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Highly accessible catalytic sites on recyclable
organosilane-functionalized magnetic nanoparticles:

An alternative to functionalized porous silica catalysts
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Abstract

Diaminosilane-functionalized cobalt spinel ferrite (CoFe2O4) magnetic nanoparticles are synthesized and used as efficient heterogeneous base
catalysts for the Knoevenagel condensation of aromatic and heteroaromatic aldehydes with malononitrile. The magnetic nanoparticle catalyst is
characterized by X-ray powder diffraction (XRD), transmission electron microscopy (TEM), thermogravimetric analysis (TGA), Fourier transform
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nfrared (FTIR), and nitrogen physisorption measurements. Quantitative conversion of the reactants is achieved under mild conditions. Recovery
f the catalyst is easily achieved by magnetic decantation. The supported catalyst is reused five times without significant degradation in catalytic
ctivity. No contribution from homogeneous catalysis due to active amine species leaching into reaction solution is detected. The performance of
he magnetic base catalyst in the Knoevenagel reaction is directly compared with diamine-functionalized SBA-15 and MCM-48. Reaction rates
ver the non-porous, magnetic nanoparticle catalyst are comparable to the large pore mesoporous silica materials and faster than the small pore
CM-48 material with ∼22 Å diameter pores. A significant effect of the acidity of the magnetic nanoparticle support on catalyst activity in the
noevenagel condensation is also observed.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The immobilization of homogeneous catalysts to facilitate
asy catalyst recovery and recycling, as well as product separa-
ion, is a longstanding pursuit of catalysis science [1]. Various
upport matrices such as organic polymers and inorganic silica,
specially porous inorganic materials with high surface areas,
ave been employed [2–4]. However, a substantial decrease
n activity of the immobilized catalyst is commonly observed,
specially under low temperature liquid phase conditions, due
o the problem of reactant diffusion to the surface-anchored
atalyst [5]. Nanoparticles have emerged as efficient alterna-
ive support materials for homogeneous catalyst immobilization
6]. When the size of the support material is decreased to the
anometer scale, high surface areas can be obtained, with all
f the area on the external surface of the particle when non-

∗ Corresponding author. Tel.: +1 404 385 1683; fax: +1 404 894 2866.
E-mail address: cjones@chbe.gatech.edu (C.W. Jones).

porous nanoparticles are used. As a consequence, the activity
of nanoparticle-supported catalysts could be improved com-
pared to homogeneous catalysts immobilized on conventional,
porous support matrices under conditions where internal pore
diffusion can represent a rate limiting step. However, in this
case, facile separation and recycling of nanoparticle materi-
als from reaction media still remains a challenge, as they are
often colloidal and therefore easily dispersed in liquid media
by Brownian motion. This issue can be addressed by using
magnetic supports, allowing the catalyst to be easily separated
from the liquid reaction media with application of an external
magnetic field. Recently, we demonstrated that the combina-
tion of functionalized, superparamagnetic nanoparticles with
traditional gravimetrically recovered catalysts allows for the pro-
motion of one-pot, multi-step catalytic reactions with complete
recovery of the various catalysts in pure form [7]. The synthe-
sis and use of superparamagnetic nanoparticles such as spinel
ferrite nanoparticles has been intensively investigated over the
last few years due to their tunable magnetic properties [8,9].
In the field of catalysis, magnetic nanoparticles have recently
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been utilized as catalyst supports for organic transformations
such as olefin hydroformylation [10], nitrobenzene hydrogena-
tion [11], olefin hydrogenation [12], Suzuki cross-coupling [13],
asymmetric hydrogenation [14], and biocatalytic transforma-
tions [15].

The Knoevenagel condensation of aldehydes with com-
pounds containing activated methylene groups is one of the
most useful and widely employed methods for carbon–carbon
bond formation with numerous applications in the synthesis
of fine chemicals [16] as well as heterocyclic compounds of
biological significance [17]. Conventionally, this reaction is
catalyzed by weak bases like primary, secondary, and tertiary
amines under homogeneous conditions, which often requires
upwards of 40 mol% catalyst with the attendant difficulties in
catalyst recovery and recycling [18]. Over the last decades,
various solid-supported catalysts have been applied to this
reaction such as aminoalkylsilane functionalized silica [19],
tetraalkylammonium hydroxide-immobilized MCM-41 [20],
guanidine-immobilized MCM-41 or SBA-15 [21,22], ammonia-
grafted FSM-16 [23], ammonia-treated zeolites [24], basic
metal-exchanged zeolites [25], MCM-48 with silicon oxynitride
frameworks [26], and silicate-organic composite materials [27].
Additionally, Knoevenagel reactions catalyzed by Lewis acids
have also been reported [28,29].

