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Metal-organic frameworks (MOFs) with non-coordinated amino groups, i.e. IRMOF-3 and amino-
functionalized MIL-53, are stable solid basic catalysts in the Knoevenagel condensation of ethyl
cyanoacetate and ethyl acetoacetate with benzaldehyde. IRMOF-3DEF exhibits activities that are at least as
high as the most active solid basic catalysts reported, with a 100% selectivity to the condensation product.
For IRMOF-3 samples the catalytic activity correlated with the accessibility of the basic sites. Diffusion
limitations could be excluded for this most active catalyst. A new MOF based on the MIL-53 topology
and non-coordinated amino groups has been synthesized and characterized. Although active its poor
performance in the studied Knoevenagel condensations is attributed to strong adsorption and diffusion
limitations in the 1-D pore structure of this framework. The performance of the IRMOF-3 catalysts
demonstrates that the basicity of the aniline-like amino group is enhanced when incorporated inside
the MOF structure, increasing the pKa of the basic catalyst and more active than aniline as homogeneous
catalyst. The IRMOF-3 catalysts are stable under the studied reaction conditions, and could be reused
without significant loss in activity. The catalytic performance of IRMOF-3 in various solvents suggests
that this open, accessible and well-defined structure behaves more like homogeneous basic catalysts, in
contrast to other solid basic catalysts. By means of DRIFTS, the reaction mechanism has been elucidated,
showing spectroscopic evidence of benzaldimine intermediates.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The development of heterogeneous basic catalysts is a crucial
requirement for sustainable chemistry [1]. Using solid catalysts, in-
stead of stoichiometric amounts of soluble strong bases, the overall
atom efficiency of reactions is improved, processes are simplified,
the turn-over-number of the catalyst is increased, the volume of
waste is significantly reduced, and product work-up becomes eas-
ier, if necessary at all. Compared to the broad application of solid
acid catalysts, considerable less attention has been given to the
development of solid basic catalysts [2]. Typically organic bases
immobilized on different supports have been used as catalytic ma-
terials [3]. Progress has predominately been limited because of
leaching of the active material from the various types of support
used [3,4]. Other solid bases, such as layered double hydroxides or
ion exchanged zeolites, are either very active when fresh but suf-
fer from severe and rapid deactivation [5], or their initial activity
is rather low [6].

Metal-organic frameworks (MOFs) constitute a new class of
structured microporous materials, coordination polymers built up
from organic linkers and inorganic connectors [7]. In principle,
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these MOFs can contain any functional group, especially connected
to the organic linker, and the accessibility of these groups can be
tailored to the application, from almost blocked to fully accessible.
Although these properties make MOFs a promising class of new
heterogeneous catalysts, it is generally acknowledged that the full
potential of this new class of materials has not been identified [8].
Detailed studies on the catalytic performance of MOFs with catal-
ysis taking place at the metal center have recently been pub-
lished [9,10]. However, only a few proofs of concept of MOFs with
catalytically-active functional organic sites (FOS, i.e. catalysis takes
place at the organic linker [11]) have been reported [11–14]. Con-
cerning base-catalyzed reactions, only Seo et al. [14] and Hasegawa
et al. [11] have demonstrated the possibility to use as-synthesized
MOFs as basic catalysts by introducing pyridyl and amide groups,
respectively, in the organic linkers. However, the weak basicity
of these functional groups implied only very low activities, while
other important aspects such as recyclability and catalyst stability
were not studied in further detail. Another approach to use MOFs
as basic catalysts has been proposed very recently: the grafting
of amino groups on coordinatively unsaturated metal centers of
MOFs, yielding active catalysts for the Knoevenagel condensation
of benzaldehyde with ethyl cyanoacetate [15]. However, deactiva-
tion of the catalyst due to leaching of the active sites seems to be
an issue using this approach.
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Fig. 1. Structure of the synthesized MOFs: (left) IRMOF-3, (right) amino-MIL-53(Al). (Oxygen atoms in red, carbon atoms in light gray, nitrogen atoms in blue, and Zn (left)
and Al (right) in dark gray. For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Although the synthesis and some applications of MOFs with
amino groups have already been described [12,16], their use as ba-
sic catalysts has not yet been reported in the open literature. The
best known amino-MOF is IRMOF-3, a member of the isoreticular
MOF family first reported by Yaghi’s group [16]. IRMOF-3 consists
of Zn4O clusters linked by 2-aminoterephthalic acid. Its crystalline
structure is similar to the well known MOF-5 (or IRMOF-1); it
consists of octahedral Zn4O clusters linked by ditopic linear dicar-
boxylates [17] (Fig. 1a). However, all application work with this and
similar MOF structures was either focused on gas adsorption [16],
or on their use as intermediates for framework functionalization
through the accessible non-coordinated amino groups [12,18]. In-
gleson et al. [18] have demonstrated that the aromatic –NH2 group
interacts very easily with different solvents and its functionaliza-
tion may trigger metal complex binding. Besides, the optimized ge-
ometry for IRMOF-3 shows that the benzene ring lies in-plane with
the Zn4O ring and this configuration is stabilized by an intramolec-
ular hydrogen bond between the aromatic amino hydrogen atom
and a carboxylate oxygen atom [19]. These findings suggest that
IRMOF-3 and similar structures are interesting candidates for basic
catalysis, since the reactivity of the amino group inside the MOF
may be affected through these interactions.

