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ABSTRACT: A new two-fold interpenetrated pillar-layered metal−organic framework (MOF) was designed and synthesized based
on zirconium cations, an amine-functionalized ligand, and a linear exo-bidentate bis-pyridine ligand. The structure of the prepared
framework was evaluated using various techniques, such as Fourier transform infrared (FTIR), 13C NMR, energy-dispersive X-ray
(EDX), elemental mapping analysis, scanning electron microscopy (SEM), X-ray diffraction (XRD), thermogravimetric analysis/
differential thermal analysis (TGA/DTA), and Brunauer−Emmett−Teller (BET). Then, catalytic application of the prepared
zirconium-based MOF was successfully explored in the synthesis of novel 6H-chromeno[4,3-b]quinolin-6-ones 4(a−l) through a
one-pot three-component condensation reaction of 4-hydroxycumarine, 1-naphthylamine, and aromatic aldehydes under solvent-free
conditions at 110 °C. The pure products were obtained with high atom efficiency (AE) and short reaction times and characterized
by FTIR, NMR, and mass spectrometry techniques.

1. INTRODUCTION
Metal−organic frameworks (MOFs), known as porous
coordination networks (PCNs), are a class of functional
meso-/microporous crystalline materials constituted by the
auto-assemblage of metal ions or metal oxide clusters and
organic ligands through covalent connection.1 Ultrahigh
surface area, praiseworthy porous texture, various pore sizes
and shapes, and appropriate thermal and mechanical stabilities
in the MOFs allow multiple applications in gas adsorption,
chemical separation, catalysis processes, electronic and
optoelectronic devices, drug delivery, nonlinear optical
(NLO) materials, and so on.2−15

One of the most creditable and controlled strategies to build
3D porous frameworks is the pillaring strategy because this
approach applies size-alterable organic linkers for systemati-
cally adjusting pore size and shape and functional groups
embedded in the ligands in pillars or layers for modulating the
pore surface toward the desired properties. The layer structural
motif pillar-layered MOFs are usually not affected by the pillar
change. Due to the high ability of the rigid carboxylate ligands
to adopt various bonding modes and satisfy different metal
coordination preferences, one rational methodology to
fabricate these structures is to utilize rigid carboxylate ligands

to bridge two-dimensional (2D) layers organized by metal ions
and amines.16,17 Modifying the pillars can lead to control of
hydrophilic/hydrophobic character, hydrogen bonding, and
open metal site of the available frameworks.18

Among subclasses of MOFs, zirconium-based MOFs (Zr-
MOFs) stand out due to the strong Zr−O coordination bond,
practicable synthetic conditions, and facility of reproducibility.
The strong Zr−O coordination bond, along with the robust
polynuclear molecular building blocks, causes Zr-MOFs an
exceptional family of structures that are promising because of
their tenability, stability, and design ability.19−21

Chromeno quinolines display remarkable properties in
biological, medicinal, and fluorescence areas (Figure 1).22

Despite the significant role of fused chromeno quinolines in
modern chemistry, efficient synthetic methods for their
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synthesis have rarely been presented. In general, the reported
synthetic strategies for the synthesis of 6H-chromeno[4,3-
b]quinolin-6-ones used the Vilsmeier reagent or formyl group
of aromatic aldehydes as the source of the methine (CH)
group in the quinoline ring.23 For example, a study reported by
Hegab et al. described an efficient synthesis of 6,6-
disubstituted chromeno[4,3-b]- and chromeno-[3,4-c]-quino-
lines employing the Vilsmeier reagent.24 Wang and co-workers
presented a condensation of 4-hydroxycoumarin and N-
arylidene-naphthalen-2-amine in aqueous media catalyzed by
TEBAC to give 7-aryl-7,14-dihydro-6H-benzo[f ]chromeno-
[4,3-b]-quinolin-6-ones in good to high yields.25 Weng et al.
reported the metal-catalyst-free electro-oxidative cyclization of
4-(phenylamino)-2H-chromen-2-ones for their synthesis using
DMF as the methine group.26 Several reports have been
established for their synthesis through a three-component

condensation of 4-hydroxycoumarin, aldehydes, and aromatic
amines catalyzed by ([HYSBPI]HSO4) and graphene oxide,
bismuth triflate, and Fe3O4@SiO2@CPS.