As noted above, we recently demonstrated a combination of
catalysts recovered by magnetic, gravimetric, and membrane
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99%), 2-hydroxybenzaldehyde (Acros, 99%), 4-hydroxybenzal-
dehyde (Acros, 99%), methanol (Acros, anhydrous, 99%),
methylamine (Alfa Aesar, 40%, w/w, aqueous solution),
4-methoxybenzaldehyde (Acros, 99%), 4-methylbenzaldehyde
(Acros, 97%), 4-nitrobenzaldehyde (Acros, 99%), poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene gly-
col) (EO–PO–EO) (Aldrich), N-propylethylenediamine (Acros,
99%), 2-pyridinecarboxaldehyde (Acros, 99%), 4-pyridine-
carboxaldehyde (Acros, 98%), pyrrole-2-carboxaldehyde
(Acros, 99%), sodium dodecyl sulfate (Acros, 85%), tetraethyl
orthosilicate (TEOS; Acros, 98%), N-[3-(trimethoxysilyl)
propyl]ethylenediamine (Acros, 99%), 1,3,5-trimethylbenzene
(TMB) (Aldrich, 97%), and o-xylene (Acros, 99%) were used
as received. Ethyl acetate (Fisher, 99%) and tetrahydrofuran
(THF) (Fisher, 99%) were dried over 4 Å molecular sieves.
Deionized water was purged with nitrogen overnight prior to
use.

A Fischer Scientific FS60H (low wattage sonication bath)
was used to sonicate samples. Nitrogen physisorption mea-
surements were conducted using a Micromeritics ASAP 2010
system. Samples were pretreated by heating under vacuum at
150 ◦C overnight. The surface areas were analyzed by the BET
method, and the pore size distribution was determined using the
BJH method applied to the adsorption branch of the isotherm.
A Netzsch Thermoanalyzer STA 409 was used for simultane-
ous thermogravimetric analysis (TGA) and differential scanning
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ethods in multi-step, one-pot reactions with recovery of each
ndividual catalyst [7]. In this work, we wish to report the
tilization of diamine-functionalized superparamagnetic spinel
errite nanoparticles as efficient heterogeneous catalysts for low
emperature liquid phase reactions with, in principle, no rate
ontribution associated with internal diffusional resistances. The
noevenagel reaction of malononitrile with aromatic and het-

roaromatic aldehydes is utilized as a well-known model reac-
ion under very mild conditions. High activity is observed and
he magnetic catalyst is easily isolated from the reaction mixture
y simple magnetic decantation and reused without significant
egradation in activity. The performance of the magnetic base
atalyst in the Knoevenagel reaction is directly compared with
iamine-functionalized hexagonal mesoporous SBA-15 materi-
ls of different pore diameters and cubic mesoporous MCM-48
s typical porous silica catalysts that represent a current bench-
ark in low temperature, liquid phase fine chemical catalysis.

. Experimental

.1. Materials and instrumentation

Cobalt(II) chloride (Alfa Aesar, anhydrous, 99.5%), iron(II)
hloride (Alfa Aesar, anhydrous, 99.5%), acetone (Acros,
9%), ammonium hydroxide (Fisher, 29%, v/v, aqueous
olution), benzaldehyde (Aldrich, anhydrous, 99%), benzene
Aldrich, anhydrous, 99%), 4-chlorobenzaldehyde (Acros,
8%), ethanol (Fisher, 99%), 2-furaldehyde (Acros, 99%), n-
exadecyltrimethylammonium (Aldrich), hexamethyldisilazane
HMDS) (Aldrich, 99%), hexanes (Fisher, 99%), hydrochloric
cid (HCl) (JT Baker; A.C.S. Reagent), malononitrile (Acros,
alorimetry (DSC) with a heating rate of 10 ◦C/min in air. X-
ay powder diffraction (XRD) patterns were recorded using Cu
� radiation source on a Scintag X1 powder diffractometer.
ransmission electron microscopy studies were performed using
JEOL 100CX II transmission electron microscope (TEM) at

00 kV and 100,000 magnification. The nanoparticles were dis-
ersed on holey carbon grids for TEM observation. Fourier
ransform infrared (FTIR) spectra were obtained on a Bruker
FS 66 V/S instrument in transmission mode with samples being
ispersed in potassium bromide pellets. Gas chromatographic
GC) analyses were performed using a Shimadzu GC 14-A
quipped with a flame ionization detector (FID) and an HP-
column (length = 30 m, inner diameter = 0.25 mm, and film

hickness = 0.25 �m). The temperature program for GC anal-
sis heated samples from 50 to 140 ◦C at 30 ◦C/min, from 140
o 300 ◦C at 40 ◦C/min, and held at 300 ◦C for 2 min. Inlet and
etector temperatures were set constant at 330 ◦C. o-Xylene was
sed as an internal standard to calculate the reaction conver-
ion. GC–MS analyses were performed using a Hewlett Packard
C–MS 5890 with a DB-5 column (length = 30 m, inner diam-

ter = 0.25 mm, and film thickness = 0.25 �m). The temperature
rogram heated samples from 30 to 300 ◦C at 15 ◦C/min and
eld at 300 ◦C for 5 min.