In addition to IRMOF-3, other stable MOFs can be considered.
Here we report the synthesis of a new structure based on MIL-
53(Al) using 2-aminoterephthalic acid as linker. The MIL-53 se-
ries is built up from infinite chains of corner-sharing MO4(OH)2

(M = Al3+ or Cr3+) or V4+O6 octahedra interconnected by dicar-
boxylate groups resulting in a 3-D metal-organic framework con-
taining 1-D diamond-shaped channels with pores of free diameter
close to 7.5 Å (see Fig. 1b). The synthesis of a MOF with the MIL-53
structure and aminoterephthalic acid as linker has been very re-
cently claimed by [20], named USO-1-Al. However, no proof (XRD,
IR, elemental analysis) of the formation of such structure was pro-
vided so far.

The liquid-phase Knoevenagel condensation between a C=O
functionality and an activated methylene group is an interesting
classic route to C–C coupling for the preparation of important in-
termediates in the pharmaceutical industry and is often used as a
test reaction for probing the activity of various solid base catalysts
[21–26]. In fact, reacting benzaldehyde with compounds containing
active methylene groups with different pKa values, such as ethyl
cyanoacetate (pKa � 9) or ethyl acetoacetate (pKa � 10.7) makes it
possible to evaluate the basic strength of a catalyst.

The reaction may proceed according to two different mecha-
nisms that depend essentially on the nature of the catalytic ma-
terial used as solid base. For strong bases, direct deprotonation of
the methylene group on the catalyst surface and reaction of the
deprotonated intermediate with the slightly acidic benzaldehyde
takes place, leading to the product.

When weaker bases, such as amino groups are involved in the
catalytic process, formation of an imine intermediate occurs with
the benzaldehyde (Schiff base, cycle 1 in Scheme 1). As conse-
quence of the higher basicity of the formed benzaldimine com-
pared to the free amine, the deprotonation of the methylene group
takes places followed by reaction, regenerating the active site. The
active methylene group can also react directly with the amino
groups to form amides (Reaction 2 in Scheme 1), inhibiting then
the interaction amine–benzaldehyde and causing the deactivation
of the catalyst. Evidence for the formation of imine functionali-
ties over modified silicas in the liquid phase using infrared spec-
troscopy have been recently reported [23].

In this paper, MOFs with basic groups similar to aniline (pKa =
4.6) have been tested in the Knoevenagel condensation between
benzaldehyde and ethyl cyanoacetate (pKa � 9) and ethyl acetoac-
etate (pKa � 10.7; Scheme 2), demonstrating an enhanced perfor-
mance of the aromatic amine group, resulting in activities com-
parable to the best state-of-the-art solid bases, but without their
deactivation due to leaching.

2. Experimental

2.1. General information

All chemicals were obtained from Sigma–Aldrich and were
used without further purification. Inductively coupled plasma (ICP)
emission spectrometry (Perkin–Elmer Optima 3000dv ICP-OES
spectrometer) was used for the analysis of the bulk chemical com-
position of the synthesized MOFs. The crystalline materials were
analyzed by X-ray diffraction (XRD) using a Bruker-AXS D5005
with CuKα radiation. Scanning electron microscopy (SEM) on a
Philips XL20 (15–30 kV) microscope was used to determine crystal
morphology and size of the products. Thermogravimetric analy-
sis of the MOFs was performed by means of a Mettler Toledo
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Scheme 1. Reaction mechanisms for the Knoevenagel condensation via imine intermediate (catalytic cycle 1) and catalyst deactivation via amide formation (pathway 2).
TGA/SDTA851e, under flowing N2 at heating rates of 10 K/min.
Nitrogen adsorption at 77 K in a Micromeritics ASAP 2010 gas ad-
sorption analyzer was used to determine the textural properties
of the MOFs. Elemental analyses of the solid samples were per-
formed by Mikroanalytisches Labor Pascher (Remagen, Germany).
DRIFT spectra were recorded in a Thermo Nicolet Nexus spec-
trometer, equipped with a liquid N2-cooled MCT detector and
a DRIFT high-temperature cell with CaF2 windows. The spectra
were registered after accumulation of 64 scans and a resolution
of 4 cm−1. A flow of helium at 30 mL min−1 was maintained
during the measurements. Before collecting the spectra the dif-
ferent samples were pretreated under helium flow at 393 K for
1 h.

2.2. Catalyst synthesis

The synthesis of the IRMOF-3 catalysts was adapted from [27].
Dimethylformamide (DMF) and diethylformamide (DEF) were used
as solvent. The resulting MOFs are referred to as IRMOF-3DMF and
IRMOF-3DEF, respectively.

2.2.1. IRMOF-3DEF

For the synthesis of IRMOF-3DEF, zinc nitrate hexahydrate
(61 mmol) and 2-aminoterephthalic acid (20 mmol) were dissolved
in 500 mL of DEF in a 600 mL Erlenmeyer flask equipped with a
pressure-releasing device. The reaction mixture was heated in a
circulated air oven at 363 K for 24 h to yield large, cube-shaped
crystals. The reaction vessel was then removed from the oven,
allowed to cool to room temperature and transferred to a nitrogen-
filled glove box. The solvent was decanted, and the remaining solid
washed six times with 50 mL of anhydrous DMF, each time letting
the solid soak in DMF for 8 h. Subsequently, the solid material was
washed six times with 50 mL of anhydrous CH2Cl2, again each
time soaking in CH2Cl2 for 8 h. After the final CH2Cl2 washing, the
solvent was decanted and the sorbed CH2Cl2 was removed under
reduced pressure for 12 h. The final product was a cube-shaped
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Scheme 2. Knoevenagel condensation of benzaldehyde with ethyl cyanoacetate and ethyl acetoacetate.
light-yellow material (yield ∼70% based on 2-aminoterephthalic
acid).

