sample, denoted SBA;N#as
directing agents. The catalytic efficiency of the aminopropy- the mesoporous SBA-15 silica material containing 10 mol%
lated silica is discussed for the Claisen—Schmidt conden- APTES, prepared according to the procedures reported in
sation between substituted benzaldehydes and substituteqkef, [24], with Pluronic 123 as the pore-directing agent,
2'-hydroxyacetopheones and the subsequent isomerizationyng py hydrothermal reaction at 90 under static condi-
of the 2-hydroxychalcone intermediates in the absence of tjons for 24 h. The solid product recovered by filtration and
solvent. drying at room temperature overnight was refluxed in 95%
ethanol for 24 h to remove the organic template. Finally,
] the material was treated with a 0.2 M methanol solution
2. Experimental of TMAOH for 20 min before it was used as the cata-

lyst.
2.1. Chemicals and catalyst synthesis

All chemical reagents and solvents were purchased from 2.2. Catalyst characterization
Acros and used without further purification.

The aminopropylated silicas were prepared by the sol- N2 adsorption—desorption isotherms were measured with
gel process of tetraethoxysilane (TEOS) and aminopropyl- @ Micromeritics Tristar 3000 at liquid nitrogen tempera-
triethoxysilane (APTES) under acid conditions. In the typ- ture. Before the measurements, the samples were degassed
ical synthesis, 8 g of TEOS was first added to an opening at 100°C for 12 h. The specific surface areas were eval-
beaker with 125 g of 2.0 M HCI solution and hydrolyzed uated with the Brunauer—-Emmett-Teller (BET) method in
at 40°C under stirring for 20 h. When the mixture be- the P/Pg range of 0.05-0.3. Pore size distribution curves
came a slightly viscous solution, the appropriate amount were calculated from the adsorption branch of the isotherms
of APTES was slowly added, and the mixture was stirred with the Barrett—Joyner—Halenda (BJH) method, and pore
at the same temperature until the water evaporated. Thesizes were obtained from the peak positions of the distribu-
obtained dried solids were finely ground and then treated tion curves. The pore volume was taken at #yegPp = 0.990
with a 0.2 M methanol solution of tetramethylammonium point.
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The loading of the aminopropyl groups was calculated
from the nitrogen content by elemental analysis, which was
performed on a Heraeus CHNS elemental analyzer.

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

Fourier transform infrared (FTIR) spectra were taken on ]
a Nicolet Magna-IR 550 spectrometer with a resolution of 150+
2 cm 1 by the KBr method. ]

The NMR experiments were carried out?88i, 13C, and 100+ o7
1H frequencies of 59.6, 75.5, and 300.1 MHz, respectively, WWWWVV a
on a Bruker DSX300 NMR spectrometer equipped with a 50-@7VV
commercial 4-mm MAS-NMR probe. All spectra were mea- : : : . .
sured at room temperature. The magic-angle spinning fre- 0.0 0.2 0.4 0.6 0.8 1.0
guencies were set at 6 kHz for all experiments, and the vari- Relative Pressure (P /P )
ation was limited to+3 Hz with a commercial pneumatic
control unit. Chemical shifts were externally referenced to
TMS for 29Si and'3C. For the?°Si Bloch-decay experiment,
the number of scans was set at 3072, and the recycle de-~ 0.044 =
lay was set at 60 $3C{1H} cross-polarization spectra were < .
measured with a recycle delay of 5 s, and the contact times;@
were 3 ms. The number of scans was 5120. During the con-
tact time the*H nutation frequency was set equal to 50 kHz,
and a linear ramping was applied to the nutation frequen-
cies of13C (27.3 to 43.0 kHz). The proton decoupling field
during the acquisition period was 83 kHz.
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2.3. Catalytic reaction procedure
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The catalytic reactions of flavanone synthesis were car- 10 20 30 40 50 60 70 80 90 100
ried out under M in a sealed flask immersed in a ther-
mostatted bath with a magnetic stirrer. For the reactions in
the absence of solvent, 15 mmol of benzaldehyde derivativeFig. 1. (a) Nitrogen adsorption-desorption isotherms and (b) BJH pore size
and 10 mmol of substituted-hydroxyacetonphenone were distribution of the aminopropylated silica materials.
mixed and heated to 14, and then 0.15 g of the dried
catalyst was rapidly added. For the reactions in the presence3, Resultsand discussion
of solvent, benzaldehyde an@2ydroxyacetophenone were
m|xed. with 5 ml of the solvent and 'he.ated to PADbefore 3.1. Catalyst characterization
the dried catalyst was added. The liquid products were sepa-
rated from the reaction mixture at appropriate reaction inter- 5 1 1 N sorption and elemental analysis