.2. Synthesis of magnetic nanoparticles

Cobalt spinel ferrite (CoFe2O4) nanoparticles were synthe-
ized following a microemulsion method [30]. Cobalt(II) chlo-
ide (0.9 g, 6.9 mmol) and iron(II) chloride (1.9 g, 14.9 mmol)
ere mixed in an aqueous solution (500 ml). An aqueous

urfactant solution of sodium dodecyl sulfate (SDS) (12.9 g,
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38.3 mmol) in deionized water (500 ml) was added, and the mix-
ture was stirred at room temperature for 30 min to form a mixed
micellar solution of Co(II) dodecyl sulfate and Fe(II) dodecyl
sulfate. The mixture was then heated to 55–65 ◦C. A solution of
methylamine (300 ml, 40%, w/w, aqueous solution) in deionized
water (700 ml) was heated to the same temperature and rapidly
added to the surfactant mixture. Black nanoparticles were pre-
cipitated. After the reaction mixture was stirred vigorously for
3 h, the nanoparticles were isolated by centrifugation and washed
with copious amounts of deionized water, ethanol, and hexanes.
The final product was dried in air at 50 ◦C overnight to yield
superparamagnetic cobalt spinel ferrite nanoparticles (1.7 g).

2.3. Amino-functionalized magnetic nanoparticles

The magnetic nanoparticles were functionalized with N-[3-
(trimethoxysilyl)propyl]ethylenediamine according to a slightly
modified reported procedure [31]. CoFe2O4 nanoparticles
(1.1 g) were dispersed in a mixture of ethanol and water (150 ml,
1:1, v/v). The suspension was sonicated for 30 min at room
temperature. Ammonium hydroxide (15 ml, 29%, v/v, aqueous
solution) was added, and the mixture was stirred vigorously at
60 ◦C for 24 h under an argon atmosphere. The nanoparticles
were washed with copious amounts of deionized water, ethanol,
and hexanes via magnetic decantation. Details of the magnetic
decantation method are provided in Section 2.6. The result-
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stirring a toluene (30 ml) suspension of SBA-15 (1 g) and N-[3-
(trimethoxysilyl)propyl]ethylenediamine (1 g) at room temper-
ature for 24 h under an argon atmosphere. The solid was then
filtered and washed with copious amounts of toluene, hexanes,
methanol, and diethyl ether in a dry box and dried under vac-
uum at room temperature overnight, yielding approximately 1 g
of amino-functionalized SBA-15.

2.5. Synthesis of MCM-48 and amino-functionalized
MCM-48

MCM-48 was synthesized by literature methods, uti-
lizing tetraethyl orthosilicate (TEOS) as silica source, n-
hexadecyltrimethylammonium as template, ethanol as solvent,
water as a reactant, and ammonia as catalyst for the hydrol-
ysis and condensation of the silica source [33]. The as-
prepared material was calcined using the temperature program
as described above. Prior to functionalization, the MCM-48
was dried under vacuum at 200 ◦C for 3 h and stored in a
dry box. Amino-functionalized MCM-48 was synthesized by
stirring a toluene (5 ml) suspension of MCM-48 (0.2 g) and
N-[3-(trimethoxysilyl)propyl]ethylenediamine (0.2 g) at room
temperature for 30 h under an argon atmosphere. The solid was
then filtered and washed with copious amounts of toluene, hex-
anes, methanol, and ether in a dry box and dried under vacuum
at room temperature overnight.
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ng product was redispersed in a mixture of ethanol and water
150 ml, 1:1, v/v), and sonicated for 30 min at room temper-
ture. N-[3-(Trimethoxysilyl)propyl]ethylenediamine (1 g) was
hen added, and the solution was heated at 60 ◦C with vigorous
tirring for 24 h under an argon atmosphere. The final product
as washed with copious amounts of deionized water, ethanol,

nd hexanes by magnetic decantation, and dried under vacuum
t room temperature overnight to yield amino-functionalized
agnetic nanoparticles (1.1 g). Capping the remaining surface

ydroxyl groups was achieved by stirring a portion of the as-
ynthesized materials (40 mg) with a large excess of hexam-
thyldisilazane (50 mg) in toluene (5 ml) at room temperature
vernight. The final product was washed with copious amounts
f toluene, ethanol, and hexanes by magnetic decantation, and
ried under vacuum at room temperature overnight.