2.2.2. IRMOF-3DMF

For the synthesis of IRMOF-3DMF, two different synthesis scales
were used: 100 and 500 ml, yielding IRMOF-3DMF SB and IRMOF-
3DMF LB (Small and Large Batch).

For the synthesis of the IRMOF-3DMF LB zinc nitrate hexahydrate
(15 mmol) and 2-aminoterephthalic acid (5 mmol) were dissolved
in 490 mL of DMF and 10 mL H2O in a 600 mL Erlenmeyer flask
equipped with a pressure-releasing device. The reaction mixture
was heated in an oven at 373 K for 24 h, yielding cube-shaped
crystals. The product was processed and activated using the same
procedure described above, yielding pale yellow cube-shaped crys-
tals (yield ∼90% based on 2-aminoterephthalic acid).

IRMOF-3DMF SB was synthesized using the same molar ratios as
for IRMOF-3DMF LB but the syntheses were carried out in smaller
(120 mL) Erlenmeyer flasks.

2.2.3. Amino-MIL-53(Al)
The synthesis of amino-MIL-53(Al) was adapted from [28].

2.10 mmol aluminum nitrate nonahydrate dissolved in 15 mL DMF
and 3.12 mmol 2-aminoterephthalic acid dissolved in 15 ml DMF
were mixed in a Teflon insert and placed in an autoclave. The au-
toclave was heated in an oven at 403 K for 3 days. The yellow gel
product was filtered off and washed with acetone. After removal
of the acetone under reduced pressure, the product was washed
overnight with methanol under reflux and dried at 110 ◦C under
in vacuo for 8 h (yield ∼40% yellow powder based on 2-amino-
terephthalic acid).

2.3. General procedure for the Knoevenagel condensation reaction

In a typical batch experiment, an amount of the basic catalyst
corresponding to 0.2 mmol of –NH2 groups (based on the total
amount of amino groups in the MOF) was added to a solution of
7 mmol ethyl cyanoacetate or ethyl acetoacetate in 5 mL of solvent
in an Erlenmeyer flask, while being stirred under inert atmosphere
(N2) to avoid oxidation. After temperature adjustment, benzalde-
hyde (8 mmol) was added, keeping the reaction mixture under a
static nitrogen atmosphere. The reaction mixture was periodically
analyzed by gas chromatography using a Chrompack GC CP9001
equipped with an FID detector and a 60 m RTX®-1 (1% diphenyl-,
99% dimethylpolysiloxane) fused silica capillary column. The anal-
ysis was carried out directly after sampling to avoid any additional
conversion in the reaction mixture.
Table 1
Unit cell formula, BET(N2) area and micropore volume (calculated from t-plot) of
the different MOFs.

Unit cell formula SBET

(m2/g)
Micropore volume
(cm3/g)

IRMOF-3DEF Zn4(O)(CO2–H2NC6H3–CO2)3 3683 1.74
IRMOF-3DMF SB Zn4(O)(CO2–H2NC6H3–CO2)3 3130 1.16
IRMOF-3DMF LB Zn4(O)(CO2–H2NC6H3–CO2)3 2440 1.02
Amino-MIL-53(Al) Al(OH)[O2C–C6H3NH2–CO2] 675 0.22

Reference experiments (blank runs) were performed for the dif-
ferent solvents (ethanol, DMSO, toluene, DMF, all HPLC grade) and
temperatures (313, 333 and 353 K) studied. Experiments were per-
formed by external agitation (shaking) instead of using internal
stirring in order to avoid attrition of the particles and to facilitate
the reuse of the different catalysts. After recovering the catalyst, it
was washed overnight in DMF at 353 K, filtered and reused.

TOFs and number of turnovers based on the total number of
amino groups present in each catalyst were calculated from the
first reaction data points in the batch experiments (after reaction
minutes).

3. Results

3.1. Characterization of the catalysts

Table 1 shows the BET specific surface areas and molecular cell
formulas of the different MOFs, while Fig. 2 shows SEM micro-
graphs and XRD analyses.

The specific surface area of the IRMOF-3DEF is larger than both
IRMOF-3DMF samples, consistent with literature [27]. However, an
influence of the synthesis scale was found for the IRMOF-3DMF
samples. For the smaller batch a larger specific surface area was
obtained. This effect was not observed when using DEF as solvent.
In general, the obtained specific surface areas exceed by far the
best results reported in the literature for IRMOF-3 [29]. This can
be attributed to the milder temperature conditions used in this
work and with the improved workup procedure, adapted from a
later publication of Yaghi’s group [27].

For the amino-MIL structure, the BET specific surface area is
also very similar to its terephthalic acid counterpart, known as
MIL-53 [30] and smaller than the one reported for USO-1-Al. This
is attributed to differences in the synthesis procedure, whereas Ar-
stad et al. [20], using very similar synthesis conditions, claim the
formation of a MIL-53 structure in 24 h, it took us 72 h to get such
structure. It is well known that similar synthesis concentrations
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(a)

(b)

Fig. 2. (a) SEM micrographs of the IRMOF-3 samples: IRMOFDEF (left) and IRMOF-3DMF LB (right). (b) XRD patterns of the synthesized MOFs.
can yield to very different MIL structures, for instance MIL-101
and MIL-53 can be synthesized starting from the same synthesis
mixture, at the same temperature, just by changing the synthesis
time (24 h for MIL-101 and 72 h for MIL-53) [31]. In this sense, it
has been very recently demonstrated that MIL-53 is the thermo-
dynamically stable phase while MIL-101 is the kinetically favored
phase [31]. Since no characterization data are given for the USO-
1-Al MOF, it is hard to judge whether this structure and the here
reported amino-MIL-53 are the same or not.

Cube shaped crystals are obtained for both IRMOF-3 samples,
but much larger crystals are obtained when using DEF as solvent.

