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Abstract

Al- and Ga-incorporated ETS-10, designated as ETAlS-10 and ETGaS-10, respectively, were synthesized by using P25 titan
source. The isomorphous substitution of Al and Ga for framework Si at the (4Si) environment was confirmed by29Si MASNMR measure-
ments. ETS-10 was more active in the Knoevenagel condensation than Y-type zeolites. The introduction of Al and Ga into ETS-10 enhan
the activity, due to the increase of the ion-exchange sites, which act as Brønsted base sites. The ion exchange of Na and K in
larger alkali cations such as Rb or Cs caused an increase in the activity for the Knoevenagel reaction of the less reactive and
substrates. ETS-10 selectively promoted the Knoevenagel condensation product compared to homogeneous amine catalysts, which prod
the undesired self-condensed products of active methylene compounds.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Conventional organic syntheses are generally base
homogeneous catalysts. In base-catalyzed reactions, organ
amine, alkali alkoxide, and alkali hydroxide are widely us
However, these homogeneous reactions suffer disadvan
in separation, regeneration, etc. From the viewpoint of gr
chemistry, the use of heterogeneous catalysts is urgentl
sirable. Thus basic catalysis of inorganic solid materials
attracted intense interest as compiled in recent reviews [1

The Knoevenagel condensation (Scheme 1) is a C=C
double bond formation reaction between carbonyl co
pounds and active methylene compounds and widely
ployed to synthesize intermediates of fine chemicals. C
ventionally, this reaction is catalyzed by weak bases like
mary, secondary, tertiary amines, etc., under homogen
conditions. Over the last decades, various solid cata
and solid-supported catalysts have been applied to thi
action such as anion-exchange resin [5], KF [6], magnes
and aluminum oxides [7–9], alkali-exchanged and alk
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Scheme 1. Base-catalyzedKnoevenagel condensation.

encapsulated zeolites [10–12], hydrotalcites [13], am
group-immobilized silica materials [14,15], clays [16], a
kali and alkaline earth carbonates [17], nitridated alu
nosilicates and aluminophosphates [18], and porous silicate
quaternary ammonium composites [19].

ETS-10 is one of the titanosilicates, first developed
Kuznicki [20]. ETS-10 has anideal chemical formula o
M2/nSi5TiO13, where M represents a cation with a charge
plusn, and a quite unique structure in which semistraight
O–Ti chains consisting of corner-sharing octahedral [TiO6]
species run along (100) and (010) directions without in
sections [21,22]. Owing to this nature, every [TiO6] tetra-
hedron of ETS-10 has two minus charges, making ETS
posses an ion-exchange capacity almost as high as zeo
with Si/Al = 2.3. Thus ETS-10 has a potential applicati

http://www.elsevier.com/locate/jcat
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to cation-exchange agents, adsorbents, and acid-base ca
lysts. The three-dimensionally accessible 12-membered rin
(12-MR) channel system of ETS-10 shows great promis
a catalyst for reaction involving bulky substances. Furth
more, the ion-exchange capacity can be controlled by
morphously substituting Al3+ or Ga3+ for framework Si4+
atoms [23,24]. Philippou et al. have reported a numbe
gas-phase reactions catalyzed by base sites of ETS-10;
dration oftert-butyl alcohol toi-butene [25], dehydrogena
tion of 2-propanol to acetone [26], and aldol condensatio
acetone [27].

In this paper, we report the liquid-phase Knoevenage
action over ETS-10 and modified ETS-10 catalysts.

2. Experimental

2.1. Preparation of materials

ETS-10 was hydrothermally synthesized according to
and Thomas [28]. The introduction of trivalent cations of
and Ga was conducted by adding the corresponding m
source to the synthesis gel. In a typical synthesis proced
P25 titania (Nippon Aerosil) was dispersed in the aque
solution of sodium hydroxide (Wako) and potassium fl
ride (Nacalai). The hetero atom source, sodium alumina
(Nacalai) or gallium nitrate (Wako), was added and the m
ture was stirred for 1 h. Then Ludox TM-40 colloidal sili
(40 wt% in water, Aldrich) was added into the above s
pension. After vigorous stirring for 2 h, the resulting wh
opaque silica–titania hydrogel was moved to a PTFE-li
stainless-steel autoclave and was hydrothermally cry
lized at 473 K for 45 h. The chemical composition of t
mother gel was adjusted to 5SiO2 · TiO2 · aM2O3 · 3NaOH·
KF · 75H2O, where M was Al or Ga anda was varied in the
range of 0–0.15. After the synthesis, the solid product
centrifuged and well washed with deionized water until
pH of the top clear layer became below 10. The product
dried at 373 K overnight and finally calcined in air at 723
for 6 h.