vals with a filtering syringe and diluted with chlorobenzene The N, adsorption—desorption isotherms of the catalysts
for analysis. The products were analyzed with a Chrompak gre shown irFig. 1 The isotherms of Cat-5-P and Cat-10-P
CP 9000 gas chromatograph (GC) equipped with 2 30 m  haye type IV characteristics of the IUPAC classification, and
0.32 mm RTX-50 capillary column and FID detector, and those of Cat-15-P and Cat-10 have no apparent hysteresis
identified by GC—mass spectrometry (HP5971 mass spec-joops and are closer to type | characteristics. BJH pore size
trometer connected to a 30 m0.25 mm RTX-50 capillary  apalysis shows that Cat-5-P and Cat-10-P contain meso-
column). To calculate the weight balance at the end of re- pores of narrow pore size distribution (PSD) in the range
action, the catalyst was filtered and washed with,CH. of 3-4 nm, and Cat-15-P and Cat-10 contain only negligible
Then the solid was refluxed in fresh @€l for 3 h, fol- amounts of mesopores. These results imply that mesoporous
lowed by filtration and washing again with GBI,. The structures of narrow PSD can be formed by prehydrolysis of
organic materials were recovered after the solvent was evap-TEOS and then co-condensation with an appropriate amount
orated. It accounted for more than 95% of the starting reac- of APTES in an acidic environment without the addition
tants. of pore-directing agents. Nevertheless, these materials were

Pore size (A)



X. Wang et al. / Journal of Catalysis 233 (2005) 266—275 269

T T T T T T T '05
Table 1 1004 |
Physicochemical properties of the aminopropylated amorphous silica and L 04
SBA-NH, catalysts ’
— i a 3
Catalyst SBET Vo N content (mmalg) § 90/ \i 1-0.3
(m2/g) (cm®/g) Theoretical Experimental @ -
Cat-0 753 062 0 0 Lo . 029
Cat-5-P 609 6 08 0.67 £ 804 r ")
Cat-10-P 542 (B9 154 162 -% | r-0.1
Cat-15-P 310 @0 222 218 = NPV W, |
Cat-10 489 @8 154 157 704 et RN St seshitongiprtyed= 0.0
SBA-NH» 664 Q85 154 121 L
0.1

100 200 300 400 500 600 700 800
X-ray amorphous, implying no long-range ordering of the
mesopores.
The basic physical and compositional characteristics are
shown inTable 1 The aminopropyl groups from APTES are
effectively incorporated into the silica framework. However, —¥r—r——1———1-0.3

Temperature (°C)

the surface area and pore volume decrease with nitrogen 1901
content for the materials prepared by the TEOS prehydroly-
sis process. On the other hand, in a comparison of Cat-10-P~ | 02
and Cat-10, which have the same APTES content in the & 07
mixture but are prepared by different methods, the one pre- § lo1 O
pared by TEOS prehydrolysis has a larger surface area, pore@ 80 3
volume, and narrower PSD than that prepared without pre- % ®
hydrolysis. (0] R e ot 0.0
. . . = 70

3.1.2. Thermogravimetric analysis

The weight loss (TGA) and derivative weight (DTA) of 0.1

the prepared catalysts containing 10 mol% APTES in the 100200 300 400 500 600 700 800

initial mixture with and without TEOS prehydrolysis are Temperature (°C)

illustrated inFig. 2 The relatively large weight losses at

temperatures lower than 10Q are attributed to the loss of ~ Fig- 2. TGA and DTG profiles of aminopropylated silica containing
adsorbed water. However, the amount of adsorbed water de-10 M7 APTES (2) with and (b) without TEOS prehydrolysis.