The XRD analyses shown in Fig. 2 show that there is hardly any
difference between the IRMOF-3 samples and their patterns are
very similar to those reported in the literature [12,18]. Peaks seem
to be slightly better defined in the case of the sample synthesized
in DEF. In the case of the amino-MIL-53, crystals suitable for single
crystal X-ray crystal structure determination could not be obtained.
However, the main reflections correspond well with those reported
in the literature for Al(III) and Cr(III) MIL-53 [30,32]. To check
whether or not the structure of the firstly reported amino-MIL-
53(Al) corresponded with the expected one, elemental analysis was
performed on the sample. The found composition (wt%) for the
dried material was: C: 48.6, H: 3.5, O: 33.9, N: 4.5, Al: 8.25. The
obtained N/Al ratio in the MOF (0.54) fits well the expected one
(0.52).
Further characterization of the synthesized MOFs was per-
formed by means of IR spectroscopy. Fig. 3 shows the DRIFT spec-
tra corresponding to the IRMOF-3DMF SB and the amino-MIL-53(Al).
In both cases, bands at 3370 and 3490 cm−1 correspond with the
symmetric and asymmetric stretching of primary amines, which
demonstrates that the amino groups are free for interaction in
both structures. For the amino-MIL-53, the hydroxyl groups of the
trans corner sharing octahedra AlO4(OH)2 chains give rise to a
ν(OH) band at 3700 cm−1 with a shoulder near 3660 cm−1, simi-
larly as reported for MIL-53(Cr) [33], but shifted 50 cm−1 to lower
wavenumbers. This fact would indicate OH groups with a stronger
basicity in the amino-MIL-53(Al).

Surface basicity was studied by FTIR after adsorption of CO2.
CO2 adsorption followed by DRIFTS is a powerful technique for
characterization of basic solids [34], especially when other tech-
niques like CO2 TPD [2] or using Hammet indicators [35] cannot be
applied either because of limited thermal stability or because the
pores of the material are too small to allow interaction with bulky
molecules. CO2, an electron acceptor, is expected to act as a Lewis
acid. Its adsorption on the different MOF samples was studied by
means of DRIFTS in order to check whether or not the synthesized
MOFs possess basic sites available for interaction. Results after sub-
tracting the MOF background are presented in Fig. 4.

In the case of the IRMOF-3, in the ν2 range (CO2 bending
mode), two bands at 669 (with a shoulder at 667 corresponding
to the gaseous phase CO2) and 653 cm−1 are observed. The pres-
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Fig. 3. DRIFTs spectra of IRMOF-3 (a) and amino-MIL-53(Al) (b).

ence of a double band for the ν2 stretching mode of CO2, indicates
a lowering of the symmetry upon adsorption, and was firstly re-
ported in a MOF (MIL-53) by [33]. Although this could be due to
some confinement effect inside the micropores of the material, no
ν2 splitting has been observed in other micro- and mesoporous
materials such as ZSM-5 zeolites or MCM-41 [36]. In general, this
kind of splitting is common in the case of electron donor–acceptor
(EDA) complexes of CO2 with molecules such as pyridine, alcohols
or functional groups of polymers and is due to the interaction of
CO2 via the carbon atom as an electron acceptor [33]. The high
and low ν2 frequency bands are assigned to the out-of plane and
in-plane bending modes, respectively [37]. In the case of IRMOF-3,
the intensity of both bands is very similar, suggesting that there is
only one type of adsorbed species.

In the case of the amino-MIL-53(Al), the interaction of CO2 with
the framework seems to be more complex. Four bands at 669, 661,
655 and 649 cm−1 are observed. Two bands (655 and 669 cm−1)
correspond with the observed CO2 adsorption in IRMOF-3 and the
other two bands (661 and 649 cm−1) correspond with previous
observations for MIL-53 [33], without amino groups. This strongly
suggests the adsorption of CO2 in two different ways, forming
EDA complexes with both –NH2 and –OH groups of the struc-
ture.
The high and low ν2 frequency bands, assigned to the out-
of plane and in-plane bending modes, respectively, should lead
to a ν3 frequency lower than that observed in the gas phase
(2349 cm−1), which is also expected in the case of EDA complexes
involving CO2 as an electron acceptor [37]. Due to the relatively
low CO2 partial pressure used during the experiments (compared
to the literature), this band is only slightly visible for the amino-
MIL-53(Al) sample (2334 cm−1).

In addition, several new peaks can be observed in the range
1000–1700 cm−1. Amines may react with CO2 to form carbamate
species [34]. The latter are in equilibrium with the carbamic acid
species (DRIFT peaks around 1450 cm−1). Carbamate species can
react with adsorbed water or surface hydroxyl groups forming car-
bonates, bicarbonates or formates. In fact, the broad band appear-
ing at 1029 cm−1 in the amino-MIL-53(Al) may be related to the
formation of hydrogen carbonates (νCO3 vibration) [38] due to the
interaction of CO2 with the hydroxyl groups of the MOF.

3.2. Catalytic testing

3.2.1. Performance in DMF
The performance of the different MOFs as basic catalysts was

tested with the Knoevenagel condensation reaction of benzalde-
hyde and ethyl cyanoacetate in the presence of different solvents
at 313 and 333 K, using a 2/100 molar ratio of amino groups in the
MOF to the amount of ethyl cyanoacetate reactant. Experiments
performed at room temperature showed high conversions, but due
to a strong adsorption of the product (ethyl (E)-α-cyanocinnamate)
in the MOF, product yields could not be accurately calculated. Ex-
periments without solvent were also performed, but the high reac-
tion rate led to precipitation of the product within the framework,
and following the progress of conversion with time was not pos-
sible. The graphs presented in Figs. 5, 6 and 8 to 10 show the
yields of ethyl (E)-α-cyanocinnamate based on the ethyl cyanoac-
etate conversion (100% selectivity was achieved in every case) as a
function of time.

