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ABSTRACT: A chiral tetracarboxylic acid ligand, H4L,
incorporating the (S)-(+)-2-methylpiperazine moiety in its
middle, solvothermally forms a homochiral Cu(II) framework,
{[Cu2(L)(H2O)2]·(4DMF)(4H2O)}n (LCu). It forms a non-
interpenetrated structure consisting of [Cu2(COO)4] paddle-
wheel secondary bonding units (SBUs) with NbO topology.
Interestingly, the framework LCu exhibits excellent ferro-
electric properties. It shows a remnant polarization (Pr) of
∼3.5 μC cm−2 and a coercive field (Ec) of ∼12 kV cm−1 with a
distinct electric hysteresis loop. Dielectric studies of LCu
reveal almost frequency-independent behavior with a dielectric
constant (εr) of ∼42 and a low dielectric loss (tan δ) of ∼0.04
up to 106 Hz, for potential use in high-frequency applications. In addition, activated framework LCu′ having uncoordinated metal
sites acts as an efficient heterogeneous catalyst in the three-component coupling of amines, aldehydes, and alkynes, as well as in
Pechmann reactions of phenols with β-ketoesters.

■ INTRODUCTION

Metal−organic frameworks (MOFs), especially when they form
highly porous structures, exhibit fascinating properties arising
from the organic−inorganic ensembles1 that have already
resulted in a wide range of applications. Some of the important
applications of these materials that are vigorously pursued
include gas storage and separation, heterogeneous catalysis,
enantioselective separation, sensing through luminescence,
ferroelectricity, magnetism, etc.2−7 Interestingly, integration of
these applications in a suitably designed multifunctional MOF8

remains a challenge that can be addressed via selection of the
metal and/or functional organic linkers.9 This deliberately
tunes the optical, ferroelectric, magnetic, catalytic, and
adsorption properties of MOFs.3,10,11

Ferroelectric materials have important scientific and
technological applications in the fabrication of capacitors,
resonators, communication systems, data storage devices,
etc.12−15 In particular, materials possessing high dielectricity
are important in dielectric resonators and filters for microwave
communication systems.16,17 In recent years, a great deal of
attention has been focused on developing typical ferroelectric/
dielectric materials. These kinds of ferroelectric/dielectric
materials are mostly traditional inorganic materials, such as
ceramics, inorganic salts, and their derivatives.18 The synthesis
of these materials is still challenging because it demands
extreme reaction conditions such as the very high temperatures
required for crystallization and sintering.19 Thus, the design and

synthesis of new ferroelectric and dielectric materials have
attracted an enormous amount of interest from the scientific
community. The facile synthesis of MOFs at relatively low
temperatures (<200 °C) makes them interesting materials for
ferroelectric purposes.20−22 However, development of MOF-
based ferroelectric materials demands that the compound have
chiral centers for crystallization in noncentrosymmetric space
groups.23−25 This can be obtained by adopting the strategies
such as the use of chiral ligands, chiral templates and counter
cations, and auxiliary ligands. Huang et al. reported an (S)-1,4-
diallyl-2-methylpiperazine (DAMP)-based novel homochiral
three-dimensional (3D) framework that displays ferroelectric
behavior.19 Previously, our group reported an (S)-(+)-2-
methylpiperazine-based semiflexible homochiral ligand in
constructing a Cd(II) ion-containing 3D coordination polymer
that exhibited interesting ferroelectric and dielectric proper-
ties.26

Additionally, MOFs with a large surface area and
coordinatively unsaturated metal centers (UMCs) have
provided opportunities for applications in heterogeneous
catalysis.27,28 Here, the UMC can act as a Lewis acid center
for various acid-catalyzed organic reactions.29 MOFs as
heterogeneous catalysts have attracted a huge amount of
interest from both industry and academia.30−32 Among
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different types of MOFs, copper-based frameworks have shown
catalytic properties for numerous organic transformations.33−37

