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Three 3D, porous Zn(II)-based metal-organic frameworks,
TMU-4, TMU-5 and TMU-6, containing azine-functionalized
pores, readily quickly via
mechanosynthesis. Catalytic performance of these MOFs and
the effect of N-donor ligands with diverse basicity in
Knoevenagel are investigated.
Increasing the basicity of N-donor ligands leads to
improvement in catalytic activity. Results show that among
the three compounds, TMU-5 has the highest catalytic
activity upon increasing its basicity of azine function in N-

were and prepared

condensation reaction

donor ligand. These catalysts maintain their crystalline
framework after reaction and are easily recycled.

The Knoevenagel condensation of aldehydes with active
methylene compounds is a useful transformation that has been
widely employed for carbon—carbon bond formation in the synthesis
of several fine chemicals.' The condensation is usually catalysed by
solid bases like alkali or alkaline-carth metal oxides.” Over the last
few years, a wide range of catalysts have been investigated for this
reaction such as Lewis acids,> amine-functionalized solid supports,*
5 cation-exchanged zeolites,® ionic liquids’ and organometallic
catalysts.8 However, most of these methods have significant
drawbacks, such as using hazardous and carcinogenic solvents, high
catalyst loading or non-recoverable catalysts that sometimes contain
toxic metals. Therefore, there is a great need for new catalytic
methods that do not have these problems. MOFs have shown a high
catalytic activity to promote condensation reactions.

Porous metal-organic frameworks (MOFs) built up from organic
linkers and inorganic connectors have recently begun to be explored
as heterogeneous catalysts, owing to their well-ordered porous
structures, flexible and dynamic behaviours in response to guest
molecules and designable channel surface functionalities.” Although
the low thermal and chemical stability of MOFs as compared to their
inorganic counterparts has restricted their use only in mild
conditions, there already have been several reports that showed
MOFs can be excellent heterogeneous catalysts for Knoevenagel
condensation.'”"” In our previous study the MOFs [Zn,(oba),(4-
bpdb)],'(DMF),, TMU-4, and [Zn(oba)(4-bpdh), 5], (DMF),, TMU-
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5 '% (Hyoba = 4,4-oxybisbenzoic acid, 4-bpdb = 1,4-bis(4-pyridyl)-
2,3-diaza-1,3-butadiene and 4-bpdh = 2,5-bis(4-pyridyl)-3,4-diaza-
2,4-hexadiene, Scheme 1), have shown selective CO, adsorption due
to presence of two internal Lewis basic sites per ligand in the pore
walls. Considering the CO, adsorption of these compounds, here
their performance as heterogeneous catalysts for Knoevenagel
condensation reaction is investigated. To the best of our knowledge,
it is the first report that knoevenagel condensation is performed
using MOFs that contain azine-functionalized pores acting as base
catalyst. A new 3D MOF, [Zn(oba)(4-bpmb), 5], (DMF), TMU-6 "
(4-bpmb = N',N*-bis((pyridin-4-yl)methylene)benzene-1,4-diamine,
Scheme 1), was synthesized by introduction of phenyl ring in the
pillar ligand due to the examination of the basicity of N-donor ligand
and its effect on the considered reaction. Functionalization of MOF
pore walls with azine groups enables greater interaction between the
walls and substrate molecules, thereby increasing catalytic activity
of the MOFs. TMU-4 and TMU-6 show 1D, large pores with
aperture of about 5.3 x 9 A and 9.1 x 8.9 A, respectively, whereas
MOF TMU-5 shows 3D, interconnected, narrow pores with aperture
of about 4.4 x 6.2 A (Fig. S1, ESI}). Interestingly, three MOFs were
synthesized easily and rapidly via mechanochemical reactions.”***
Macroscale crystals of TMU-6 MOF, suitable for single-crystal X-
ray diffraction, were prepared by heating a mixture of
Zn(NOs),6(H,0), Hyoba and 4-bpmb, in DMF at 80 °C for 72

hours. N
s
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Scheme 1. Chemical structure of Hyoba, 4-bpdb, 4-bpdh and 4-bpmb
Note the bridging azine group at the center of 4-bpdb and 4-bpdh.