Fig. 5 shows the performance of IRMOF-3DMF LB when the reac-
tion is performed in presence of DMF as solvent at 333 K together
with the results obtained for the blank run. Results obtained us-
ing aniline as homogeneous basic catalyst are included for com-
parison, resembling most the aromatic amino functionality in the
MOFs based on 2-aminoterephthalic acid. IRMOF-3DMF LB exhibits
a higher activity than aniline. Taking into account that the total
amount of amino groups was equal in both cases, it seems that
the reactivity of the amino groups is enhanced after incorporation
in the MOF structure.

Fig. 6 shows the performance comparison in DMF as solvent
of the two different IRMOF-3 DMF and the IRMOF-3DEF samples at
313 K. The higher activity of the IRMOF-3DEF and IRMOF-3 DMF SB
correlate with their larger specific surface area, indicative of a bet-
ter accessibility of the amino groups inside the structure. Since
IRMOF-3DEF crystals are much bigger than the IRMOF-3DMF sam-
ples, experiments with crushed IRMOF-3DEF were also performed,
obtaining the same results as with the uncrushed crystals (not
shown). These results point out that diffusion limitation are ab-
sent in spite of the huge crystal size of this most active sample.

The evolution in the concentration of the reactants with time
for the experiment with the amino-MIL-53 sample at 313 K is
shown in Fig. 7. Although adsorption of reactants can be noticed,
no product formation could initially be detected. The concentra-
tion of the product in the liquid phase is even smaller than in the
blank experiments, which would suggest a strong adsorption of the
product inside the MOF pores. In order to check whether the sam-
ple was active or not, after 150 min, the temperature was increased
to 353 K in order to stimulate desorption of components from the
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Fig. 4. DRIFTs spectra of activated IRMOF-3 (a) and amino-MIL-53(Al) (b) after introduction of CO2 into the cell.
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Fig. 5. Knoevenagel condensation of benzaldehyde (8 mmol) and ethyl cyanoac-
etate (7 mmol) in DMF (5 ml) at 333 K: comparison between the performance of
IRMOF-3DMF LB (0.06 mmol: corresponds to 0.18 mmol of –NH2 groups) and aniline
(0.2 mmol).

Fig. 6. Knoevenagel condensation of benzaldehyde (8 mmol) and ethyl cyanoacetate
(7 mmol) in DMF (5 ml) at 313 K: comparison between the performance of IRMOF-
3DMF LB (0.06 mmol: corresponds to 0.18 mmol of –NH2 groups) and IRMOF-3DEF

(0.06 mmol: corresponds to 0.18 mmol of –NH2 groups).

MOF structure. After this increase in temperature, the appearance
of the product in the liquid phase can be observed.

To determine if leaching and/or permanent deactivation of the
catalyst occur, the IRMOF-3 catalyst samples were reused several
times. The reactions were carried out in DMF at 313 K using
the same molar ratios. When the reaction was completed after
2 h, the solid was filtered off, washed with DMF overnight at
353 K, thoroughly washed with CH2Cl2 and reused in a second
and third run. A minor decrease in activity was observed after
the first run (Fig. 8). No further activity loss was observed when
considering the small amount of catalyst lost during the recycling
process. In addition, the reproducibility of the experiments can
be judged by comparing runs 1 and 1’ in Fig. 8b. To determine
whether or not leaching of active sites takes place the same reac-
tion was performed during 30 min, at this point the catalyst was
removed by hot filtration and the evolution of products formation
was followed maintaining the same reaction conditions. Results
for IRMOF-3DMF-LB are shown in Fig. 8c. No further reaction takes
Fig. 7. Knoevenagel condensation of benzaldehyde (8 mmol) and ethyl cyanoacetate
(7 mmol) in DMF (5 ml) at 313 K catalyzed by the amino-MIL-53 (0.2 mmol): evo-
lution of reactants and product concentration in the liquid phase.

place after removing the catalyst from solution, demonstrating the
absence of active sites leaching.

3.2.2. Solvent dependence
In case of homogeneous basic catalysts, the character of the sol-

vent used may have a strong effect on the reaction rate due to
several reasons:

• Polarity: usually, the higher the polarity the faster the reaction
rate [4,25]. This behavior is attributed to the influence of the
solvent on the transition state and to a change in the capacity
of the catalyst for proton transfer: when polar reagents are in-
volved, the transition-state complex is better solvated by polar
solvents and the partition of the reactants at the solid–liquid
interface is higher, decreasing the activation free enthalpy and
enhancing the reaction rate.

• Amphiprotic properties, some protic solvents such as ethanol
may also enhance the activation of the slightly acid benzalde-
hyde, yielding a higher catalytic activity.

The influence of the solvent on the reaction rate for the MOF
catalyzed reaction between benzaldehyde and ethyl cyanoacetate
was investigated for solvents with different dielectric constants (ε)
and amphiprotic properties: DMSO (ε = 48.9), DMF (ε = 36.7),
EtOH (ε = 24.3), cyclohexane (ε = 18.5) and toluene (ε = 2.4).
The dielectric constant can be considered as a measure of polar-
ity. Results for IRMOF-3DMF LB are shown in Fig. 9. DMSO proved
to be the most active solvent for the reaction, while experiments
in toluene revealed hardly any activity of the MOFs. In spite of its
lower dielectric constant, the catalytic performance in ethanol was
better than in DMF.