27−30

This work aimed to synthesize, characterize, and explore the
potential of a new Zr-MOF [Zr(BDA4BPy)(BDC-NH2)-
(PhNCO)] (Basu-DPU) (Scheme 1).
Then, it was used as a capable catalyst for the synthesis of

4(a−l) by the three-component condensation reaction of 4-
hydroxycumarine, 1-naphthylamine, and aromatic aldehydes
(Scheme 2).

2. EXPERIMENTAL SECTION
2.1. General. All of the commercial reagents were provided

by the Merck or Aldrich Chemical companies and applied
without further purification. The reaction progression and
purity of the prepared compounds were monitored by thin-

Figure 1. Biologically active chromeno quinolines.

Scheme 1. Synthesis of the Basu-DPU Framework

Scheme 2. Synthesis of 4(a−l)
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layer chromatography (TLC) performed with silica gel 60 F-
254 plates. Fourier transform infrared (FTIR) spectra were
recorded on a Perkin Elmer Spectrum Version 10.02.00
employing KBr pellets. The 1H NMR (250 MHz) and 13C
NMR (62.5 MHz) spectra were taken on a Bruker
spectrometer (δ in ppm) using DMSO-d6 as a solvent with
chemical shifts measured relative to TMS as the internal
standard. Melting points were taken with a BUCHI 510
melting point apparatus. Elemental analysis was performed
using a MIRA II analyzer. The field-emission scanning electron
microscopy (FESEM) images were recorded using a MIRA III
analyzer. The X-ray diffraction (XRD) measurements were
carried out with an XRD Philips PW1730. Thermogravimetric-
differential thermal analysis (TGA-DTA) was done using an
SDT-Q600 device. The mass spectra were recorded on an
Agilent mass spectrometer (HP), model: 5973 network mass
selective detector, ion source: electron impact (EI) 70 eV, ion
source temperature: 230 °C, with a quadrupole analyzer.
2.2. General Strategy for the Fabrication of the Basu-

DPU Framework. Basu-DPU was synthesized in the following
three sequential steps:
Stage 1: The exo-bidentate N1,N4-bis(pyridin-4-ylmethy-

lene)-benzene-1,4-diamine (BDA4BPy) ligand was synthesized
based on the literature.31 Briefly, the mixture of 4-pyridine-
carbaldehyde (20 mmol) and 1,4-benzenediamine (10 mmol)
was refluxed in toluene in the presence of piperidine (0.1 mL)
as a catalyst for 2 h. Then, the obtained yellow precipitate was
filtered, recrystallized in ethanol (yield: 90%), and charac-
terized by FTIR analysis.
Stage 2: [Zr(BDA4BPy)(BDC-NH2)] (Basu) was prepared

by the solvothermal procedure. ZrCl4 (1.2 mmol), BDA4BPy
ligand (0.3 mmol), and 2-aminoterephthalic acid (BDC-NH2)
(0.5 mmol) were mixed in DMF (20 mL) and stirred for 15
min at room temperature. Then, acetic acid (20 mL) was
added, and the mixture was placed in a Teflon reactor and put
in an oven at 120 °C for 24 h. The mixture was then allowed to
cool slowly to room temperature, centrifuged, washed with
DMF and ethanol to give the cream-colored Basu, and
characterized by FTIR, energy-dispersive X-ray (EDX),
elemental mapping, XRD, SEM, and Brunauer−Emmett−
Teller (BET) analyses.
Stage 3: Further functionalization of Basu was carried out

with phenyl isocyanate according to the literature.32 Briefly,
Basu (200 mg) was dispersed in CH3CN (10 mL) and reacted
with phenyl isocyanate (5 mmol). The resulting mixture was
placed in a Teflon reactor and put in an oven at 120 °C for 12
h. Finally, the cream solid was centrifuged, washed with
CH3CN, and vacuum dried at 80 °C for 48 h to obtain the title
postmodified MOF (Basu-DPU) and characterized by FTIR,
EDX, elemental mapping, XRD, SEM, and BET analyses.
2.3. General Procedure for the Synthesis of 4(a−l)