J. Name., 2012, 00, 1-3 | 1



Journal of Materials Chemistry A

Journal Name

COMMUNICATION

RSCPublishing

Table 1. Knoevenagel condensation reaction catalysed by TMU-4, TMU-5 and TMU-6 in different solvents.

(0]
b <CN Catalyst (2 mol%) mCN
CN .t 30 min., solvent CN
Entry  Catalyst EtOH MeOH H,O n-Hexane CH3CN  CH.Cl, Toluene Solvent-free
1 T™MU-4 44 45 45 1 2 0 0 11
2 TMU-5 57 68 100 4 2 0 1 17
3 TMU-6 25 32 38 0 2 0 1 6
4 - 10 1 15 0 1 0 1 3

In a typical synthesis of TMU-4, TMU-5 and TMU-6 the product
were prepared by mechanochemical reaction (grinding by hand) of a
mixture of Zn(OAc), 2H,0, Hyoba and N-donor ligand (4-bpdb, 4-
bpdh or 4-bpmb) for 15 minutes. The simulated (derived from the
single crystal structure of MOFs) and experimental (resulting from
the mechanosynthesized powder) powder X-ray diffraction (PXRD)
patterns  are consistent'® (Fig S3), confirming that the
mechanosynthesized TMU-4, TMU-5 and TMU-6 were structurally
identical to TMU-4, TMU-5 and TMU-6 prepared via conventional
heating, respectively. In MOF TMU-4, the V-shaped coordination of
the oba ligand plays an important role in the linkage of the nods
resulting in a three-dimensional honeycomb framework with double
interpenetration (Fig la). Although the double interpenetration is
formed to avoid an extremely large void space, but still possesses
one-dimensional (1D) open channels in which the internal surface of
these pores is functionalized with the azine groups (Fig 1b, shown in
blue) of the 4-bpdb ligands. The 3D framework of TMU-5 (Fig.
S1b, ESIf) which is built up from a Zny(oba), paddle-wheel
secondary building unit (SBU) is also functionalized with azine
groups (Fig. 1c, shown in blue).

However it is surprising that in MOsF TMU-6, introduction of

phenyl ring in the pillar ligand induced the formation of a structure
similar to TMU-4 but different to that of TMU-5. TMU-6 is also
based on a binuclear Zn(II) unit, in which Zn(II) centers are
coordinated to four carboxylate O atoms (02, O3, O4 and OS5) from
three fully deprotonated oba ligands, and one N atom (N1) from the
4-bpmb ligand (Fig. 1d). The distance between two Zn#1 centers is
3.494 A,
In TMU-6, each non-linear (C—O-C = 115.4(3)°) dicarboxylate oba
ligand binds three consecutive Zn(Il) centers from two different
units (one carboxylate group of an oba ligand adopts a chelating
bidentate mode while the other adopts a bridging bidentate mode),
thereby forming 2D sheets. The 2D sheets are connected through the
linear 4-bpmb, extending the structure in three dimensions. Still the
threefold interpenetrated structure in TMU-6 has large 1D pore
channels running along the [1 0 1] direction which has free N atoms
in pores surface but not azine groups (Fig. 1e and f).

This journal is © The Royal Society of Chemistry 2013

Fig 1. Views of TMU-4 (a) Representation showing the pore channels and
that the network is doubly interpenetrated (in red and green). (b)
Representation of the pores, highlighting the azine groups (blue balls). Views
of TMU-5 (c) Representation of the pores, highlighting the azine groups (in
blue). Views of TMU-6. (d) Binuclear Zn, cluster (O: red; N: blue; C: grey;
and Zn: pink). (¢) Representation of the pores, highlighting the azine groups
(in blue). (f) Representation showing the pore channels and that the network
is threefold interpenetrated (in red, green and yellow). Hydrogen atoms and
DMF molecules are omitted for clarity.
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Table 2. A comparison of catalytic activity of various MOFs in Knoevenagel condensation reaction of benzaldehyde and malononitrile.