The ion-exchange treatment of ETS-10 with alkali s
was performed using 0.25 mol dm−3 aqueous solution o
lithium nitrate (Wako), potassium nitrate (Koso), rubidiu
nitrate (Kishida), or cesium nitrate (Wako) at room temp
ature for 16 h. After the treatment, the sample was w
washed, dried at 373 K for 2 h, and calcined at 723 K
6 h.

NaY zeolite (SK-40) was purchased from Nikka Se
Co., Ltd. The framework Si/Al atomic ratio was estimate
to be 2.3 by the29Si MASNMR measurement.

2.2. Characterization

Powder X-ray diffractograms were obtained on a M
Science MX-Labo diffractometer. The29Si, 27Al, and 71Ga
MASNMR spectra were recorded on a JEOL ECA-4
-

l
,

Table 1
Measurement conditions of29Si, 27Al, and71Ga MASNMR spectroscopy

Nuclear 29Si 27Al 71Ga

Magnetic field (MHz) 79.6 104 122
Magic angle spinningrate (kHz) 5 10 9
Recycle delay (s) 15 2.0 2.0
Pulse flip angle (deg) 45 20 20

multinuclear solid-state magnetic resonance spectrom
The conditions of the NMR measurements are listed
Table 1. Nitrogen adsorption analyses at 77 K were
formed on a BEL Japan Belsorp 28SA automatic gas s
tion meter. High-resolution argon adsorption isotherms w
recorded on a Quantachrome Autosorb-1 apparatus at 8
Micropore-size distributions were calculated by the Sa
Foley (SF) method using Ar adsorption isotherms in
p/p0 range of 10−6–10−1 [29,30]. Elemental analyses we
conducted on a Shimadzu ICPS-8000E inductive cou
plasma-atomic emission spectrometer (ICP-AES). FT
spectra [31] of pyrrole-adsorbed samples were collecte
a Perkin Elmer 1600 Series spectrometer. A self-suppo
wafer (∼ 30 mg, 20 mmφ) was evacuated in a quartz cell
723 K for 3 h to desorb the water and was exposed to
role vapor at room temperature for 5 min. IR spectra w
recorded at room temperature.

2.3. Catalytic tests

The Knoevenagel reaction in the liquid-phase was
ployed as a test reaction. All thecatalytic reactions were con
ducted batchwise in a water-bathed 25 cm3 round-bottom
flask equipped with a Dimroth condenser. The reaction m
ture was continuously stirred with a magnetic stirrer. Af
the reaction, the flask was quenched with ice water and
liquid phase was collected after the separation by centrif
tion. Quantitative analyses of the products were perfor
on a Shimadzu GC-14B gas chromatograph equipped
a 50 m OV-1 capillary column and a hydrogen fram
ionization detector usingn-decane as an internal standard

Two types of Knoevenagel reactions were perform
For reaction1 to form ethyl α-cyanocinnamate (ECC
10 mmol of benzaldehyde (BA), 10 mmol of ethyl cyano
etate (ECA), 15 cm3 of ethanol as a solvent, and 30 mg
catalyst were mixed and heated to 323 K for 2 h. Reac
2 to form 1,1-dicyano-2-methylpropene (DCMP) was co
ducted by mixing 20 cm3 of acetone (275 mmol), 10 mmo
of malononitrile (MN), and 20 mg of catalyst at 313 K f
0.5 h.

3. Results and discussion

3.1. Characterization of the synthesized materials

Powder XRD patterns of the materials are illustrated
Fig. 1. When neither Al nor Ga were added, pure ETS
was obtained. The addition of Al or Ga in the synthesis
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Fig. 1. XRD patterns of as-synthesized Al- and Ga-introduced [Na, K]
ETS-10 titanosilicates.