Catalyzed by Basu-DPU. 4-Hydroxycumarine (1 mmol), 1-
naphthylamine (1 mmol), aromatic aldehydes (1 mmol), and
Basu-DPU (0.01 g) were mixed and stirred under solvent-free
conditions at 110 °C. After completion of the reaction (TLC:
n-hexane/EtOAc), the solid was dissolved in DMF (10 mL)
and centrifuged to separate the catalyst. Then, the product was
washed with ethanol and acetone, purified by recrystallization
in DMF or thin-layer chromatography plates, and characterized
by FTIR, NMR, and mass spectrometry techniques.

2.4. Spectral Data. 2.4.1. 7-(3-Hydroxyphenyl)-7,14-
dihydro-6H-benzo[h]chromeno[4,3-b]quinolin-6-one (4a).

Yellow solid, mp > 300 °C, IR (KBr, cm−1): 3438, 3269, 3060,
2893, 1661, 1517, 1468, and 1265. 1H NMR (250 MHz,
DMSO-d6): δ = 9.45 (s, 1H), 9.22 (s, 1H), 8.62 (d, J = 8.4 Hz,
1H), 8.55 (d, J = 8.0 Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 7.65−
7.58 (m, 2H), 7.54 (d, J = 7.3 Hz, 2H), 7.38 (q, J = 11.0 Hz,
3H), 6.99 (t, J = 7.8 Hz, 1H), 6.74 (d, J = 7.6 Hz, 1H), 6.67 (s,
1H), 6.50 (d, J = 5.7 Hz, 1H), 5.27 (s, 1H). 13C NMR (62.5
MHz, DMSO-d6) δ = 160.95, 157.85, 152.72, 148.58, 144.29,
133.05, 132.27, 130.48, 129.74, 128.64, 127.82, 126.54, 126.41,
124.38, 124.17, 123.91, 123.19, 122.27, 120.98, 118.47, 117.19,
114.67, 114.12, 113.93, 99.06, 41.89, 40.97, 40.64, 40.31,
39.97, 39.64, 39.30, 38.97. MS: ESI-mass: m/z = 391.

2.4.2. 7-(2,3-Dihydroxyphenyl)-7,14-dihydro-6H-benzo-
[h]chromeno[4,3-b]quinolin-6-one (4b).

Cream solid, mp 280−283 °C, IR (KBr, cm−1): 3378, 3047,
1646, 1520, 1472, and 1264. 1H NMR (250 MHz, DMSO-d6)
δ = 9.29 (d, J = 13.8 Hz, 2H), 8.65−8.45 (m, 3H), 7.81 (d, J =
7.8 Hz, 1H), 7.67−7.34 (m, 7H), 6.57−6.31 (m, 3H), 5.79 (s,
1H). 13C NMR (62.5 MHz, DMSO-d6) δ = 161.00, 152.71,
145.59, 145.07, 141.97, 135.14, 132.94, 132.19, 129.98, 128.52,
127.55, 126.28, 124.13, 123.89, 123.14, 122.17, 119.52, 119.23,
117.15, 114.09, 113.71, 98.92, 40.96, 40.63, 40.30, 39.96,
39.63, 39.30, 38.96, 34.91. MS: ESI-mass: m/z = 407.

2.4.3. 7-(3,4-Dihydroxyphenyl)-7,14-dihydro-6H-benzo-
[h]chromeno[4,3-b]quinolin-6-one (4c).