In this context, we designed and synthesized a chiral
tetracarboxylic acid ligand, incorporating dicarboxylate units
at the termini, i.e., 5,5′-[(S)-(+)-2-methylpiperazine-1,4-diyl]-
diisophthalic acid [H4L (Scheme 1)]. This ligand solvother-

mally forms a non-interpenetrated MOF, LCu, containing
paddle-wheel SBUs (Figure 1a), which is based on the
following rationale. (i) Terminal isophthalate moieties prefer
paddle-wheel SBUs, and four carboxylic groups in H4L are
likely to form a porous system.38 (ii) The incorporated (S)-
(+)-2-methylpiperazine moiety will ensure crystallization in a
noncentrosymmetric space group.
We show that LCu exhibits interesting ferroelectric proper-

ties with a hysteresis loop. The guest-free framework with
UMCs (LCu′) showed excellent heterogeneous catalytic

activity in a one-pot synthesis of imidazopyridines through
three-component coupling reactions of amines, aldehydes, and
alkynes as well as the Pechmann condensation reactions to
synthesize coumarin derivatives.

■ EXPERIMENTAL SECTION
Materials. Reagent grade chemicals (S)-(+)-2-methylpiperazine,

dimethyl-5-bromoisophthalate (97%), (±)-BINAP (97%), Pd(OAc)2
(98%), and Cu(NO3)2·3H2O (99%) were obtained from Sigma-
Aldrich. These chemicals were used as received. All other chemicals
and solvents were purchased from S. D. Fine Chemicals and were
freshly purified prior to use.

Physical Measurements. The details of physicochemical
characterization and single-crystal X-ray investigation are given in
the Supporting Information.

Synthetic Methodology. The tetracarboxylic acid ligand 5,5′-
[(S)-(+)-2-methylpiperazine-1,4-diyl]diisophthalic acid, H4L, was
synthesized by following a reported procedure39 as illustrated in
Scheme 2.

Synthesis of Tetramethyl 5,5′-[(S)-(+)-2-Methylpiperazine-
1,4-diyl]diisophthalate. A mixture of (S)-(+)-2-methylpiperazine
(500 mg, 5 mmol) and dimethyl 5-bromoisophthalate (2.73 g, 10.00
mmol) in toluene (40 mL) was combined with cesium carbonate (3.91
g, 12.00 mmol), (±)-BINAP (62 mg, 0.1 mmol), and palladium
acetate (17 mg, 0.075 mmol). The mixture was vigorously stirred at
110 °C for 2 days. After this, the reaction mixture was cooled to room
temperature and the solvent was evaporated under reduced pressure;
water (150 mL) was added, and then the compound was extracted
with ethyl acetate. The collected organic phases were further shaken
with brine and passed through anhydrous sodium sulfate. After
evaporation to dryness, the crude product was obtained as a yellow
solid that was purified by column chromatography using silica gel (200
mesh). Elution with 30% ethyl acetate in n-hexane gave 5,5′-[(S)-
(+)-2-methylpiperazine-1,4-diyl]diisophthalate as a pale yellow crys-

Scheme 1. Schematic Diagram of Chiral Ligand H4L

Figure 1. (a) Coordination environment around the Cu2+ ions in LCu. (b) View of the cages. (c) Perspective view of the 3D packing of LCu along
the crystallographic c-axis showing two types of pores.
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talline powder [600 mg yield, 25% based on (S)-(+)-2-methylpiper-
azine]: 1H NMR [500 MHz, CDCl3, 25 °C, Si(CH3)4] δ 8.15 (s, 2H,
Ar-H), 7.77 (s, 4H, Ar-H), 4.20−4.18 (m, 1H, -CH2-), 3.94 (s, 12H,
-COOMe), 3.76−3.74 (m, 1H, -CH2-), 3.58−3.51 (m, 2H, -CH2-),
3.37−3.30 (m, 2H, -CH2-), 3.15−3.11 (m, 1H, CH), 1.19 (d, J = 6.30
Hz, 3H, -Me); 13C NMR [125 MHz, CDCl3, 25 °C, Si(CH3)4] δ 13.4
(-CH3), 43.3 (-CH2-), 48.6 (-CH2-), 51.4 (-OCH3), 52.5 (-CH2-), 54.3
(CH), 120.9 (Ar-C), 131.6 (Ar-C), 132.4 (Ar-C), 150.0 (Ar-C), 166.8
(-CO-); ESI-MS m/z 485.1925 (100%) (calcd for [M + H]+ m/z
485.1924). Anal. Calcd (%) for C25H28N2O8: C, 61.97; H, 5.20; N,
5.78. Found: C, 62.42; H, 5.48; N, 5.54.
Synthesis of 5,5′-[(S)-(+)-2-Methylpiperazine-1,4-diyl]-