Fig. 2. XRD patterns of alkali-exchanged ETS-10 titanosilicates.

gave rise to a slight decrease in the crystallinity of ETS
and the coproduction of the impurity such as ETS-4,α-
quartz, and anatase. The formation of the impurity increa
with an increasing amount of Al or Ga added. However,
main phase obtained was ETS-10 in the range of Al/Ti or
Ga/Ti ratio examined in this study.

Fig. 2 shows the XRD patterns of alkali-exchanged ET
10 titanosilicates. Compared to the original ETS-10 (Fig.
the diffraction peaks of the Li-exchanged sample increa
in intensity and those of the Rb- and Cs-exchanged sam
decreased. The main reason is probably not the decrea
the crystallinity but the scattering effects of introduced
kali metal cations on X-ray. Anderson et al. proposed
f

Fig. 3. 29Si MASNMR spectra of Al- and Ga-introduced [Na, K]-ETS-1
titanosilicates.

there are five cations sites in ETS-10 [32]. The ion excha
would not occur site selectively, which could result in t
random distribution of electron in the ion-exchanged ET
10 samples. Rb- and Cs-exchanged ETS-10 samples co
a larger number of randomly distributed electrons. The m
randomly electrons distribute, the more X-ray photons
scattered to decrease the diffraction peaks in intensity.
second ion-exchange treatments caused the decrease
diffraction intensity for allthe samples. Repeated therm
treatments might have given rise to the slight degradatio
the ETS-10 structure.

29Si MASNMR spectra are shown in Fig. 3. Three we
resolved peaks were observed for the ETS-10 sample;
peaks at−93.2 and−95.1 ppm and a peak at−102.2 ppm
are attributed to Si atoms at (3Si, 1Ti) and (4Si) envir
ments, respectively. The introduction of Al or Ga into ET
10 led to the appearance of a new peak around−89 ppm
assigned to Si atoms at (2Si, 1Ti, 1Al, or 1Ga), which
dicated that the Al or Ga atoms were isomorphously s
stituted for Si atoms at (4Si) sites. The introduction of
and Ga was accompanied by a peak broadening, due t
increased variation of the chemical environment around
The more Al atoms were introduced into the framewo
the more the peaks broadened. Fig. 4 shows27Al MAS-
NMR spectra of Al-introduced ETS-10 samples. Obviou
almost all the Al atoms were located in the tetrahedral en
vironment and a quite low amount of octahedrally coor
nated Al was observed. These observations are cons
with those reported by Anderson et al. [24]. A71Ga MAS-
NMR spectrum of Ga-introduced ETS-10 sample shown
Fig. 5 revealed the presence of octahedrally coordinate
species (∼ 0 ppm) together with tetrahedrally coordinat
Ga species (∼ 180 ppm). Pentacoordinated Ga species m
also be present in the sample (∼ 80 ppm). These observa
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Fig. 4.27Al MASNMR spectra of Al-introduced [Na, K]-ETS-10 titanos
licates.

tions strongly indicate the presence of extraframework
species.

The intraframework and bulk silicon/metal ratios we
determined by29Si MASNMR peak areas [24] and ICP
AES, respectively (Table 2). The29Si MASNMR spectra
were deconvoluted into Gaussian functions. The Si/Ti ratio
of pure ETS-10 was ca. 5. When Al or Ga was introdu
into the ETS-10 structure, the framework Al/Ti or Ga/Ti
ratio increased. In the case of Al-incorporated ETS-10, th
framework Al/Ti ratio was comparable to the bulk Al/Ti ra-
tio. The (Si + Al)/Ti ratio in the framework proved to b
Fig. 5. A 71Ga MASNMR spectrum of Ga-introduced [Na, K]-ETS-10
tanosilicate. Ga/Ti ratio in the synthesis gel was 0.3.

constantly 5, which could also evidence the isomorph
substitution of Al for Si. On the other hand, the fram
work Ga/Ti ratio of ETGaS-10 was about half of the bu
Ga/Ti ratio, being consistent with the result of71Ga MAS-
NMR spectroscopy which indicated the presence of the
traframework Ga species.