.4. Synthesis of SBA-15 and amino-functionalized SBA-15

Large pore SBA-15 (100 Å) was synthesized by litera-
ure methods, utilizing the triblock poly(ethylene oxide)–
oly(propylene oxide)–poly(ethylene oxide) non-ionic surfac-
ant as the structure-directing agent and 1,3,5-trimethylbenzene
s a swelling cosolvent [32]. Small pore SBA-15 (65 Å) was
ynthesized using a similar procedure except no swelling cosol-
ent was employed. The as-prepared material was calcined using
he following temperature program: (1) increasing the temper-
ture (1.2 ◦C/min) to 200 ◦C, (2) heating at 200 ◦C for 1 h,
3) increasing the temperature (1.2 ◦C/min) to 550 ◦C, and (4)
olding at 550 ◦C for 6 h. Prior to functionalization, the SBA-
5 was dried under vacuum at 200 ◦C for 3 h and stored in
dry box. Amino-functionalized SBA-15 was synthesized by
.6. Catalytic studies

Unless otherwise stated, a mixture of basic magnetic nanopar-
icles (33 mg, 2.5 mol%), benzaldehyde (40 mg, 0.38 mmol), and
-xylene (21 mg, 0.2 mmol) in benzene (3 ml) was placed into a
0 ml glass vessel. The reaction vessel was sonicated for 5 min
t room temperature to disperse the magnetic nanoparticles in
olution. A solution of malononitrile (49 mg, 0.75 mmol) in
enzene (1 ml) was then added, and the resulting mixture was
tirred at room temperature under an argon atmosphere. Reac-
ion conversion was monitored by withdrawing aliquots from
he reaction mixture at different time intervals, quenching with
cetone, filtering through a short silica gel pad, analyzing by
C with reference to o-xylene, and further confirming product

dentity by GC–MS. After quantitative conversion was achieved,
n external magnetic field was applied on the outer surface
f the glass reaction vessel containing the magnetic nanopar-
icles and the reaction solution. The solution was removed from
he reaction vessel by decantation while the external magnet
eld the basic nanoparticles stationary inside the vessel. The
anoparticles were then washed with anhydrous benzene, sepa-
ated by magnetic decantation as described above, dried under
acuum overnight at room temperature, and reused if necessary.
or the leaching test, fresh reagents were added to the sepa-
ated reaction solution, and the resulting mixture was stirred at
oom temperature for 180 min. Reaction progress, if any, was
onitored by GC as previously described. The reaction was

lso carried out using different catalyst loadings, different sol-
ents, and different aromatic aldehydes, respectively. Diamine-
unctionalized SBA-15 and MCM-48 were used as silica-based
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catalysts in the reaction, for comparison with the basic magnetic
catalyst.

3. Results and discussion

3.1. Catalyst synthesis and characterization

Cobalt spinel ferrite nanoparticles were synthesized follow-
ing a microemulsion method [30]. It was previously reported
that magnetic nanoparticles synthesized in basic aqueous media
are covered with a number of surface hydroxyl (–OH) groups
[34]. The hydroxyl groups on the surface of the magnetic
nanoparticles were then enriched with an aqueous solution of
ammonia, facilitating the surface modification step. The result-
ing nanoparticles were functionalized via silane chemistry with
N-[3-(trimethoxysilyl)propyl]ethylenediamine to create surface
base sites, according to a slightly modified literature proce-
dure [31]. It was decided to immobilize diamine species on the
nanoparticle surface as the diamine exhibited high activity in
the Knoevenagel condensation under mild conditions, either in
sol–gel entrapped form [35] or silica supported form previously
[36].

SBA-15 has emerged as one of the most commonly used
mesoporous silica catalyst supports [37]. It is known to be
a well-defined, hexagonal mesoporous silica material with
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comparison to the basic magnetic nanoparticle catalyst in the
Knoevenagel condensation. Furthermore, mesoporous MCM-
48 with a smaller pore size than the SBA-15 materials was also
functionalized with the diamine moiety and used to study the
effect that mass transfer (internal diffusion) might have on the
reaction rate of the heterogeneous Knoevenagel condensation.

The amino-functionalized superparamagnetic nanoparticles
were characterized using a variety of different techniques. X-
ray powder diffraction showed that the magnetic nanoparticles
are spinel ferrites, with XRD patterns being consistent with lit-
erature (Fig. 1) [30]. No other crystalline phases were observed
in the XRD diffractogram. Thermogravimetric analysis of the
supported catalyst showed that approximately 0.3 mmol/g of the
diamine was immobilized on the ferrite nanoparticles. Transmis-
sion electron microscopy studies showed an average diameter of
approximately 30 nm for the particles (Fig. 2). Particle agglom-
eration was clearly observed for the unmodified nanoparticles,
and the primary particle size is likely closer to 10 nm in diameter.
Indeed, nitrogen physisorption measurements of the nanoparti-
cles gave BET surface areas of 200 m2/g and no measurable
mesoporosity. The high surface area in conjunction with the
lack of mesoporosity indicates that the primary particle size
of the nanoparticles is much smaller than the observed 30 nm
observed in the TEM images. Simple surface area calculations
assuming non-porous, spherical particles indicate that a sur-
face area of 200 m2/g corresponds to a primary particle size of
∼
a
t
g
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v
c
[
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-15 (
traight mesopores that are connected through small microp-
res. Mesoporous silicas of this type are useful model supports,
s they are highly ordered, hydrothermally stable, and have
ores of low polydispersity [37]. In particular, guanidine
oiety-functionalized SBA-15 was found highly active towards