creased from 17 wt% for Cat-10-P synthesized with TEOS

prehydrolysis to 12 wt% for Cat-10 without prehydrolysis, around 1220, 1070, 791, and 470 chassociated with the
indicating the greater surface hydrophilicity of the former condensed silica network are present in all cases. In the low-
catalyst[25]. This may be due to the fact that the amino frequency region, the presence of the weak N-H bending
groups on Cat-10-P, which contain mesopores of narrow vibration at 687 cm? and the symmetric -N§t bending
PSD, are more accessible by water than are those on Cat-10vibration around 1510 cm confirm the incorporation of
The weight loss of about 8-10 wt% from 250 to 5@ amino groups. The intensity of these two peaks increases
is due to the decomposition of the aminopropyl groups in- with the APTES content. The peak of the C-N stretch-
corporated. Furthermore, both samples exhibit about 1 wt% ing vibration is normally observed in the range of 1000—
weight loss at 500-700C. These are likely due to the dehy- 1200 cnt! [28]. However, this peak cannot be resolved,
droxylation of the silicate networlf26] or the elimination because of its overlap with the absorbance of Si—O-Si
of residual ethoxy groups, attributed to the incomplete hy- stretch in the 1000-1130 cth range and that of Si-CHR
drolysis of TEOS[27]. The results of TG analysis were in  stretch in the 1200-1250 cmh range[27,29] The weak
agreement with those of the chemical elemental analysesbands around 1450-1470 cfy associated with —Cvi-
revealing that APTES in the synthesis mixture was almost brations, can be seen for the samples containing amino-

completely incorporated into the silica framework. propyl groups and the intensity increases with the APTES
content Fig. 3B). This further confirms the incorporation of
3.1.3. FTIR measurement organic species into the framework. For the reference sil-

Fig. 3 illustrates the FTIR spectra of the aminopropy- ica sample prepared by the same method, no absorbance
lated silicas with different APTES contents prepared with peaks at 1475, 1450, or 1385 thy ascribed tFasym—CHs,
and without TEOS prehydrolysis. It shows that TEOS pre- § —CH,, and dsym —CHgs, respectively, can be seen, im-
hydrolysis in the preparation procedure does not exert an ob-plying that ethoxy groups in TEOS were completely hy-
vious influence on the IR spectra. The typical Si-O-Si bands drolyzed under the synthesis conditiof&3]. The pres-
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Fig. 5.29Si MAS NMR spectra of aminopropylated silica materials con-
taining 10 mol% APTES in the mixture (a) with and (b) without TEOS
prehydrolysis.

Transmitance (%)

in Figs. 4a and b[23]. In the higher frequency region, the
presence of aminopropyl groups was further corroborated
by a broad band at 2700 to 3400 thand by the in-
: : : : creases in its intensity with the aminopropyl content. The
1700 1600 1500 1400 peaks in the 3000-2750 crhrange are due to the stretch-
Wavenumber (Cm'1) ing of CH, groups, and those in the 3000-3400¢mange
are attributed to the asymmetric and symmetric stretching
Fig. 3. FTIR spectra of samples prepared with TEOS prehydrolysis con- Vibrations of NH groups. In comparison with pure silica,
taining different APTES contents: (a) 0 mol%, (b) 5 mol%, (c) 10 mol%, the broadening of the silanol bands around 3480 tmay

(d) 15 mol%, and (e) a sample prepared without TEOS prehydrolysis con- be caused by the hydrogen-bonding interaction between the
taining 10 mol% APTES in the starting mixture (whole range in (A) and

amplification between 1350 and 1750 thin (B)). —NH; groups and the silanol groups.