3.2. Estimation of the base strength

Weakly acidic pyrrole can be used as a probe for the e
uation of basicity of the solid. The IR band attributed to
k

Table 2
Results of peak deconvolution of29Si MASNMR and calculated Si/metal ratios of Al- and Ga-introduced ETS-10 materials

Introduced Chemical Chemical Relative FWHM Intraframework Bul

metal environment shift (ppm) intensity (ppm) Si/Ti Metal/Ti (Si + Metal)/Ti metal/Ti

None (4Si) −102.3 1.000 0.443 5.04 – 5.04 –
(3Si, 1Ti) −95.1 1.560 0.592
(3Si, 1Ti) −93.2 1.502 0.515

Al (0.1) (4Si) −102.2 1.000 0.768 5.00 0.11 5.11 0.10
(3Si, 1Ti) −94.8 1.887 0.798
(3Si, 1Ti) −92.8 1.708 0.721
(2Si, 1Ti, 1Al) −91.1 0.192 0.917
(2Si, 1Ti, 1Al) −89.2 0.160 1.063

Al (0.2) (4Si) −102.0 1.000 0.909 4.87 0.19 5.06 0.22
(3Si, 1Ti) −94.6 1.852 0.918
(3Si, 1Ti) −92.7 1.797 0.928
(2Si, 1Ti, 1Al) −90.9 0.264 0.803
(2Si, 1Ti, 1Al) −89.2 0.403 1.485

Al (0.3) (4Si) −102.2 1.000 1.040 4.81 0.26 5.07 0.28
(3Si, 1Ti) −94.6 1.986 1.039
(3Si, 1Ti) −92.8 1.886 0.987
(2Si, 1Ti, 1Al) −90.6 0.518 0.901
(2Si, 1Ti, 1Al) −88.9 1.507 1.145

Ga (0.3) (4Si) −102.3 1.000 0.802 5.03 0.13 5.16 0.25
(3Si, 1Ti) −95.1 1.723 0.820
(3Si, 1Ti) −93.3 1.539 0.840
(2Si, 1Ti, 1Ga) −89.2 0.213 1.953
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Scheme 2. Model for pyrrole chemisorbed on a basic site. M and X re
sent an ion-exchangeable alkali metal cation and framework Ti, Al, o
atom, respectively.

Table 3
Shifts of N–H vibration of pyrrole adsorbed on alkali-exchanged Y a
ETS-10 materials

Catalyst Na/Ti K/Ti Metal/Ti �νNH (cm−1)

Li–Y 0.36a 0.64b Not resolved
Na–Y 1.00a – 37
Cs–Y 0.55a 0.45b 110, 40
Li–ETS-10 1.18 0.39 0.45 Not resolved
[Na, K]-ETS-10 1.51 0.47 – 90
Cs-ETS-10 1.25 0.41 0.30 190, 90

a Na/Al ratio.
b Metal/Al ratio.

N–H stretching vibration shifts to a lower wavenumber
the interaction of the H atom of pyrrole with a Brønsted b
site (Scheme 2). Barthomeuf measured the shifts of N–H
bration of pyrrole adsorbed on alkali-exchanged zeolites
verified that the shift was a function of the basicity [2,3
The results of the pyrrole IR are summarized in Table
The shift of the N–H absorption band,�νN–H, of Na–Y was
37 cm−1. After the ion-exchange treatment of Na–Y wi
Cs, a new band at�νN–H = 110 cm−1 appeared, indicat
ing the generation of stronger Brønsted base sites. W
[Na, K]-ETS-10 was treated with a Cs solution, a band
�νN–H = 190 cm−1 was observed in addition to the origin
band at�νN–H = 90 cm−1. The larger�νN–H observed on
Cs-ETS-10 than that on Cs–Y suggests the stronger bas
of Cs-ETS-10 than Cs–Y.

The electronegativity of Ti is slightly lower than that
Al. Moreover, two minus charges are shared by surround
six oxygen atoms of [TiO6] octahedra in ETS-10 material
while one minus charge is shared by four oxygen atom
[AlO4] in Y zeolite. The electron density of oxygen ato
around Ti in ETS-10 is higher than that around Al in Y z
olite, resulting in the larger shift of�νN–H, indicating the
stronger basicity of ETS-10 than Y zeolite.