Cream solid, mp > 300 °C, IR (KBr, cm−1): 3511, 3439, 3027,
2885, 1659, 1523, 1472, and 1265. 1H NMR (250 MHz,
DMSO-d6) δ = 9.42 (s, 1H), 8.70−8.52 (m, 4H), 7.87 (d, J =
8.0 Hz, 1H), 7.66−7.51 (m, 4H), 7.47−7.30 (m, 3H), 6.58 (d,
J = 22.5 Hz, 3H), 5.17 (s, 1H). 13C NMR (62.5 MHz, DMSO-
d6) δ = 160.97, 152.66, 145.43, 144.41, 143.93, 138.54, 132.96,
132.17, 130.34, 128.63, 127.92, 126.38, 124.17, 123.85, 123.35,
122.24, 121.76, 118.51, 117.17, 115.74, 115.24, 114.21, 99.49,
40.95, 40.63, 40.29, 39.96, 39.63, 39.29, 38.96. ESI-mass: m/z
= 407.
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2.4.4. 7-(Naphthalen-1-yl)-7,14-dihydro-6H-benzo[h]-
chromeno[4,3-b]quinolin-6-one (4d).

Cream solid, mp > 300 °C, IR (KBr, cm−1): 3358, 3035, 1665,
1620, 1522, 1477, and 1267. 1H NMR (250 MHz, DMSO-d6)
δ = 9.46 (s, 1H), 8.79 (d, J = 8.6 Hz, 1H), 8.62 (t, J = 10.1 Hz,
2H), 7.88 (d, J = 8.0 Hz, 1H), 7.77 (d, J = 7.8 Hz, 1H), 7.63
(q, J = 7.5 Hz, 4H), 7.52 (d, J = 7.4 Hz, 3H), 7.40 (d, J = 8.6
Hz, 4H), 7.16 (d, J = 8.3 Hz, 1H), 6.25 (s, 1H). 13C NMR
(62.5 MHz, DMSO-d6) δ = 152.73, 145.55, 144.53, 133.78,
132.99, 132.33, 130.78, 129.84, 128.58, 126.81, 126.44, 124.53,
124.13, 123.32, 122.40, 121.85, 117.16, 114.02, 100.07, 40.97,
40.64, 40.30, 39.97, 39.64, 39.30, 38.97, 37.02. ESI-mass: m/z
= 425.

2.4.5. 7-(2-Chlorophenyl)-7,14-dihydro-6H-benzo[h]-
chromeno[4,3-b]quinolin-6-one (4e).

Cream solid, mp > 300 °C, IR (KBr, cm−1): 3321, 3060, 1662,
1618, 1520, 1470, and 1271. 1H NMR (250 MHz, DMSO-d6)
δ = 9.38 (s, 1H), 8.58 (dd, J = 13.2, 8.3 Hz, 2H), 7.82 (d, J =
8.1 Hz, 1H), 7.64 (d, J = 8.6 Hz, 2H), 7.52 (dd, J = 11.7, 7.8
Hz, 4H), 7.38 (d, J = 8.1 Hz, 2H), 7.27 (d, J = 8.6 Hz, 1H),
7.17−7.09 (m, 2H), 5.89 (s, 1H). 13C NMR (62.5 MHz,
DMSO-d6) δ = 152.84, 145.27, 133.14, 132.50, 131.43, 131.06,
130.18, 129.80, 128.62, 128.25, 126.77, 126.54, 124.54, 124.18,
123.22, 122.43, 120.21, 117.21, 113.83, 40.94, 40.61, 40.28,
39.94, 39.61, 39.28, 39.06, 38.94. ESI-mass: m/z = 409.

2.4.6. 7-(4-Isopropylphenyl)-7,14-dihydro-6H-benzo[h]-
chromeno[4,3-b]quinolin-6-one (4f).