3.2.3. Effect of the reactant addition order: Catalyst deactivation?
As mentioned in the introduction, it has been proposed that the

order of addition of the reactants may play a role during the Kno-
evenagel condensation: ethyl cyanoacetate may react with some of
the amino groups of the catalyst to form amides, inhibiting then
the interaction amine–benzaldehyde and causing deactivation of
the catalyst [23].

To check if this applies to the studied catalysts, the order
of reactants addition was changed during the Knoevenagel con-
densation on the IRMOF-3DMF SB. If the proposed mechanism is
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(a)

(b)

(c)

Fig. 8. Knoevenagel condensation of benzaldehyde (8 mmol) and ethyl cyanoac-
etate (7 mmol) in DMF (5 ml) for repeated runs with the same catalyst sample:
(a) at 333 K catalyzed by IRMOF-3DMF LB (0.06 mmol: corresponds to 0.18 mmol of
–NH2 groups). (b) at 313 K catalyzed by IRMOF-3DEF (0.06 mmol: corresponds to
0.18 mmol of –NH2 groups) for several reaction cycles. (c) the same reaction as in
(a) was performed during 30 min, at this point the catalyst was removed by hot fil-
tration and the evolution of products formation was followed maintaining the same
reaction conditions.

Fig. 9. Knoevenagel condensation of benzaldehyde (8 mmol) and ethyl cyanoac-
etate (7 mmol) in different solvents (5 ml) at 313 K catalyzed by IRMOF-3DMF LB

(0.06 mmol: corresponds to 0.18 mmol of –NH2 groups).

Fig. 10. Knoevenagel condensation of benzaldehyde (8 mmol) and ethyl cyanoac-
etate (7 mmol) in DMF (5 ml) at 333 K catalyzed by IRMOF-3DMF SB (0.06 mmol:
corresponds to 0.18 mmol of –NH2 groups) changing the order of reactants addi-
tion.

applicable in this case, a higher conversion would be expected
when adding first benzaldehyde, since an inhibiting effect of ethyl
cyanoacetate would be suppressed. Fig. 10 shows the results for
the two addition orders. Although during the first reaction hour
hardly any difference can be observed, it seems that reaction
keeps running slightly faster after 120 min when benzaldehyde
is added first. This can indeed be due to some inhibiting ef-
fect of the active methylene group. Although it has been shown
that the formation of the benzaldimine intermediate is faster than
the rate of formation of the amide via ethyl cyanoacetate [23],
the slow formation of such amide might slowly block the active
sites.

DRIFT spectra were collected at different times during the ad-
sorption of solutions of ethyl cyanoacetate or benzaldehyde in
DMSO using similar concentrations as during the reaction ex-
periments at room temperature. Fig. 11a presents the spectrum
collected after 60 min of contact between IRMOF-3DEF with a
solution of ethyl cyanoacetate in DMSO. Besides the characteris-
tic signals of dissolved ethyl cyanoacetate in DMSO at 1749 and
1308 cm−1, no new bands evolve in the 1200–1800 cm−1 range,
where amide vibrations should be present, as observed for amino-
modified silica [23]. So no clear evidence of a significant amide
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(a)

(b)

Fig. 11. DRIFTs spectra of activated IRMOF-3 after 60 min of contacting a solution of
ethyl cyanoacetate (a) or benzaldehyde (b) in DMSO (1.4 mol/l) at room tempera-
ture.

formation, which may account for site blocking (Scheme 1), could
be extracted from this experiment. Fig. 11b shows the spectrum
of the IRMOF-3DEF catalyst after contact with a solution of ben-
zaldehyde (BA) for about 60 min. A strong absorption is observed
at 1645 cm−1 which is accompanied by absorptions at 1580 and
1440 and 1310 cm−1 and by a negative feature centered at about
1680 cm−1. The difference between this spectrum and that of ben-
zaldehyde in solution is obvious. Reaction between benzaldehyde
and the surface amino groups occurs, with the most prominent
band at 1645 cm−1 being the (C=N) mode of the surface ben-
zaldimine group (Scheme 1), which also shows vibrational modes
associated with the phenyl ring (1580 and 1440 cm−1).

3.2.4. Knoevenagel condensation of benzaldehyde and ethyl
acetoacetate

To estimate the capacity of the IRMOFs to activate methylene
groups with pKα > 9, the Knoevenagel condensation was per-
formed of benzaldehyde with ethyl acetoacetate, a more demand-
ing compound containing a methylenic group with a higher basic
strength (pKα = 10.7). Fig. 12 shows the yield of the condensation
product (ethyl (E)-α-acetocinnamate) vs. time when using IRMOF-
3DMF LB as catalyst in DMSO at 313 and 353 K. As expected, the
Fig. 12. Knoevenagel condensation of benzaldehyde (8 mmol) and ethyl acetoac-
etate (8 mmol) in DMSO (5 ml) at 313 K and 353 K catalyzed by IRMOF-3DMF LB

(0.12 mmol: corresponds to 0.36 mmol of –NH2 groups).

reaction rate is lower than in the case of ethyl cyanoacetate, but
the levels of conversion are higher than those reported for other
basic catalysts under similar conditions [26].

4. Discussion

The targeted amino containing MOFs have been synthesized
successfully. Their composition is confirmed by elemental analy-
sis, their structure by XRD (Fig. 2) and their amine functionality
proven by IR spectroscopy (Fig. 3). The differences in the textural
parameters for the IRMOF-3 (Table 1) are attributed to the synthe-
sis method. The use of DMF as solvent in the synthesis increases
the possibility of chain intergrowth or catenation [39], resulting in
an interpenetrating network. The most immediate consequence of
interpenetration is a reduction of the available space inside the
framework, reducing the specific surface area and pore volume.
Moreover, the accessibility of the active sites in the catalysts is
reduced (vide infra).