~
523
©
-

3.1.4. Solid-state NMR
ence of two weak bands at 1990 and 1875 énis at- Solid-state'3C and?®Si NMR spectroscopies were proved
tributed to the overtones and combination modes of the to be the most useful for providing chemical information re-
inter- and intra-tetrahedral fundamental vibrational modes garding the condensation of organosiloxane and siloxane.
of the siliceous framework, which completely absorbs IR 2°Si MAS NMR spectra for aminopropylated silica materi-
radiation below 1300 cm' [23]. The strong peak around als containing 10 mol% APTES in the mixture are shown
1630 cnt! is mainly from the bending vibration of ad- in Fig. 5. Three distinct resonance peaks-a92, —101,
sorbed HO. For all of the samples, the peaks associated and —110 ppm are attributed to the2QQ?, and ¢ sili-
with noncondensed Si—-OH groups in the range of 940- cons (@ = Si(OSi),(OH)s—,, n = 2-4), respectively, and
970 cnt ! were presen30]. The gradual shift of the Si-OH  two other peaks at57 and—67 ppm are attributed to the
band toward lower wave number (from 966 to 942én T2 and T silicons (7" = RSi(0Si),(OH)3_,,, m = 1-3),
as the APTES concentration increases is probably due torespectively. The appearance df Peaks confirms that the
the increase in interaction between the -Ngtoups and organosiloxane precursor APTES are condensed as a part of
the silanol groups through hydrogen bonding, as illustrated the silica framework. The relative integrated intensities of
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c3 €2 bons of surface ethoxy groups (Si—O&EHz) are seen,

further implying that the ethoxy groups of both TEOS and
APTES precursors are completely hydrolyzed in the prepa-
ration procedurg32]. This is also supported by IR spectra
in Fig. 3.

Si-CH,CH,CH,-NH,
1 2 3

C1

3.2. Catalysis

80 40

i ] 3.2.1. Catalytic activity in the presence of solvent
Chemical shift (ppm)

The Claisen—Schmidt condensation of benzaldehyde and
2'-hydroxyacetophenone was reported to be catalyzed by
acids or bases; the reaction paths are showBdneme 1
Pure silica gel Cat-0 treated with a 0.2 M methanol solution
of TMAOH was first tested for the catalytic condensation be-
tween benzaldehyddd) and 2-hydroxyacetophenon@d),
with and without the solvents. The reaction results showed
that pure silica gave negligible conversioa 8%) of ace-

Fig. 6.13C CP MAS NMR spectra of aminopropylated silica materials con-
taining 10 mol% APTES in the mixture with TEOS prehydrolysis.

the 7" and @ signals (T*/(T" + Q")) are 0.12 and 0.11
for Cat-10-P and Cat-10, respectively, in good agreement
with those theoretically expected on the basis of the com-
position of APTES in the initial mixture. The relative area X o i
ratios of &F/(Q3 + Q?) peaks Fig. 5 of these two sam- tophenone in all cases. In contrast, significant conversions
ples are different, indicating that the preparation method has@nd selectivities of flavanoneld) were obtained over the
influence on the completeness of TEOS condensation. TheBMinopropylated silicalable 2shows that the catalyst gave
Q*/(Q® + Q?) ratio of 1.15 for the sample synthesized with different conversions of zhydroxyacetophenone and selec-
TEOS prehydrolysis (Cat-10-P) is smaller than the value of tivities of 2-hydroxychalcone 3g) and flavanone in dif-
1.58 for Cat-10. Although Cat-10-P, with larger surface area férent solvents and under solvent-free conditions over Cat-
and pore volume, may contain more silanol groups on the 10-P. However, there seems to be no correlation between
surface, the relatively smaller’Q(Q3 + Q2) value of Cat-  the solvent polarity and the conversion or the selectivity for
numbers of defects may be present in the former sample.der solvent-free conditions has much a higher conversion
Since the Cata'ysts were prepared in open beakerS, Wherpf 2a and SeIeCtiVity for ﬂa.Va.none, indicating that solvent
APTES was added in the synthesis gel of Cat-10-P after can hamper both the conversion of the reactants and the
TEOS prehydr0|ysisy a portion of the water was evapora’[ed. isomerization of chalcone. This may be due to dilution of
Therefore, the APTES concentration in the gel of Cat-10-P the concentration of the reactant by the solvent molecules,
should be relatively high in comparison with that in the syn- which would reduce the contact probability between the re-
thesis mixture of Cat-10. As a result, the dehydration and actant molecules and the base active sites on the catalyst.
condensation of the silicate species were more seriously in-On the other hand, the solvent molecules surrounding the
terfered with during the preparation of sample Cat-10-P than amine active sites also reduce their ability to interact with

they were during the preparation of Cat-10.