Yellow solid, mp > 300 °C, IR (KBr, cm−1): 3353, 2957, 1665,
1620, 1524, 1479, and 1269. 1H NMR (250 MHz, DMSO-d6)
δ = 9.49 (s, 1H), 8.60 (dd, J = 16.6, 8.2 Hz, 2H), 7.86 (d, J =
8.0 Hz, 2H), 7.58 (ddt, J = 25.4, 18.9, 8.3 Hz, 6H), 7.37 (t, J =
7.9 Hz, 2H), 7.19 (d, J = 7.8 Hz, 2H), 7.05 (d, J = 7.6 Hz, 2H),
5.32 (s, 1H), 2.72 (s, 1H), 1.07 (d, J = 6.9 Hz, 6H). 13C NMR
(62.5 MHz, DMSO-d6) δ = 160.93, 156.74, 154.13, 152.71,
147.62, 147.00, 144.89, 139.41, 134.94, 132.27, 130.46, 128.62,
127.58, 126.78, 126.56, 124.45, 123.94, 121.66, 117.18, 40.97,

40.63, 40.30, 39.97, 39.63, 39.30, 38.97, 38.12, 33.40, 24.23.
ESI-mass: m/z = 417.

2.4.7. 7-(4-Methoxyphenyl)-7,14-dihydro-6H-benzo[h]-
chromeno[4,3-b]quinolin-6-one (4g).

Yellow solid, mp > 300 °C, IR (KBr, cm−1): 3294, 1665, 1622,
1522, 1400, and 1246. 1H NMR (250 MHz, DMSO-d6) δ =
9.44 (s, 1H), 8.59 (dd, J = 18.4, 8.2 Hz, 2H), 7.85 (d, J = 7.9
Hz, 1H), 7.66−7.31 (m, 7H), 7.17 (d, J = 8.2 Hz, 2H), 6.75
(d, J = 8.2 Hz, 2H), 5.30 (s, 1H), 3.61 (s, 3H). 13C NMR (62.5
MHz, DMSO-d6) δ = 160.93, 158.34, 152.72, 144.06, 139.67,
133.03, 132.22, 130.41, 128.74, 128.63, 127.87, 126.52, 126.40,
124.39, 124.14, 123.93, 123.20, 122.28, 121.25, 117.17, 114.25,
99.41, 55.42, 41.13, 41.01, 40.68, 40.34, 40.01, 39.68, 39.34,
39.01. ESI-mass: m/z = 405.

2.4.8. 7-(2-Methoxyphenyl)-7,14-dihydro-6H-benzo[h]-
chromeno[4,3-b]quinolin-6-one (4h).

Yellow solid, mp > 300 °C, IR (KBr, cm−1): 3347, 3063, 1665,
1620, 1520, 1471, and 1241. 1H NMR (250 MHz, DMSO-d6)
δ = 9.37 (s, 1H), 8.58 (t, J = 7.7 Hz, 2H), 7.81 (d, J = 8.0 Hz,
1H), 7.61 (dd, J = 13.8, 7.7 Hz, 2H), 7.50 (dt, J = 8.4, 4.3 Hz,
3H), 7.38 (d, J = 8.4 Hz, 2H), 7.09 (t, J = 8.7 Hz, 2H), 6.94 (d,
J = 8.0 Hz, 1H), 6.75 (t, J = 7.3 Hz, 1H), 5.77 (d, J = 2.6 Hz,
1H). 13C NMR (62.5 MHz, DMSO-d6) δ = 160.69, 156.15,
152.78, 145.24, 135.96, 132.93, 132.20, 130.24, 128.97, 128.51,
128.17, 127.28, 126.30, 124.12, 123.17, 122.23, 121.42, 121.16,
117.14, 114.07, 112.06, 98.49, 56.23, 40.98, 40.64, 40.31,
39.97, 39.64, 39.31, 38.98, 35.56. ESI-mass: m/z = 405.