Following the adsorption of an electron acceptor molecule like
CO2 on the studied metal-organic frameworks by IR spectroscopy
demonstrates that both structures possess Lewis basic properties.
In the case of the IRMOF-3 samples, only amine groups are acting
as electron donors, while for the amino-MIL-53 (Al), also the hy-
droxyl groups of the trans corner sharing octahedra AlO4(OH)2 can
act as basic center (Fig. 4).

From the reaction experiments, we conclude that MOFs based
on 2-aminoterephthalic acid are highly active and stable basic
catalysts for the Knoevenagel condensation. Compared to aniline,
which, in principle, should yield a similar behavior under the same
conditions, the incorporation of an aromatic amino in the open
IRMOF-3 framework increases the activity of the amino group sig-
nificantly over the whole reaction period. After 2 h of reaction at
the same temperature, the conversion for the IRMOF-3DMF LB is al-
most double than that of aniline (Fig. 5). Furthermore, IRMOF-3DEF
has a higher productivity than IRMOF-3DMF LB, in spite of its ∼5
times larger particle size (Fig. 6).

The catalytic activity correlates with the specific surface area of
the samples, and is attributed to the different accessibility of the
active sites in the catalysts, mentioned above. Diffusion limitations
in the experiments with the most active IRMOF-3DEF catalyst are
absent, as the results with crushed catalyst demonstrate.
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Table 2
Selected studies on Knoevenagel condensation of benzaldehyde (B) and ethyl cyanoacetate (EC) or ethyl acetoacetate (EA) over solid catalysts.

Reference Yield (%) after 2 ha Temperature (K) Solvent Catalyst used Initial TOF (min−1)b

This work 99 (EC) 58 (EA) 313 (EC) 353 (EA) DMSO IRMOF-3DEF 2.9 (EC) 0.33 (EA)
[15] 80 (EC) 353 Cyclohexane Ethyldiamine grafted MIL-101 0.37
[26] ∼72 (EC) ∼18 (EA) 298 (EC) 353 (EA) DMSO 1,8-Bis(dimethylamino)-naphthalene (DMAN) 1.57 (EC) 0.06 (EA)
[4] ∼80 (EC) 313 (EC) Ethanol DMAN supported on MCM-41 3
[44] ∼70 (EC) ∼38 (EA) 363 (EC) 393 (EA) – Amino-grafted Cs-exchanged NaX zeolite –
[42] 41 (EC) (after 1 h) 298 Ethanol Amine-modified pore-expanded MCM-41 2.6
[45] 50 (EC) 298 Toluene Modified Mg-Al hydrotalcite –
[22] 21 (EC) 413 – Zn exchanged Hβ zeolite –
[46] 52 (EC) 323 Toluene Aluminophosphate oxynitrides 0.67
[47] ∼85 (EC) (after 3 h) 373 – Zeolite Y containing methylammonium cations 0.3
[11] 7 (EC) 298 Benzene 3-D porous coordination polymer –

a Yield towards ethyl-α-cyanocinnamate (for EC) or ethyl-α-acetocinnamate (for EA) unless stated otherwise.
b TOF calculated after 10 reaction min (when available data).
Fig. 13. Intramolecular hydrogen bond formed inside IRMOF-3 in its minimum en-
ergy configuration [19]. (Oxygen atoms in red, carbon atoms in gray, nitrogen atoms
in blue and hydrogen atoms in white. For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Table 2 shows a comparison of our results with different pub-
lished studies on Knoevenagel condensations, demonstrating that
the performance of IRMOF-3 is among the best state-of-the-art cat-
alysts. The Turn-Over-Frequencies (TOFs) given are based on the
initial data points (after 10 reaction min), assuming that all amino
groups are active centers.

It has recently been proposed that in its optimized geome-
try, the benzene rings in IRMOF-3 lie in-plane with the zinc-
oxocarboxylate rings and are stabilized by an intramolecular
hydrogen bond between amino and a carboxylate oxygen [19]
(Fig. 13). The formation of intraframework hydrogen bonding with
an electron donating oxygen from the carboxylic group may in-
crease the basic strength of the MOFs, favoring the formation
of the benzyldimide intermediate by steric effects. Basicity en-
hancement effects have been reported for polyamines; the ef-
fect of molecular strain in the molecule on the Brønsted basic-
ity of amines has been investigated for a long time. It appears
that all strain effects on monoamines are base weakening, while
in polyamines strain energy can be utilized to increase base
strength [40]. For instance, aromatic diamines with neighboring
nitrogen atoms at short distances, named ‘proton sponges’, show
a well-defined and strong basicity [41]. Indeed, the IRMOF-3DEF in
our study shows a similar activity as the most active solid basic
catalysts, like the ‘proton sponges’ immobilized on different in-
organic carriers [4], pore expanded MCM-41 [42] or aminopropyl
modified silica [23]. IRMOF-3 shows a much higher activity and
a better stability than amino grafted MOFs [15], and exceeds by
far the performance of other solids such as ion exchanged zeo-
lites [22]. IRMOF-3 catalysts are able to catalyze reactions involving
active methylene compounds with pKα > 10, which demonstrates
the huge increase in basicity of the amino groups when incor-
porated inside the MOF structure. We attribute this high activity
of the IRMOF-3 to the intramolecular hydrogen bond interaction
between amino and an electron donating carboxylate oxygen [19]
(Fig. 9), enhancing the basicity of the –NH2 group. If aniline is used
as catalyst, this kind of interaction is absent, and even if a higher
concentration of amino groups is used in the reaction medium
than with the IRMOF-3 catalyst, the yield of the product does not
exceed much that of the blank runs without any amino groups
present.