diisophthalic Acid (H4L). The tetraester (500 mg, 1.03 mmol) and
KOH (210 mg, 3.75 mmol) were mixed in methanol (40 mL) and
water (20 mL). The reaction mixture was refluxed for 24 h. The
solvent was evaporated under reduced pressure, and water was added
to the mixture. The aqueous solution was acidified with concentrated
HCl to pH ∼5 whereupon the product precipitated as a light yellow
solid. It was collected by filtration. The solid was washed with water
and dried in vacuo to obtain H4L (398 mg yield, 90%): mp >300 °C;
1H NMR [500 MHz, d6-DMSO, 25 °C, Si(CH3)4] δ 13.12 (broad, 4H,
-COOH), 7.89−7.86 (m, 2H, Ar-H), 7.66−7.63 (m, 4H, Ar-H), 4.22−
4.21 (m, 1H, -CH2-), 3.78−3.75 (m, 1H, -CH2-), 3.64−3.62 (m, 1H,
-CH2-), 3.55−3.52 (m, 1H, -CH2-), 3.22−3.17 (m, 2H, -CH2-), 3.01−
2.96 (m, 1H, CH), 1.08 (d, J = 5.7 Hz, 3H, -Me); 13C NMR [125
MHz, d6-DMSO, 25 °C, Si(CH3)4] δ 13.2 (-CH3), 42.3 (-CH2-), 48.1
(-CH2-), 50.7 (-CH2-), 53.58 (CH), 119.8 (Ar-C), 121.5 (Ar-C), 132.6
(Ar-C), 150.1 (Ar-C), 151.9 (Ar-C), 167.5 (-COOH); ESI-MS m/z
427.1151 (100%) (calcd for [M − H]− m/z 427.1141). Anal. Calcd
(%) for C21H20N2O8: C, 58.87; H, 4.70; N, 6.54. Found: C, 59.15; H,
4.53; N, 6.69.
Synthesis of {[Cu2(L)(H2O)2]·(4DMF)(4H2O)}n (LCu). Cu(NO3)2·

3H2O (35 mg, 0.15 mmol), H4L (20 mg, 0.05 mmol), and
concentrated HCl (2 drops) were dissolved in a mixture of DMF (2
mL) and H2O (1 mL). The solution was taken in a Teflon-lined
stainless steel autoclave. The autoclave was heated under autogenous
pressure to 90 °C for 48 h and then allowed to cool to room
temperature at a rate of 10 °C/h. Blue-colored block-shaped crystals of
LCu were collected by filtration: yield 49%; FT-IR (KBr pellets) 3430

(br), 2930 (m), 1660 (s), 1585 (s), 1417 (s), 1384 (s), 1255 (m),
1226 (m), 1163 (m), 1100 (s), 1017 (s), 776 (s), 729 (s) cm−1. Anal.
Calcd (%) for C33H56N6O18Cu2: C, 41.63; H, 5.93; N, 8.83. Found: C,
42.19; H, 5.68; N, 8.36.