2.4.9. 7-(2-Nitrophenyl)-7,14-dihydro-6H-benzo[h]-
chromeno[4,3-b]quinolin-6-one (4i).

Orange solid, mp > 300 °C, IR (KBr, cm−1): 3397, 2922, 1648,
1662, 1526, 1475, 1356, and 1265. 1H NMR (250 MHz,
DMSO-d6) δ = 9.35 (s, 1H), 8.65 (d, J = 8.3 Hz, 1H), 8.55 (d,
J = 7.9 Hz, 1H), 7.82 (s, 2H), 7.66−7.53 (m, 4H), 7.39 (d, J =
23.4 Hz, 6H), 6.02 (s, 1H). 13C NMR (62.5 MHz, DMSO-d6)
δ = 162.72, 160.83, 152.74, 148.43, 144.15, 141.49, 133.98,
133.32, 132.55, 132.19, 130.81, 128.64, 128.07, 127.14, 126.96,
126.62, 124.87, 124.23, 123.73, 123.31, 122.50, 119.41, 117.21,
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113.74, 99.19, 41.00, 40.66, 40.33, 39.99, 39.66, 39.33, 38.99,
36.18, 31.19. ESI-mass: m/z = 420.

2.4.10. 7-(Pyridin-2-yl)-7,14-dihydro-6H-benzo[h]-
chromeno[4,3-b]quinolin-6-one (4j).

Brown solid, mp > 300 °C, IR (KBr, cm−1): 3421, 3047, 1683,
1638, 1590, 1528, 1479, and 1265. 1H NMR (250 MHz,
DMSO-d6) δ = 9.47 (s, 1H), 8.62−8.50 (m, 2H), 8.31 (s, 1H),
7.83 (d, J = 8.1 Hz, 1H), 7.66 (d, J = 7.6 Hz, 2H), 7.57−7.34
(m, 7H), 7.14−7.05 (m, 1H), 5.52 (s, 1H). 13C NMR (62.5
MHz, DMSO-d6) δ = 164.52, 152.83, 149.74, 145.08, 137.11,
133.10, 132.29, 130.71, 128.58, 127.64, 126.55, 126.32, 124.10,
123.20, 122.31, 122.11, 119.92, 117.19, 114.16, 97.94, 44.49,
40.98, 40.65, 40.32, 39.98, 39.65, 39.32, 38.98. ESI-mass: m/z
= 376.

Figure 2. FTIR spectra of ZrCl4, BDA4BPy, BDC-NH2, Basu, and Basu-DPU.

Figure 3. 13C NMR spectra of Basu.
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2.4.11. 7-(Thiophen-2-yl)-7,14-dihydro-6H-benzo[h]-
chromeno[4,3-b]quinolin-6-one (4k).

Yellow solid, mp 204 °C, IR (KBr, cm−1): 3294, 3060, 2927,
1676, 1621, 1521, 1394, and 1269. 1H NMR (250 MHz,
DMSO-d6) δ = 9.69 (s, 1H), 8.63 (d, J = 8.2 Hz, 1H), 8.56 (d,
J = 7.9 Hz, 1H), 7.89 (d, J = 12.2 Hz, 2H), 7.64 (d, J = 7.6 Hz,
3H), 7.49−7.38 (m, 3H), 7.19 (d, J = 4.8 Hz, 1H), 6.82 (dt, J
= 6.8, 3.5 Hz, 2H), 5.68 (s, 1H), 2.05 (s, 8H), 1.00 (s, 6H).
13C NMR (62.5 MHz, DMSO-d6) δ = 160.98, 152.77, 151.19,
144.70, 136.34, 134.87, 133.28, 132.32, 131.02, 128.61, 127.76,
127.16, 126.66, 126.36, 124.89, 124.34, 124.13, 123.93, 123.50,

Figure 4. EDX analysis of Basu and Basu-DPU.