he Knoevenagel reaction [22]. In the current contribution,
n SBA-15 supported diamine catalyst was synthesized using a
ethod we previously reported [38], substituting N-[3-

trimethoxysilyl)propyl]ethylenediamine for 3-aminopropyl-
rimethoxysilane, and used as a benchmark porous catalyst for

Fig. 1. X-ray powder diffractogram of different catalysts: small pore SBA
6 nm diameter. In the TEM images, a slight agglomeration was
lso observed for the amino-functionalized ferrite nanoparticles,
hough it was less pronounced. It was inferred that the amine
roups of the silane coated on the surfaces reduce the aggregation
f the ferrite nanoparticles. This would agree with the obser-
ations of Liang and co-workers, where magnetite nanoparti-
les (Fe3O4) were coated with 3-aminopropyltriethoxysilane
31]. It should be noted that most oxide particles, regardless
f composition, aggregate on TEM grids and the images do not

a), large pore SBA-15 (b), MCM-48 (c), and magnetic nanoparticles (d).
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Fig. 2. TEM micrograph of the unfunctionalized (a) and amino-functionalized (b) magnetic nanoparticles.

imply that the nanoparticles necessarily aggregate similarly in
solution.

Fourier transform infrared spectra of both the unfunctional-
ized and amino-functionalized nanoparticles showed the pres-
ence of an Fe–O stretching vibration at approximately 595 cm−1,
an O–H stretching vibration due to physisorbed water and poten-
tially surface hydroxyls near 3420 cm−1, and an O–H defor-
mation vibration near 1630 cm−1, respectively (Fig. 3) [31,34].
The significant features observed for the diamine-functionalized
nanoparticles are the appearance of the peaks at 1017 cm−1

(Si–O stretching), and 2920 cm−1 (–CH2 stretching). There also
exists the contribution of the –NH2 group for the band near
3300 cm−1, which is overlapped by the O–H stretching vibra-
tion. These features revealed the existence of the aminosilane

F
t

species on the particles, and the spectrum is in good agreement
with literature [31].

XRD was also used to determine the structural order of the
SBA-15 and MCM-48 materials. The XRD patterns of the SBA-
15 (Fig. 1) are in good agreement with a hexagonal pore structure
[37]. The XRD patterns of the MCM-48 (Fig. 1) are also consis-
tent with literature [39]. The large pore SBA-15 used in this study
has an average mesopore size of 101 Å and a BET surface area of
960 m2/g on the basis of low-temperature nitrogen physisorption
measurements. An average mesopore size of 65 Å and a surface
area of 930 m2/g were observed for the medium pore SBA-15.
The presence of a higher surface area for the material with larger
mesopores is a consequence of different amounts of micro-
porosity in the two samples [40]. Low-temperature nitrogen
physisorption measurements of the MCM-48 used in this con-
tribution showed an average mesopore size of 22 Å and a BET
surface area of 1490 m2/g. The TGA of the amino-functionalized
SBA-15 catalysts revealed that approximately 1.2 mmol/g of
the diamine were immobilized onto the silica supports (both 65
and 100 Å SBA-15). Similarly, a loading of 1.3 mmol/g of the
diamine was observed for the amino-functionalized MCM-48
catalyst.

3.2. Catalytic studies

The magnetic nanoparticle-supported diamine catalyst was
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ig. 3. FTIR spectra of unfunctionalized (top) and amino-functionalized (bot-
om) magnetic nanoparticles.
ssessed for its activity in the Knoevenagel reaction by studying
he condensation of benzaldehyde with malononitrile to form
enzylidene malononitrile as the principal product (Scheme 1).
he initial reaction was carried out using 2.5 mol% magnetic
atalyst relative to benzaldehyde in benzene at reflux tempera-
ure [35]. Complete conversion was achieved within just 5 min
ith no trace amount of benzaldehyde being detected by GC.
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Scheme 1. Knoevenagel reaction of benzaldehyde with malononitrile using basic magnetic nanoparticle catalyst.