It must be noted that the initial conversion in blank runs was
appreciable (see Figs. 3 and 4), an observation that has not often
been reported in the literature [4,22,25,26,42]. Nevertheless, the
activity of IRMOF-3 is considerably higher, and the yield develops
to much higher levels, whereas that for the blank runs levels off
rapidly.

When comparing the performance between the IRMOF-3 and
amino-MIL samples, it is concluded that adsorption and diffusion
phenomena play a key role in the poor performance of the amino-
MIL sample. The 1-D pore structure (in contrast to the 3-D pore
structure of IRMOF-3), together with the smaller pore diameter (7.3
vs 15 Å), results in single file diffusion phenomena, slowing down
tremendously the transport in and out of the structure. The main
region of activity will then be located at the pore mouth of the
particles, similarly as for a 1-D pore structure in an acid zeolite
like mordenite. The smaller pore size will also increase the Van
der Waals interaction with the molecules resulting in a stronger
adsorption of the product, as is observed. These properties make
the amino-MIL-53 MOF not a suitable candidate for this reaction
in terms of productivity, but its activity for this base catalyzed re-
action is still demonstrated. In spite of all that, its use at higher
temperatures or with smaller molecules, where diffusion limita-
tions and strong adsorption should dominate less, or even its use
in gas phase base catalyzed reactions might be considered.

Experimental evidences for the occurrence of the proposed re-
action mechanism (Scheme 1) have been given. Formation of in-
termediate benzaldimine species is clearly observed. Moreover, al-
though the order of reactants addition had a minor effect on the
conversion, no proofs of amide formation via ethyl cyanoacetate
could be collected when following the adsorption of this reactant
by DRIFTs.

The polar solvent DMSO with the largest dielectric constant is
the most effective for the formation of the product (Fig. 7), sim-
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ilar as observations in the homogeneous phase [25,26]. This is
attributed to the hydrogen bond acceptor power of DMSO, sta-
bilizing the protonated form of the amino group, increasing the
rate of proton transfer [4] and promoting in this way in the for-
mation of the benzaldimine intermediate species. The faster re-
action in EtOH than in DMF differs, however, from the trend in
solvent polarity. This suggests that besides the increased rate of
proton transfer, the different solvation power and consequently in
the partition of the reactants at the solid–liquid interface plays a
role [23]. The amphiprotic properties of ethanol may induce the
electrophilic polarization of the carbonyl group of benzaldehyde
(due to its moderated acid character) and enhance the reaction
rate [26]. A nearly apolar solvent like toluene seems to affect neg-
atively the catalytic performance of the MOFs, in clear contrast
with results reported for other solid supported basic catalysts [4].
In the latter case the hydrophilic character of the support deter-
mines the performance of supported homogeneous catalysts [3,4];
the higher the hydrophobicity of the porous material, the less the
effect of the solvent and the faster the diffusion of the products.
Since IRMOF-3 is a hydrophilic solid (Zn atoms are not fully coor-
dinated), it is not surprising that the polarity of the solvent has a
large impact on the performance of the catalyst. Indeed, the results
suggest that the affinities of benzaldehyde and ethyl cyanoacetate
for toluene are higher than for other solvents and that this dis-
tribution between the solvent and the solid makes the reaction
slower.

The IRMOF-3 samples are stable under the studied reaction
conditions and their reuse is possible. This is not quite in line with
the inherent moisture sensitivity reported for Zn4O based metal-
organic frameworks [27]. However, this moisture sensitivity has
been reported without solvents being present inside the pores of
the material. When high boiling point solvents are present, Zn4O
cluster solvation occurs [18,43], resulting in a hydrophobic barrier
that protects the clusters from decomplexation by water, as might
be the case in the present study.

The presented results demonstrate that by incorporating amino
groups in a MOF-structure, highly active solid basic catalysts are
obtained. Since the amino group is an intrinsic part of the organic
linker in the MOF, and not grafted to the inorganic part, leach-
ing [15] does not occur and a stable system results. This work may
form the basis for further development of MOFs as heterogeneous
catalysts, especially as solid basic catalysts, a field which is rela-
tively underdeveloped compared to acid catalysis.

5. Conclusions

In this work, metal-organic frameworks with non-coordinated
amino groups are shown to be active solid basic catalysts in
the Knoevenagel condensation of benzaldehyde with two methy-
lene active compounds of different pKa , viz. ethyl cyanoacetate
(pKa � 9) and ethyl acetoacetate (pKa � 10.7).

The activity of the IRMOF-3 depends on the specific surface
area of the sample, determined by its preparation procedure.
IRMOF-3DEF shows an activity at least as high as the most ac-
tive solid basic catalysts, with 100% selectivity to the condensation
product. Diffusion limitations were absent for this catalyst.

The reaction has been shown to proceed through the formation
of benzaldimine intermediates. The effect of the solvent on the re-
action rate could be explained by both affinity and deprotonation
capacity.

The performance of the amino-IRMOF in different solvents re-
sembles more homogeneous catalysts’ behavior rather than that of
other solid basic catalysts.

One new MOF structure with the MIL-53 topology and non-
coordinated amino groups has been synthesized and character-
ized. Although catalytically active, strong adsorption and diffusion
limitations make this amino-MOF unsuited for the studied reac-
tion.

The behavior of the IRMOF-3 catalysts demonstrates that the
basicity of the aniline-type amino group is enhanced when in-
corporated inside the IRMOF-3 structure. The catalysts are stable
under the studied reaction conditions and could be reused with-
out losing activity.
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