Thel3C CP-MAS NMR spectrum of Cat-10-P is illustrat-
ed inFig. 6. Three peaks at 10, 22, and 44 ppm, correspond-
ing to the C atoms on the Si—-GHCH,—CH>—NH; group,
are clearly displayed in sequence from left to ri¢@it]. It

the reactants. The decrease in the selectivity for flavanone
can be responsible for the change in thermodynamic bal-
ance between chalcone and flavanone in different solvents.
These results are different from those obtained over other
solid catalysts such as Mg[@2] and natural phosphafg3],

further confirms that APTES precursors are co-condensedin which the solvent often facilitates the conversion of the re-
into the prepared material, and the organic moieties are notactants and the isomerization of chalcone. Moreover, no by-
decomposed during the preparation procedure. Furthermoreproducts other than chalcone and flavanone were observed in
no peak signals around 19 and 60 ppm assigned to the carour reaction products, indicating that Cannizzaro reaction of

Table 2

The catalytic performance of Cal-10-P in the condensation of benzaldehydé-apdraxyacetophenone with and without solvents at@@or 10 h

Entry Solvent Dielectric constant Conversion of Selectivity to3a Selectivity toda
(20°C) 2a (%) (%) (%)

1 DMSO 489 30 36 64

2 Nitrobenzene 36 35 45 55

3 Benzonitrile 266 13 40 60

4 1,2-Dichlorobenzene .2 17 52 48

5 1,3,5-Trimethylbenzene 2 20 44 56

6 - - 88 31 69
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Table 3

Catalytic performance of various aminopropylated catalysts with different
amino loadings and preparation methods in the condensation of benzalde-
hyde and 2hydroxyacetophenone in the absence of solvent af C4Afor

10h

804

604 Conversion dfa

(%)

76
88

Catalyst Selectivity to3a

(%)
31
31
31
32

30

Selectivity toda
(%)
69
69
69
68
70

Cat-5-P
Cat-10-P
Cat-15-P 24
Cat-10 49
Used Cat-10-P 64

40+

—=—Cat-10-P
—0o—Cat-10
—O— SBANH,

Conversion of 2a (%)

204

o,
O

over SBA-NH, which possesses highly ordered mesopores,
rather than over Cat-10-P. Nevertheless, the latter catalyst
was obtained by a much more economical route without the
use of an organic template. On the other hand, the selectiv-
ities for flavanone over all three catalysts were similar. The
selectivity for flavanone increased gradually within 8-10 h,
and then it retained around 69% as the reaction time was pro-
longed to 14 h. This is due to the thermodynamic equilibrium
between 2hydroxychalcone and flavanone, which was sup-
ported by a separate experiment. When 0.15 g of the catalyst
was heated with flavanone at 140 for more than 8 h, a
portion of the flavanone was converted to chalcone, and the
molar ratio of flavanongflavanonet chalcone) was around
69%, and that was unchanged with prolonged reaction time.

[e.
o
1

(o2}
o
1

i
o
1

—m— Cat-10-P
—O— Cat-10
—0—SBA-NH,

Selectivity of 4a (%)
=

0 1 T T T L T T T
4 6 8 10

Reaction time (h)

12 14

3.2.3. Influence of aminopropyl group loading

The catalytic activities of the catalysts containing differ-
ent amounts of amino groups are displayedable 3 Both
Cat-5-P and Cat-10-P catalysts, which contain mesoporous
structures with narrow PSDs, show very high conversions of
2a (76 and 88%, respectively). In contrast, Cat-15-P, which
aldehyde or condensation of ketone did not take place undercontains greater amounts of amino groups but a negligible

Fig. 7. The catalytic performances as a function of reaction time in the con-
densation of benzaldehyde andi¥droxyacetophenone in the absence of
solvent over aminopropylated silica materials prepared by different meth-
ods.

the reaction conditions.

3.2.2. Dependence of reaction period
The catalytic activities versus the reaction time in Clai-
sen-Schmidt condensation of benzaldehyde druy@ro-

amount of mesopores, has the conversion dramatically de-
creased to 24%. However, the selectivities for flavanone are
all similar and are around 69%.