Figure 5. Elemental mapping analysis of Basu and Basu-DPU.
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122.55, 120.37, 117.21, 49.04, 41.00, 40.67, 40.34, 40.00,
39.67, 39.34, 39.00, 37.09. ESI-mass: m/z = 381.

2.4.12. 7-(Furan-2-yl)-7,14-dihydro-6H-benzo[h]-
chromeno[4,3-b]quinolin-6-one (4l).

Brown solid, mp > 300 °C, IR (KBr, cm−1): 3407, 2925, 1699,
1627, 1525, 1401, and 1263. 1H NMR (250 MHz, DMSO-d6)
δ = 9.62 (s, 1H), 8.59 (s, 1H), 7.92 (s, 2H), 7.64 (d, J = 7.8
Hz, 2H), 7.55 (s, 2H), 7.45 (d, J = 8.6 Hz, 3H), 7.39 (s, 1H),
6.25 (s, 1H), 6.09 (s, 1H), 5.49 (s, 1H). 13C NMR (62.5 MHz,
DMSO-d6) δ = 161.06, 157.42, 152.58, 142.30, 133.13, 132.59,
130.60, 128.62, 127.46, 126.75, 126.59, 124.41, 123.67, 122.97,
121.92, 118.01, 117.22, 113.78, 110.96, 105.49, 95.38, 48.92,
40.46, 40.12, 39.79, 39.45, 39.12, 38.78, 38.45, 35.82. ESI-
mass: m/z = 365.

3. RESULTS AND DISCUSSION
3.1. Characterization of Basu and Basu-DPU. Various

techniques such as FTIR, 13C NMR, EDX, elemental mapping,
XRD, SEM, TGA/DTA, and BET were employed to
characterize the Basu and Basu-DPU frameworks.

3.1.1. Characterization by FTIR. The FTIR spectra of
ZrCl4, BDA4BPy, BDC-NH2, Basu, and Basu-DPU are
comparatively demonstrated in Figure 2. The FTIR spectrum
of the BDA4BPy ligand indicates the two peaks at 1597 and
1631 cm−1, which can be assigned to the C�C and C�N
bonds. In the curve BDC-NH2, the peaks appeared at 3400 and
3514 cm−1 related to the symmetric and asymmetric vibrations
of N−H bonds. The peaks observed at 1697, 1596, and 1497
cm−1 belong to the stretching vibration of the C�O bond of
the carboxylic acid group and the C�C bonds of the aromatic
ring, respectively. According to the fingerprint pattern of Basu,
the prominent bands appeared at 3499, 3382, 1666, 1587,
1446, 1270, and 772 cm−1 were attributed to the symmetric

and asymmetric vibrations of the amino groups, the stretching
modes of C�O, aromatic C−C, Caromatic−N, and Zr−O
bonds, respectively, which confirms the successful construction
of the desired MOF. After modifications of Basu, the
fingerprint pattern of Basu-DPU transfers to a lower frequency,
and the presence of the stretching vibration of the C�O
amide at 1652 cm−1 indicates that the NH2 groups well
bonded to the phenyl isocyanate during the modification.

3.1.2. Characterization by 13C NMR. The structure of the
Basu framework was studied by the 13C NMR spectroscopy
method reported by the Feng group.33 The UiO-66-NH2
framework includes eight characteristic peaks at 114, 116,
118, 131, 135, 150, 167, and 169 ppm, which are related to the
BDC-NH2 ligand.

34 As shown in Figure 3, the synthesized
Basu framework has twelve peaks at 116, 118, 119, 121, 132,
135, 146, 163, 167, 168, 169, and 173 ppm, which confirms the
Basu framework formation.

3.1.3. Characterization by EDX and Elemental Mapping
Analysis. The elemental peaks in energy-dispersive X-ray
(EDX) spectroscopy confirmed the presence of Zr, Cl, C, N,
and O elements in Basu and Basu-DPU frameworks (Figure 4).

Figure 6. SEM images of Basu and Basu-DPU.