3.3. Knoevenagel condensation

3.3.1. Knoevenagel condensation between benzaldehyde
and ethyl cyanoacetate

Table 4 shows the activity of various solid-base cataly
for the Knoevenagel reaction. When benzaldehyde and e
cyanoacetate were used as substrates, ETS-10 gave a high
yield of ethylα-cyanocinnamate (1) than Na–Y zeolite. Al
and Ga introduction into ETS-10 (ETAlS-10 and ETGaS-
respectively) increased the yield of ECC, probably due to
l

Table 4
The results of Knoevenagel reaction between carbonyl compounds and a
tive methylene compoundsa

Run Catalyst Yieldb (mol%)

1: R1 = H, R2 = Ph, 2: R1 = R2 = CH3,
X = CO2C2H5 X = CN

1 [Na,K]-ETS-10 28.8 23.0
2 ETAlS-10 38.4 37.0
3 ETGaS-10 41.5 41.0
4 Li-ETS-10 44.3 14.2
5 K-ETS-10 31.5 25.0
6 Rb-ETS-10 33.3 28.3
7 Cs-ETS-10 32.7 27.7
8 Li-ETS-10c n.d.d 7.1
9 K-ETS-10c n.d.d 24.9

10 Rb-ETS-10c n.d.d 21.0
11 Cs-ETS-10c n.d.d 22.8
12 Na–Y 14.5 0.0
13 Li–Y 10.7 0.0
14 K–Y 9.4 0.0
15 Rb–Y 5.2 0.0
16 Cs–Y 6.6 0.0
17 None 3.3 0.0
18 JRC-MGO-4-500A 78.2 3.8

a Reaction conditions: for reaction1, time, 2 h; temperature, 323 K
15 cm3 of ethanol as solvent, 5 mmol of benzaldehyde, 5 mmol of e
cyanoacetate, and 30 mg of catalyst; for reaction2, time, 0.5 h; tempera
ture, 313 K; 20 cm3 of acetone, 10 mmol of malononitrile, and 20 mg
catalyst.

b No by-products other than the Knoevenagel condensation produc
were obtained.

c The twice ion-exchanged materials were used as catalysts. Li/Ti =
0.65, Cs/Ti = 0.42. K/Ti and Rb/Ti were not determined.

d Not determined.

increase in the ion-exchange sites leading to the increa
the catalytically active Brønsted base sites. Ti–O–Ti cha
face the 7-MR channels of ETS-10 but not the 12-MR ch
nels, while Al and Ga atoms substitute the intraframew
(4Si) sites facing 12-MR channels. Although a relativ
small amount of Al or Ga was introduced into the ETS-
framework compared to the Ti amount, the ion-excha
sites originating from the framework Al or Ga existed on
main channels efficiently and then enhanced the catalytic a
tivity.

The ion-exchange treatment of original [Na, K]-ETS-
with various alkali metal salts caused the change of the
alytic properties of ETS-10 materials; Li increased and C
decreased the yield of ECC. Similar results were obtai
when alkali-exchanged Y zeolites were used as catal
This is contrary to what was reported for the effect of
exchange of X and Y zeolites; heavier alkali metal cati
exchanged X and Y zeolites exhibit higher basicity [10]. T
molecular size of ECC is estimated to be ca. 12×6 Å2. Since
Rb and Cs decreased the effective pore diameter of ET
in contrast to Li, the narrowed channels could impose
rious restriction on the formation and/or diffusion of EC
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Fig. 6. Micropore-size distributions oforiginal [Na, K]-ETS-10 and Li- and
Cs-exchanged ETS-10 titanosilicates.

Table 5
Surface area and micropore volume of alkali-exchanged ETS-10 material

Catalyst ALang
a (m2 g−1) Vp

b (mm3 g−1)

[Na, K]-ETS-10 401 104
Li-ETS-10 391 122
K-ETS-10 388 87
Rb-ETS-10 339 85
Cs-ETS-10 290 73

a Langmuir surface area.
b Micropore volume calculated by thet plot.

molecules. The highest yield of ECC was obtained over n
porous magnesia catalysts with extremely small crystal s
(JRC-MGO-4-500A, average crystal size= 50 nm, BET sur-
face area∼ 30 m2 g−1).