■ RESULTS AND DISCUSSION

Ligand H4L reacts with Cu(NO3)2·3H2O (1:4 molar ratio)
under solvothermal conditions to form {[Cu2(L)(H2O)]·
(4DMF)(4H2O)}n (LCu). X-ray structural analysis revealed
that LCu was a non-interpenetrated 3D MOF and isoreticular
to the known NOTT-101 structure.40 The asymmetric unit
contained one L4− ligand and two Cu(II) ions with one
coordinated water molecule on each Cu(II) ion (Figure 1a). In
addition, lattice DMF and water molecules were also present.
The Cu(II) ions formed a [Cu2(COO)4(H2O)2] paddle-wheel
SBU in which each metal ion showed square-pyramidal
coordination geometry with equatorial ligation from four
bridging carboxylates and one water molecule bound axially
(Figure 1a). The methyl group on the piperazine ring and the
piperazine moiety showed disorder because of rotational
freedom.
In the paddle-wheel structure, the Cu···Cu separation was

2.6453(11) Å. The equatorial Cu−O distances spanned the
range of 1.915(8)−2.000(9) Å, which suggested strong metal−
carboxylate bonding. The axially bound water molecules
showed the Cu1−OW1 and Cu2−OW2 distances to be
2.049(6) and 2.208(7) Å, respectively. All these bond lengths
were comparable to those found in the literature for similar
structures.41

These paddle-wheel SBUs were bridged by the carboxylates
of L4− showing a NbO topology with the point symbol 64.82.
The framework showed large cages (Figure 1b) with a
dimension of 13.88 Å (distance refers to the Cu-to-Cu
connection) occupied by DMF and water molecules. There
are two more channels of different sizes along the crystallo-

Scheme 2. Synthesis of Ligand H4L

Figure 2. (a) View showing the plot of polarization (Pr) vs applied electric field (Ec). (b) Frequency dependence of the dielectric constant and
dielectric loss of LCu at room temperature.
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graphic c-axis (Figure 1c). The guest solvent molecules were
highly disordered; hence, squeezed refinement was performed.
The 4DMF/4H2O solvent composition was calculated on the
basis of the thermogravimetric weight loss analysis (TGA), IR
spectra, and elemental analysis. The values obtained were in
good agreement with the PLATON-calculated solvent-acces-
sible void volume. The calculated solvent-accessible void
volume was found to be 67% of the unit cell volume.
Ferroelectric and Dielectric Properties. As the X-ray

studies revealed that the sample crystallized in the R3 space
group associated with point group C3, it lacked an inversion
symmetry, which in turn satisfied the necessary condition for
the development of ferroelectricity. Ferroelectricity arises as a
result of uncompensated electric dipole moments due to the
lack of inversion symmetry and manifests itself by the presence
of spontaneous polarization. This polarization in turn can be
switched by changing the applied electric field. Thus, to
understand the macroscopic ferroelectric behavior, plots of
polarization (P) versus applied field (E) at different applied
field strengths are shown in Figure 2a. It was evident from the
plots that the sample showed a well-defined ferroelectric
response until the highest applied electric field was reached.
The saturation polarization (Ps) was ∼8 μC cm−2 at an applied
electric field strength of 40 kV cm−1. The value of remnant

polarization (2Pr) was ∼3.5 μC cm−2 with a coercive field (Ec)
of ∼12 kV cm−1. In the study presented here, the value of
saturation polarization (Ps) was notably larger than that of
other ferroelectrics like KDP17 (5.0 μC cm−2) and several
ferroelectric MOFs.18,26,42 Recently, there has been a huge
amount of interest in developing high-k and low-loss gate
dielectrics to replace SiO2 because of the high leakage currents
encountered at the submicrometer thicknesses required for
large scale integration. Therefore, we studied the dielectric
behavior with respect to the change in frequency as shown in
Figure 2b. The real dielectric constant value (εr ∼ 42) of the
sample remained fairly constant within the frequency range of
103−106 Hz. Similarly, it showed a low dielectric loss value (tan
δ ∼ 0.04) over the entire frequency range investigated.
However, both dielectric constant and dielectric loss increased
abruptly at frequencies above 5 MHz, which could be caused by
dipolar relaxation. The frequency-independent variation of
dielectric behavior indicated that the dielectric response was
free from interfacial polarization, and the dipolar polarization
mechanism made the major contribution. A fairly high value of
the dielectric constant with a low dielectric loss and
concomitant well-saturated ferroelectric hysteresis loops further
confirmed the intrinsic nature of ferroelectricity in the sample.
These values are significant as most MOFs show ferroelectricity