When the used Cat-10-P catalyst was re-used after being
treated with CHCI; in a Soxhlet apparatus for 3 h and then

xyacetophenone over the aminopropylated silica materialsdried at 100C overnight, a lower conversion of acetophe-
prepared with 10 mol% APTES but by different methods are none (64 versus 88%) but a similar selectivity for flavanone
shown inFig. 7, including the amorphous silica synthesized (70 versus 69%) was observetaple 3. These results in-
with and without TEOS prehydrolysis (samples Cat-10-P dicate that most of the active sites could be regenerated by
and Cat-10, respectively), as well as SBA-NHhe activ- solvent treatment, and the decrease in conversion is proba-
ities of Cat-10-P and SBA-Njiwere found to be close to  bly due to the incomplete removal of absorbed species from
each other, and both were almost twice as high as that of Cat-the active sites by a simple GBI, treatment.

10. As the reaction time increased to 14 h, the conversion

of 2a over Cat-10-P and SBA-NHincreased to ca. 97%, 3.2.4. Influence of the nature of the reactant

whereas that over Cat-10 was only 55%. Since both Cat-10- The results of Claisen—Schmidt condensations between
P and SBA-NH possess mesopores of narrow PSD, these variouspara-substituted benzaldehyde an@dhgdroxyl-5-
results indicate that the presence of mesopores has a greatubstituted acetophenones carried out in the absence of sol-
influence on the performance of the catalysts, which likely vent over Cat-10-P are summarizedTiable 4 All of the
facilitates the diffusion of the reactant molecules to the ac- reactions show relatively high conversions of acetophenones
tive sites and the product molecules away from the surface ofand very high selectivities for flavanones. To the best of
the catalyst. This proposal was also confirmed by the obser-our knowledge, the selectivities for flavanones reported in
vation that the reaction reaches the highest conversion fastethis table are the highest values reported for the catalytic



X. Wang et al. / Journal of Catalysis 233 (2005) 266—275 273

Table 4 electron-donating groups. However, the opposite was ob-

Reactions of benzaldehyde andiydroxyacetophenone with various sub-  served in our system, with aminopropylated silica as the

stituting groups in the absence of solvent over Cat-10-P at €40r 10 h catalyst. This suggests that the reaction mechanism could be

Reaction R R Conversion  Selectivity ~ Selectivity different from that over other base catalysts. The previous
of 2 (%) 03(%)  t04(%) studies on the adsorption of benzaldehyde on aminopropyl

a H H 88 31 69 xerogels by Sartori et 23,34]showed that the €N imine

b CHO  H 94 45 55 species were formed as the main component, and on the

c Cl H 86 30 70 ) o . i . .

d NO, H 58 15 85 basis of imine formation a reaction mechanism for the ni-

e H CHO 83 14 86 troaldol condensation was proposed. To explain the present

f H Cl 90 24 76 reaction results, the imine species were proposed to be one

g CHO CHO 80 18 82 of the intermediates. The modified reaction mechanism is

h CHo - Cl % 32 68 shown inScheme 2 Over the aminopropylated silica cat-

[ Cl CH3O 55 13 87 .

j NO, CHsO 60 21 79 alysts, the benzaldehyde molecules and the amino groups

would form the G=N imine species, which was then at-
tacked by the anion of acetophenone to produce the corre-
Claisen—Schmidt condensation reactions with or without the sponding adduct. According to the organic textbdak],
solvents up to date. the first step of the imine formation is the attack by the nu-