Micropore-size distributions of original [Na, K]-ETS-1
and Li- and Cs-exchanged ETS-10 are shown in Fig
The micropore size decreased in the order of Li-ETS-1>

[Na, K]-ETS-10 > Cs-ETS-10. As shown in Table 5, th
micropore volume and Langmuir surface area obviously
creased with increasing size of the cations. Minor struct
degradation or pore blocking might have occurred during
ion-exchange treatment with Rb or Cs, resulting in the
duced microporosity of the ETS-10 materials.

Knoevenagel condensation between BA and ECA
facile reaction since the carbonyl group of BA is attach
to only one mildly electron-donating group (Ph-) whi
slightly decreases the positive charge on the C atom of th
carbonyl group. Even without any catalyst, the condensa
proceeded to give the ECC yield of 3.8%. The basicity
ETS-10 and also Y zeolite might be too strong to disc
the relationship between the basicity and the activity for
reaction (Scheme 3). The yield of ECC would be simply
pendent on the accessibility of the substrates to the base
of the catalyst.
s

Scheme 3. The relationship between the base strength and the reacti
the carbanion generated on the base site.

3.3.2. Knoevenagel condensation between acetone and
malononitrile

In order to investigate the catalytic ability of ETS-10 f
the reactions demanding less reaction space, smaller
strates giving a smaller condensed product were emplo
The yield of the Knoevenagel reaction product from a
tone and malononitrile (MN) is also listed in Table 4. T
condensed product, 1,1-dicyano-2-methylpropene (2), was
hardly obtained over nonporous magnesia and Y-type
lite. Since the carbonyl group of acetone has two elect
donating groups (CH3–), which could increase a steric hi
drance around the carbonyl carbon and decrease thδ+
charge on the C atom of the carbonyl group, the cond
sation between acetone and MN would need a stronger
which would increase the degree of the charge separ
of the carbanion and the protonated base pair. The b
ity of Y-type zeolites, even Cs–Y, and magnesia was
strong enough for the production of DCMP (Scheme 3)
contrast, ETS-10 efficiently catalyzed the condensatio
acetone and MN even at a mild temperature of 313 K, du
its stronger basicity (Scheme 3). In a similar manner to
condensation of BA and ECA to form ECC, the introdu
tion of Al or Ga into the framework of ETS-10 increased
yield of DCMP, which can also be attributed to an incre
in the ion-exchange sites on the 12-MR channels.

The activity of alkali-exchanged ETS-10 increased in
following order: Li< [Na, K] < K < Rb≈ Cs, which is con-
sistent with the previous observations in the Knoeven
condensation between BA and ECA over alkali-exchan
X and Y-type zeolites by Corma et al. [10]. The condensa
between acetone and MN should need a stronger bas
than that between BA and ECA because of the lower pos
charge on the C atom of the carbonyl group and steric
drance induced by the two methyl substituents. The stro
Brønsted basicity of ETS-10 more strongly separated
charge between the protonated base site and the carb
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Fig. 7. Time course of the Knovenagel condensation between aceton
MN. Reaction conditions: temperature, 313 and 331 K; time, 0.5–1
20 cm3 of acetone, 10 mmol of malononitrile, and 20 mg of [Na, K
ETS-10.

generated from MN, which assisted the nucleophilic att
to the more weakly polarized carbonyl groups.

As shown in Table 4, after the second alkali excha
of the once exchanged ETS-10 catalysts, a lowered y
of DCMP was observed in all cases. The lowered acti
of Li-exchanged ETS-10 is due to the lowered basicity.
suppose that the increased amount of Rb or Cs ions in
duced by the second exchange would prevent the acce
the substrate molecules to the active sites even in the
tion between acetone and MN.

It could be noteworthy that the selectivity to the Knoev
nagel condensation products (both1 and2) was 100% over
all of the catalysts shown in Table 3.

3.3.3. Effect of the reaction time, temperature, and catalyst
weight

Fig. 7 shows the effect of the reaction time and tempe
ture on the formation of DCMP catalyzed by [Na, K]-ET
10. The yield of DCMP reached 100% after 12 and 4 h
temperatures of 313 K and 331 K, respectively. The re
tion proceeded in the pseudo-first order of MN because
excess amount of the other substrate, acetone, existed
reaction system. The initial turnover frequencies were fo
to be 51.9 and 99.3 mol (mol-ion-exchange sites)−1 h−1 at
313 and 331 K, respectively. When 100 mg catalyst w
used, DCMP was obtained at 93% at 313 K after 0.5 h re
tion time (Fig. 8), indicating that the condensation betw
acetone and MN proceeded very efficiently under mild c
ditions.