Entry Catalyst Mol% Time Solvent Temp. [°C] Yield (%) Ref

1 [Cd(4-btapa),(NO3),]-6H,0-2DMF 5 12h CeHs rt. 98 9

2 [Cd(bipd)o(DMF),]-(C10s), (2DMF) 4 30 min CeHs rt. 93 10

3 Pb(cpna),-2DMF-6H,0 3 24 h CH,CN rt. 100 11

4 ZIF-8 5 3h Toluene r.t. 100 12

5 ZIF-9 5 4h Toluene r.t. 99 13

6 [Gd,(tnbd)s(DMF),]-4DMF-3H,0 10 20 min CeHs rt. 96 15

7 TMU-5 2 30 min H,0 r.t. 100 This work
Thermogravimetric analysis (TGA) of mechanochemically The PXRD patterns of catalysts TMU-4, TMU-5 and TMU-6

synthesized TMU-4, TMU-5 and TMU-6 before washing with DMF
revealed a unique weight loss occurring in the range of 315-500 °C,
290-500 °C and 380-500 °C, respectively, corresponding to the
decomposition of each framework (Fig. S2, ESIf). In TMU-6, 3-fold
interpenetrated framework minimizes empty spaces, preventing
network from collapsing while significantly enhancing stability of
the framework.”’

To characterize the possible base-type catalytic behavior of TMU-
4, TMU-5 and TMU-6, Knoevenagel condensation reaction in the
presence of these three MOFs was performed. Our experiments
employed a 1:1.1 molar ratio of benzaldehyde and malononitrile in
different solvents such as ethanol, methanol, H,O, n-hexane,
acetonitrile, dichloromethane and toluene at room temperature. It can
be deduced from these results that higher yields were achieved in
polar protic solvents, whereas the reaction occurred with difficulty in
solvents with lower polarity. However, the reactions under solvent-
free condition were slow. The reaction between aldehydes and active
methylene compounds hardly progressed in the absence of MOFs,
suggesting the potential base-catalytic activity of MOFs in this
reaction (Entry 4). As shown in Table 1, best results were obtained
when TMU-5 was used as catalyst. 2 mol% catalyst TMU-S lead to
a 100% yield in H,O as solvent. Interestingly, catalytic performance
of TMU-4 and TMU-5 is higher than TMU-6. This may be
attributed to lone pair-lone pair electron repulsion and alpha effect.
Electron lone-pairs on adjacent nitrogen atoms of azine groups
destabilize each other by electronic repulsion and hence increase the
ground state.**? Basicity of TMU-4 and TMU-5 increases based on
this criterion, and they become more reactive. TMU-5 has narrower
pores because of methyl groups. Thus, interactions of walls with
azine groups (as Lewis base) and substrate molecules enhance
leading to an increase in its catalytic activity. Catalytic activity of
TMU-6 is the lowest, because it does not have alpha effect that leads
to a decrease in the nitrogen density of electrons and therefore
reducing the base strength.

The efficiency of TMU-5 in comparison with various MOFs that
have been used as catalyst in condensation reaction between
benzaldehyde and malononitrile is shown in Table 2.

This journal is © The Royal Society of Chemistry 2013

measured after the reactions, show the same profiles as the as-
prepared samples, indicating the unchanged coordination framework
although the crystallinity seems to be weakened due to broadening of
the diffraction peaks (Fig. $4, ESIT).*> 3

To further verify the heterogeneity of systems, a procedure similar
to Sheldon et al. is performed.®® After the reaction mixture was
stirred for 10 minutes, removal of the catalyst via filtration resulted
in the complete shutdown of the reaction and hence, the systems are
totally heterogeneous in nature with no leaching under reaction
conditions (Fig. S9-S11, ESIf).

Conclusions

Three MOFs- [Zn,(oba),(4-bpdb)],'(DMF), (TMU-4), [Zn(oba)(4-
bpdh)osly'(DMF), (TMU-5) and [Zn(oba)(4-bpmb)ys], (DMF),
(TMU-6) with different were
mechanochemically synthesized quickly on large scale. The N-donor

structures and pore sizes
linkers with various basicity appeared in the walls of all three MOFs
which is favorable for catalytic reaction. These MOFs were used as
new solid base catalysts in Knoevenagel condensation reaction. This
study demonstrated that the basicity of azine functionalized pores is
probably an important factor in the catalytic performance. TMU-5
with narrow and interconnected pores in three dimensions has higher
catalytic activity upon increasing basicity of its N-donor ligand.
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i Catalyst (2 mol%)
r.t, 30 min., H,O

Functionalization of MOF pore walls with azine groups enables greater interaction between the walls and
substrate molecules, thereby increasing catalytic activity of the MOFs.
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