Table 1. LCu′-Catalyzed Synthesis of Imidazopyridine Compounds through a TCC and 5-Exo-dig Cyclization Reactiona

aReaction conditions: 2-aminopyridines (1.1 mmol), benzaldehydes (1.2 mmol), aryl alkynes (1 mmol), in toluene (1 mL), catalyst LCu′ (10 wt %),
sealed tube at 120 °C for 30 h under N2.

bYield of the isolated product.
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below room temperature43−47 or are only weakly ferroelectric
near room temperature.48−52

The ferroelectric properties of this compound were on par
with the one of the most extensively studied organic
ferroelectrics, PVDF, i.e., polyvinylidene fluoride, and its
composite ferroelectrics.53−55 Additionally, LCu was found to
be stable up to ∼250 °C (Tc ∼ 180 °C) comparing PVDF with
a melting point of ∼170 °C (Tc ∼ 140 °C).56 The fairly stable
dielectric constant (εr ∼ 42) and low dielectric loss (tan δ ∼
0.04) in the frequency range of this material are desirable and
comparable with most literature reports from the point of view
of large scale integration scalability53 and energy storage
applications.57

One-Pot Synthesis of Imidazopyridine Derivatives
through a Three-Component Coupling and 5-Exo-dig

Cyclization Reactions. A large pore volume and axially bound
water molecules are two key aspects of the structure of LCu.
Because upon heat treatment, LCu can be activated to have
LCu′ where all the guest solvent molecules as well as the metal-
bound aqua ligand are removed without breakdown of the
framework, it was probed as a heterogeneous catalyst in
different organic transformation reactions. Herein, we establish
a proficient synthesis of imidazopyridines by LCu′-catalyzed
three-component coupling (TCC) reaction of 2-aminopyr-
idines with benzaldehydes and aromatic alkynes to afford
different imidazopyridine derivatives. Over the years, N-
heteroaromatic compounds have been regarded as being very
important for the synthesis of pharmacological and therapeutic
molecules.58,59 Among them, imidazopyridine derivatives are
significant pharmacophores that are present in many bio-

Table 2. Substrate Screen for the Pechmann Condensation Reactions Catalyzed by LCu′a

aReaction conditions: phenolic compounds (2.1 mmol), ethyl acetoacetate (2.5 mmol), LCu′ (10 wt %) as the catalyst, 130 °C for 24 h. bYield of
the isolated product.
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logically relevant compounds.60 In particular, imidazo[1,2-
a]pyridines exhibit promising biological properties.61−66 In
addition, the imidazo[1,2-a]pyridine core can be found in many
natural products as well as in various pharmacological
molecules such as anxyolytic drugs, viz., alpidem, necopidem,
saripidem, and the drug that is useful in insomnia named
zolpidem.67 Naturally, great effort has been spent on their
synthesis by using transition metal salts and other cata-
lysts.68−71 The synthesis of imidazopyridines is effected by
using 2-aminopyiridine, an aldehyde, and a terminal alkyne
through a one-pot three-component coupling reaction (TCC
reaction, also known as A3 coupling). First, it forms an
intermediate propargylamine that further undergoes 5-exo-dig
cyclization leading to the desired product (Table 1).36 In our
case, 10 wt % LCu′ was added to the mixture containing 2-
aminopyridine (1.1 mmol), benzaldehyde (1.2 mmol), and aryl
alkynes (1 mmol) in toluene at 393 K under a N2 atmosphere.
The reaction of phenylacetylene with benzaldehyde and 2-
aminopyridines gave the product in 89% yield (Table 1, entry
1). Aromatic alkynes having different substituents produced
imidazopyridines in 73−86% yields. It was observed that aryl
alkynes with electron-withdrawing groups gave yields higher
than the yields of those having electron-donating groups (Table
1, entries 2−5). We performed another set of experiments in
the absence of the catalyst that showed much smaller amounts
of the desired product (Table 1, entry 7). Formation of the
products was confirmed by 1H and 13C NMR and ESI mass
spectroscopy (Figures S11−S25). The activity of LCu′ was
greatly superior to those of the homogeneous copper salts
(Table 1, entry 6). Typically, upon completion of the reaction,
the reaction mixture was filtered to separate the catalyst and
washed several times with acetone, and after the mixture had
been heated at 110 °C under vacuum, the active catalyst was
regenerated. This regenerated catalyst was further used in the
subsequent runs to check the recyclability. The catalytic activity
of LCu′ experienced only a slight degradation after three cycles
(Figure S26). To better understand the framework integrity of
the catalyst, PXRD measurement was conducted on the
recovered catalyst after each cycle. No significant change
observed in the PXRD pattern up to three cycles (Figure S27)
demonstrated the maintenance of the framework integrity. The
heterogeneous behavior of LCu′ was unambiguously estab-
lished by a hot filtration test (Figure S28).
LCu′-Catalyzed Pechmann Condensation: Synthesis