It was therefore decided to carry out the reaction under milder
conditions (i.e. room temperature). The catalyst concentration,
with respect to the diamine moiety immobilized on the mag-
netic nanoparticles, was studied in the range of 0.5–2.5 mol%
at room temperature. Aliquots were withdrawn from the reac-
tion mixture at different time intervals and analyzed by GC,
giving kinetic data during the course of the reaction. Experimen-
tal results are summarized in Fig. 4. Quantitative conversion of
benzaldehyde was achieved in just 20 min at 2.5 mol% catalyst
loading. As expected, decreasing the catalyst loading resulted in
a drop in reaction rate, with complete conversion being observed
within 75 min at 1.5 mol% catalyst loading (however, initial
TOFs are approximately the same in all cases ∼2–3 min−1).
Reaction using 0.5 mol% catalyst still afforded a quantitative
yield, although a longer reaction time was required to convert
all of the benzaldehyde to the desired product (4 h). The results
indicated that the diamine-functionalized magnetic nanoparti-
cles were quite active in the Knoevenagel reaction. Furthermore,
the reaction rate observed for the basic magnetic catalyst appears
higher than some previously reported catalysts, where longer
reaction time or/and higher catalyst loadings were required for
the same reaction (although in these cases no kinetic data were
provided, and only conversion at the end of the experiment was
reported) [27,41].

It should be noted that the unfunctionalized magnetic
nanoparticles were only very weakly active in the Knoevenagel
c

F
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B
r
w

3 h (Fig. 4). This indicated the necessity of the diamine coat-
ing on the surface of the magnetic nanoparticles to create basic
sites. When using a supported catalyst, a crucial issue is the pos-
sibility that some of active sites could migrate from the solid
support to the liquid phase and that these leached species could
become responsible for a significant part of the catalytic activity.
In order to determine if leaching was a problem, an experiment
was performed to estimate the contribution of leached active
species to the catalytic activity. After the reaction, the basic
magnetic catalyst was separated from the reaction mixture by
magnetic decantation under a permanent magnetic field. The
reaction solution was transferred to a new reactor vessel, and
fresh reagents were then added to the solution. The resulting
mixture was stirred for 3 h at room temperature with aliquots
being sampled at different time intervals, and analyzed by GC.
The data from GC determinations gave quantitative informa-
tion about residual, catalytically active amine in solution. Within
experimental error, no further reaction was observed, indicating
there was no contribution from leached active species (Fig. 4). It
was therefore inferred that the active amine moiety was retained
on the solid support during the course of the reaction.

The sensitivity of a heterogeneously catalyzed reaction to dif-
ferent solvents can usually be of extreme importance, depending
on the nature of the catalyst support material [42,43]. Macquar-
rie et al. previously reported that the Knoevenagel condensation
using silica supported catalysts had a very limited range of
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ondensation, with less than 5% conversion observed within

ig. 4. Effect of catalyst concentration. Diamonds, squares, and triangles repre-
ent kinetic data for reactions using 2.5, 1.5, and 0.5 mol% catalyst, respectively.
roken lines show the leaching test result (triangles) and kinetics of the control

eaction using unfunctionalized magnetic nanoparticles (squares). All reactions
ere at room temperature.
ffective solvents, and gave the best reaction rate in non-polar
olvents [42,44]. We therefore decided to investigate the sol-
ent effect in the basic magnetic nanoparticle-catalyzed reaction,
sing 1.5 mol% catalyst loading at room temperature. As men-
ioned previously, benzene is one of the solvents of choice for the
noevenagel reaction. In this work, a combination of benzene

nd the basic magnetic catalyst afforded excellent conversions
or the reaction within a short reaction time (Fig. 5). The reaction
arried out in THF, a relatively polar solvent, also gave a sim-
lar reaction rate with all of the benzaldehyde being converted
o the desired product within 75 min. Interestingly, the basic
agnetic catalyst was also reactive in ethyl acetate, although a

light drop in reaction rate was observed, compared to the reac-
ion in benzene (Fig. 5). This is in contrast with the result of

acquarrie and Jackson where the Knoevenagel reaction using
minopropylated MCM catalyst in ethyl acetate was almost inef-
ective while reactions in non-polar solvents afforded complete
onversion, though different reactants were used [44]. It was
reviously proposed that the rate of the Knoevenagel reaction
sing silica-based catalysts was influenced by the partitioning
f the reactants (polar) between the catalyst pores and/or surface
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Fig. 5. Knoevenagel reactions in different solvents. Diamonds, squares, and
triangles represent kinetic data for reactions in benzene, THF, and ethyl acetate,
respectively. Broken lines show kinetic data for the reaction using hydrophobic
(capped) magnetic catalyst in ethyl acetate.

(polar) and the bulk reaction media (i.e. partitioning away from
the catalyst pores/surface was increased with more polar sol-
vents) [42,44]. The similar trend in the effect of solvent polarity
(i.e. more polar solvents are disadvantageous) observed for the
magnetic nanoparticle catalyst in this study could be rationalized
based on the same factors.