3.3.4. A comparison with organic amine catalyst
The Knoevenagel reaction is conventionally catalyzed

organic bases. We made a comparison of the catalytic p
erties between [Na, K]-ETS-10 and homogeneous base
f
-

e

-

Fig. 8. The effect of the catalyst weight. Reaction conditions: tempera
313 K; time, 0.5 h; 20 cm3 of acetone, 10 mmol of malononitrile, an
20–100 mg of [Na, K]-ETS-10.

Table 6
The comparison of ETS-10 and the organic aminesa

Run Catalyst Conversion Selectivity (mol%)

(mol%) DCMP Others

1 [Na, K]-ETS-10 23.0 100 0
2 Piperidine > 99 16 84
3 Triethylamine > 99 56 44

a Reaction conditions: time, 0.5 h; temperature, 313 K; 20 cm3 of ace-
tone, 10 mmol of malononitrile, and 20 mg of ETS-10 or 90 µmol of amin

alysts. The results are shown in Table 6. The amount o
organic base catalyst was adjusted to 90 µmol, corresp
ing to the amount of the ion-exchange sites in 20 mg
[Na, K]-ETS-10. [Na, K]-ETS-10 exhibited 100% selecti
ity for the Knoevenagel condensation product with no
products; however, piperidine and triethylamine gave
selectivity to the Knoevenagel condensation product; ins
the self-condensation of MN mainly occurred. The carb
ions generated by the deprotonation of MN with piperid
or pyridine did not attack the carbonyl group of acetone b
the cyano group of MN predominantly.

The mechanism of the selective reaction on ETS-1
shown in Scheme 4. The polarizability of the C–H bond of
the intermediate generated from the Brønsted base si
ETS-10 and MN could be larger than that generated f
organic amine and MN. The carbonyl carbon of aceton
charged less positively than the cyano carbon of MN. T
strongly polarized intermediate more easily attacks the
bonyl carbon of acetone which is less positively charged t
the cyano carbon of MN. Since much more acetone than
exists in the reaction mixture (acetone/MN molar ratio =
27.5), the Knoevenagel condensation occurred prior to
self-condensation of MN.
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Scheme 4. The comparison of the base strength of ETS-10 and organ
amines.

3.3.5. Recyclability of the catalyst
We also examined the recyclability of the [Na, K]-ET

10 catalyst. Here, reaction1 was employed as the test rea
tion. The used catalyst was calcined at 723 K for 6 h. After
the third regeneration, 27.3% yield of ECC was obtained
dicating that ETS-10 is a recyclable solid-base catalyst.

4. Conclusions

Al and Ga were successfully incorporated into the frame
work of ETS-10, isomorphously replacing the (4Si) sit
While no extraframework Al species were detected by27Al
MASNMR measurements, about half of Ga introduced
isted out of the framework. Na+ and K+ of the origi-
nal [Na, K]-ETS-10 was ion-exchanged for various alk
metal cations. Pyrrole-IR spectroscopy showed that the
sicity of Cs-ETS-10 was stronger than that of Cs-Y. F
the Knoevenagel condensation between benzaldehyde
ethyl cyanoacetate, Cs-exchanged ETS-10 exhibited a lowe
activity than the original [Na, K]-ETS-10. This is pro
ably because of the narrowed reaction space in the cat
lyst due to the presence of the cations large size. In
trast, the ion exchange with Li increased the activity. W
the condensation between acetone and malononitrile, w
needs a stronger basity, was employed as a probe
tion, Cs-exchanged ETS-10 exhibited high activity. ETS
catalyzed the condensation between acetone and malono
itrile selectively, while organic amine such as piperid
and triethylamine produced the self-condensed produc
malononitrile. The Knoevenagel condensation product
quantitatively obtained after 12 h at 313 K and after 4
at 331 K over [Na, K]-ETS-10. These findings indicate t
d

-

ETS-10 is effective in the heterogeneous base-catalyze
action for the production of fine chemicals involving sm
size substances.
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