The substituting groups in the aromatic rings have a great cleophilic amine on the carbonyl. A rapid proton transfer
influence on the conversion and selectivity. Reactions a—dresults in an unstable intermediate called a carbinolamine.
show that the presence of electron-donating groups at theA carbinolamine then reacts to form imine by the loss of wa-
para position of benzaldehydel) increases the conversion ter. In the homogeneous system of imine formation, it was
of the reactants but decreases the selectivity for flavanonesyeported that under slightly acidic conditions, formation of
and the electron-withdrawing groups on benzaldehyde de-the carbinolamine intermediate is slow, while under neutral
crease the conversion but increase the flavanone selectivityor basic conditions, dehydration of the carbinolamine be-
These trends in conversion are the reverse of those observedomes the slow stg@6]. An electron-withdrawing group on
on other solid base or acid cataly$i$,20], implying that benzaldehyde would favor the formation of carbinolamine
the Claisen—Schmidt condensation may have a different re-intermediate but hinder the dehydration process and the for-
action mechanism over the aminopropylated silica. In con- mation of imine. As a result, the conversion decreases. Ac-
trast, the electron-donating groups in the aromatic rings of cording to the reaction results, imine formation should be
acetophenone2f decrease the conversion of the reactants, the key step in determining the conversion. Furthermore, the
and the electron-withdrawing groups increase the conver- electron-withdrawing group on benzaldehyde facilitates the
sion of the reactants (reactions e and f). However, the in- subsequent chalcone isomerization, and the selectivity of fla-
fluence of the substituents on acetophenone was less signifvanone increases. As for the substituents atrte&aposition
icant in comparison with that on benzaldehyde. Moreover, of acetophenone, the influence on the conversion was found
both the electron-donating and electron-withdrawing groups to be less significant. However, the selectivities for flavanone
on acetophenone enhance the selectivity for flavanones. Thevere increased with substituents on the acetophenone. This
steric effect of substituting groups such as NOCI—, and is probably the thermodynamic distribution between prod-
CH30- was reported to decrease catalytic activities over ucts3 and4.
other solid catalysts like barium hydroxide, zeolites, and hy-
drotalciteg14—18] However, this seems to be negligible in
our system, which may be due to the relatively large space4. Conclusions
in the mesopore structure.

The aminopropylated silica catalysts with different load-

3.2.5. Reaction mechanism ings of the amino group were prepared by a sample co-

The Claisen—Schmidt condensation of benzaldehyde andcondensation of TEOS and APTES under strong acid con-
2'-hydroxyacetophenone has been studied under acidic orditions. The materials with TEOS prehydrolysis and 10%
basic conditiond7-9]. When a base catalyst is used, the or less APTES in the initial mixture contained meso-
reaction mechanism generally accepted involves the forma-porous structure with narrow pore size distribution. They
tion of the anion of acetophenone through the deprotonationalso showed larger surface area and pore volume than that
of the methyl group, followed by its attack on the carbonyl without TEOS prehydrolysis. When used as base catalysts
group on benzaldehyde. If the reaction condition and the in liquid-phase reaction, the aminopropylated silica gave
substituents present in the aromatic rings are suitable, thevery high conversion and selectivity for flavanones for the
chalcone products can cyclize to form the corresponding Claisen—Schmidt condensation between substituted ben-
flavanone isomer§r—9,16] According to these pathways, zaldehydes and substitute@t®/droxyacetopheones and the
the aldehydes bearing the electron-withdrawing groups in subsequent isomerization of thét#/droxychalcone inter-
the aromatic ring should be more reactive than those with mediates under solvent-free conditions. Moreover, the ma-
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Scheme 2. Proposed mechanisms over the aminopropylated silica for (i) Claisen—Schmidt condensation and (ii) isomerizagidrog§énhalcone.

terials with narrower distributed mesopores showed much sible reaction mechanism through the imine intermediate
higher conversions. In contrast, the use of solvents markedlywas proposed. According to the reaction results, the imine
decreased both the catalytic activity and the selectivity for formation should be the key step determining the conver-
flavanone over the aminopropylated silica catalysts. The sub-sion.

stituents in the aromatic rings of the benzaldehyde greatly
influenced the conversion and the selectivity for flavanones,
whereas the substituents at timeta position of acetophe-
none affected the conversion less significantly. The pres-
ence of electron-donating groups at tpara position of
benzaldehyde increased the conversion but decreased the se- This project was supported by the National Science
lectivity for flavanones, whereas the electron-withdrawing Council, Taiwan. S.C. thanks Profs. Y.-M. Tsai, S.-T. Liu
groups on benzaldehyde decreased the conversion but inand S.-H. Chiu at Department of Chemistry, National Tai-
creased the flavanone selectivity. The trend was in contrastwan University, for the valuable discussions on the reaction
to the results observed over other base catalysts. The posmechanism.
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