of Coumarin Derivatives. In light of the importance of
Pechmann condensation reactions in the synthesis of
derivatives of coumarin, the heterogeneous catalytic activity of
LCu′ was further probed.
Coumarins are found to have varied biological activities72−74

besides applications in food additives, fragrances, and
cosmetics.75 Coumarin derivatives can be synthesized by
adopting various reactions.76−81 The Pechmann reaction is
the popular method that employs two-component coupling of
phenol (2.1 mmol) and β-ketoester (2.5 mmol). To date, there
have been several homogeneous, heterogeneous, and Lewis acid
catalysts reported for this reaction.82−86

Herein, we showed the catalytic activity of LCu′ in the
Pechmann reaction using aromatic phenols with ethyl
acetoacetate. As indicated in Table 2, a series of phenolic
compounds were used to obtain the corresponding substituted
coumarins. The results indicated that only 1,4-dihydroxynaph-
thalene, phenol, and 1-naphthol produced the product in
average to good yields. The formation of the target products

was confirmed using 1H and 13C NMR spectroscopy and ESI-
MS analysis (Figures S29−S37), while the integrity of LCu
after each catalytic run was evidenced by its PXRD pattern
(Figure 3). In a similar way described by Cejka et al.,84

negligible transformation of resorcinol and pyrogallol to the
target coumarins was achieved using LCu′ as a catalyst (Figures
S38 and S39). In the case of resorcinol, the low catalytic activity
of LCu′ was assumed to be caused by its attachment to the
UMCs of LCu′, thus blocking the reaction. In another case, the
framework integrity collapsed in the presence of pyrogallol
(Figure 3) under the reaction conditions. As mentioned above,
here also the catalyst was recycled for two successive runs
without any significant loss of activity (Figure S40). Catalyst
LCu′ preserved its integrity throughout the reaction as
confirmed by PXRD (Figure S41). The heterogeneous behavior
of LCu′ was established by a hot filtration test (Figure S42).

■ CONCLUSION

In summary, we report here an enantiopure organic ligand,
H4L, incorporating the (S)-(+)-2-methylpiperazine moiety in
its middle to construct the homochiral Cu(II) framework, LCu.
The structure consists of [Cu2(COO)4] paddle-wheel secon-
dary bonding units (SBUs) with NbO topology. Interestingly,
framework LCu exhibits excellent ferroelectric properties with
an electric hysteresis loop showing a remnant polarization (Pr)
of ∼3.5 μC cm−2 and a coercive field (Ec) of ∼12 kV cm−1.
Dielectric studies on LCu reveal almost frequency-independent
behavior with a dielectric constant (εr) of ∼42 and a low
dielectric loss (tan δ) of ∼0.04 up to 106, which suggests that it
can be useful in high-frequency applications. Alternatively,
activated framework LCu′ exhibits efficient heterogeneous
catalytic activity in the one-pot synthesis of imidazopyridine
derivatives by the A3 coupling reactions and synthesis of
coumarin derivatives by the Pechmann reaction. Although the
MOF is porous, we could not achieve adsorption of nitrogen
gas. The causes for such behavior are being probed together
with related samples that will constitute another study.

Figure 3. PXRD patterns of LCu′ before and after the catalysis with
different substrates.
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