Katz and co-workers [45] investigated the effect of outer-
sphere acidity on chemical reactivity of amino-functionalized
silica catalysts in the Knoevenagel reaction and indicated that
differences between hydrophilic and hydrophobic silica sup-
ports resulted in significant effects on the reaction. A higher
reaction rate was observed for hydrophilic silica supported cat-
alyst with free acidic silanol groups surrounding the diamine
species. Capping the acidic silanol groups resulted in a sig-
nificant drop in reaction rate. As mentioned previously, the
amino-functionalized magnetic nanoparticles were covered with
a number of acidic hydroxyl (–OH) groups, which may lead
to similar effects. It was therefore decided to study the differ-
ences in activity between hydrophilic and hydrophobic magnetic
nanoparticle supports in the Knoevenagel condensation. The
reaction was carried out in ethyl acetate using 1.5 mol% catalyst
concentration of the hydrophobic magnetic catalyst, where free
acidic hydroxyl groups surrounding the diamine species were
capped with methyl groups. As shown in Fig. 5, there was a large
difference in activity of the hydrophilic and the hydrophobic
magnetic nanoparticle catalysts. A significant drop in reaction
r
c
K
[
t
t
m
b
r
t
p
m

Fig. 6. Effect of catalyst support on reaction rate in ethyl acetate: magnetic
nanoparticles (triangles), large pore SBA-15 (squares), small pore SBA-15 (cir-
cles), and MCM-48 (diamonds).

for hydrophilic supports could be further enhanced by reac-
tant partitioning, where partitioning away of the reagents (polar)
from catalytic sites would be decreased with more polar catalyst
supports.

With these results in hand, we then investigated the effect of
the catalyst support materials on reaction rate, using different
silica supports. Hydrophilic large pore diamine-functionalized
SBA-15 (100 Å) was initially used as a typical, state-of-the-art
porous silica catalyst for the reaction under identical conditions
as compared to the basic magnetic nanoparticle-catalyzed reac-
tion. The reaction was also carried out using hydrophilic small
pore SBA-15 (65 Å) and MCM-48 (22 Å) supported catalysts
with free acidic silanol groups surrounding the diamine species
under the same conditions. In both cases where hydrophilic large
pore and small pore SBA-15 supports were employed, the reac-
tion rate was similar to but slightly higher than that of the basic
magnetic nanoparticle-catalyzed reaction under the same con-
ditions (Fig. 6). In principle, the rate for the non-porous catalyst
should be equal to or higher than that of a porous system under
conditions where porosity might influence observed reaction
rates. This was not quite achieved in this case, and it suggests
that some interparticle interactions leading to clustering may
occur for the magnetic nanoparticle catalyst [48], reducing the
effective surface area of the catalyst. The possibility of cluster-
ing is supported by the TEM images in Fig. 2. Thus, higher rates
may be achievable with optimized nanoparticle catalysts. It was
f
K
s
(
s
s
r
s
(
p
w
T

ate was observed for the hydrophobic catalyst under identi-
al reaction conditions, which is consistent with the results of
atz and co-workers for amino-functionalized silica catalysts

45]. It was proposed that hydrophilic supports could preac-
ivate the reagents by interaction of the carbonyl groups with
he acidic hydroxyl groups, affording reaction rate enhance-

ent [45,46]. Indeed, rate enhancement by using acid–base
ifunctional catalysts was also observed for other base-catalyzed
eactions such as aldol or nitroaldol condensations, in which
he carbonyl groups were also preactivated by the acidic sites
rior to the base-catalyzed step [47]. In parallel with the above-
entioned bifunctional effect, the rate enhancement observed
urther found that the rate of the basic porous silica-catalyzed
noevenagel reaction was affected by the pore size of the silica

upports, as shown in Fig. 6. The reaction rate over large pore
100 Å) SBA-15 catalyst was slightly higher compared to the
mall pore (65 Å) SBA-15 catalyst, although complete conver-
ion was observed within 2 h in both cases. As expected, the
eaction using the MCM-48 supported catalyst proceeded with
lowest rate among the four catalysts, due to its small pore size
22 Å). Overall, the initial reaction rates over both SBA-15 sam-
les and the magnetic nanoparticle catalysts were comparable,
hereas the rate over MCM-48 catalyst was markedly slower.
he drop in reaction rate over the small pore silica supports
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suggests that mass transfer (internal diffusion) influences the
reaction rate to a large extent in that case [49].

Another point of great concern for most of anchored cat-
alysts is the ease of separation as well as the deactivation and
reusability of the catalyst. The basic magnetic nanoparticle cata-
lyst was therefore investigated for recoverability and reusability
over five successive runs. The reaction was carried out in ben-
zene at room temperature using 2.5 mol% catalyst loading in
1 h. After each run, an external magnetic field was applied on
the outer surface of the glass reaction vessel containing the
magnetic nanoparticles using a small permanent magnet. The
reaction solution was then easily removed from the reaction
vessel by decantation while the external magnet held the basic
nanoparticles stationary inside the vessel. The magnetic catalyst
was washed with benzene to remove any physisorbed reagents,
dried under vacuum at room temperature overnight, and reused
in further reactions under identical conditions to the first run.
Quantitative conversion was still achieved in the fifth run, with
all of the benzaldehyde being converted to the desired prod-
uct. However, kinetic studies indicated that the catalytic activity
of the basic magnetic nanoparticles in the Knoevenagel reac-
tion decreased slightly after one use. In a second experiment
where aliquots were sampled during the course of the reaction,
46 and 68% conversions were observed after 20 and 30 min in
the second run, while the reaction afforded 59 and 72% conver-
sions after the same reaction time in the first run, respectively.
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Table 1
Knoevenagel reaction of aromatic and heteroaromatic aldehydes with malonon-
itrile using basic magnetic nanoparticle catalyst

Entry Substrate Product Conversion (%)

1 100

2 100

3 100a

4 100

5 100

6 94a

7 100

8 92

9 69

10 71

a Reaction carried out in benzene:THF = 1:1.

the electron-withdrawing effect (inductive) of the electronega-
tive nitrogen atom. As the inductive effect decreases rapidly with
distance [51], the 2-substituted isomer where the carbonyl group
is closer to the nitrogen atom would be more reactive towards
nucleophilic addition reactions, compared to the 4-substituted
isomer. Aldehyde derivatives of pyrrole and furan were found
to be much less reactive than other aldehydes in the Knoeve-
nagel condensation with only approximately 70% conversion
being observed (entries 9 and 10). Again, in all cases, after the
reaction, the magnetic nanoparticle base catalyst was facilely
separated from the reaction mixture by magnetic decantation.

4. Conclusions

In conclusion, cobalt spinel ferrite magnetic nanoparticles
were readily synthesized and functionalized with a diamine
lthough it was previously reported that no loss of activity was
bserved for reused silica supported catalysts in the Knoeve-
agel reaction [27,36], no kinetic data were provided, and only
onversions at the end of the experiment were mentioned. A
ossible contribution to the deactivation of the catalyst that was
bserved here may be associated with clustering of the magnetic
anoparticles upon repeated use, reducing the accessibility of the
atalytic sites. As mentioned earlier, although a good dispersion
f the magnetic nanoparticles in solution was always achieved
ased on visual inspection, interparticle interactions leading to
lustering could still occur to some extent [48].

The study was then extended to the Knoevenagel conden-
ation of several aromatic and heteroaromatic aldehydes with
alononitrile using the magnetic base catalyst. Reactions were

arried out in benzene at room temperature in 2 h with 1.5 mol%
atalyst loading. Results are listed in Table 1. As expected
or nucleophilic addition reactions, aromatic aldehydes with
lectron-withdrawing groups such as nitro (–NO2) and chloro
–Cl) moieties were more reactive, with complete conversion
eing achieved (entries 1 and 2). Quantitative conversion was
lso observed for the reaction of aldehydes containing electron-
onating groups such as hydroxyl (–OH), methyl (–CH3), and
ethoxy (–OCH3) (entries 3–5). In the case of hydroxyben-

aldehydes, the 2-substituted isomer (entry 6) was found to be
lightly less reactive than the 4-substitued isomer, probably due
o the increased steric bulk of the 2-substitued isomer. It was
reviously reported that the reaction rates in Knoevenagel con-
ensations are slowed when bulky reagents were used [50]. For
he reaction of aldehyde derivatives of pyridine, the 2-substituted
somer was found to be slightly more reactive than 4-substituted
somer (entries 7 and 8). This could be rationalized based on
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moiety via silane chemistry to create surface basic sites. The
basic magnetic nanoparticles were used as efficient heteroge-
neous catalysts for the Knoevenagel condensation reaction of
several aromatic aldehydes with malononitrile under mild con-
ditions. Modification of the acidity of the magnetic nanoparticle
support resulted in a significant effect on catalytic activity. It
was apparent that the basic magnetic catalyst could be an alter-
native to amino-functionalized porous silica catalysts for the
Knoevenagel reaction, as the initial reaction rate over the mag-
netic nanoparticles was roughly comparable to the large pore,
mesoporous SBA-15 catalysts. The slight decrease in rate over
the nanoparticle catalysts was attributed to some nanoparticle
clustering in solution, as was suggested by in TEM images. The
basic magnetic catalyst could be facilely isolated from the reac-
tion mixture by simple magnetic decantation using a permanent
magnet and it could be reused several times without signifi-
cant degradation in activity. No contribution from homogeneous
catalysis by active amine species leaching into reaction solution
during the course of the reaction was detected. Our results here
demonstrate the feasibility of applying magnetic nanoparticles
as catalyst supports for immobilizing simple organic catalysts,
giving reaction rates that are comparable to today’s benchmark
mesoporous silica catalysts.
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