Figure 7. XRD patterns of Basu, Basu-DPU, and UiO-66-NH2.
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In addition, EDX mappings represent the homogeneous
distribution of all elements in both frameworks (Figure 5).

3.1.4. Characterization by the FESEM Analysis. The
morphology of synthesized frameworks was explored by
field-emission scanning electron microscopy (FESEM). The
FESEM images showed the octahedron structure, uniform size,
and homogeneous particle distribution for the Basu framework
(Figure 6). Besides, the FESEM images of Basu and Basu-DPU
displayed that the morphology of the primary MOF was kept
well and considerably after the postmodification with phenyl
isocyanate.

3.1.5. Characterization by XRD. The XRD patterns of Basu,
Basu-DPU, and UiO-66-NH2 are compared in Figure 7. As can
be seen, the XRD patterns of both Basu and Basu-DPU

frameworks are similar to UiO-66-NH2 with the difference that
their peaks have shifted to a lower degree with high intensity.
The characteristic peaks at 2θ = 7.5, 8.7, 12.2, 15, 17.1, 19.1,
22.4, 24.3, 25.8, 30.8, and 33.2 correspond to the (111), (002),
(022), (222), (004), (024), (044), (135), (006), (117), and
(335) diffraction, respectively.35 According to the Scherrer
equation (D = Kλ/(β·cos θ)), the average crystallite size of
Basu-DPU was found to be about 17.03 nm.

3.1.6. Characterization by BET. The specific surface area of
Basu and Basu-DPU was characterized using the N2
adsorption−desorption analysis. The results are presented in
Figure 8a,b, and the corresponding detailed parameters are
listed in Table 1.
According to the IUPAC classification of adsorption

isotherms,36 the N2 isotherms of Basu and Basu-DPU are
similar to type I(b) and type II, respectively. As observed from
the BET analysis results, the surface area, pore volume (Vm),
and total pore volume (cm3/g) of Basu are 1107.1 m2/g,
254.36, and 0.8038 cm3/g, respectively. Compared to the
primary MOF, the surface area, pore volume (Vm), and total
pore volume (cm3/g) of Basu-DPU have been reduced to
528.8 m2/g, 121.5, and 0.32 cm3/g, respectively, which can be

Figure 8. Nitrogen adsorption−desorption curve (BET) of (a) Basu and (b) Basu-DPU and the BJH adsorption curve of (c) Basu and (d) Basu-
DPU.

Table 1. Results from the BET Measurements of Basu and
Basu-DPU

no parameter Basu Basu-DPU

1 as (m2/g) 1107.1 528.8
2 Vm (cm3/g) 254.3 121.5
3 total pore volume (cm3/g) 0.80 0.32
4 mean pore diameter (nm) 2.90 2.45
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attributed to the presence of the larger PhNCO tags than
amine groups.
Also, the obtained BJH adsorption indicated that the pore

size of Basu and Basu-DPU is about 1.21 nm (Figure 8c,d).
3.1.7. Characterization by TGA-DTA. Moreover, the

thermogravimetric analysis (TGA-DTG) was carried out
under airflow to investigate the thermal behavior of the Basu
and Basu-DPU frameworks (Figure 9). The obtained results
were compared with the results reported for the UiO-66-NH2
framework.
According to previous reports, UiO-66-NH2 shows a three-

step weight loss. The weight loss (22%) around 100 °C was
attributed to the removal of surface water molecules. The
weight loss (3−5%) around 200 °C was due to the loss of
DMF molecules from the pores and also the loss of water
molecules coordinated in the cage within the MOF. The third
weight loss was observed at 350 °C, which can be ascribed to
the collapse of the structure of MOFs and buried the organic
linkers.37

Compared to UiO-66-NH2, Basu indicates four-step weight
loss. As seen in Figure 9, the weight loss (∼10−16%) between

117−218 °C was ascribed to the loss of solvent molecules
residing in the open channels and the physically adsorbed
moisture. The weight loss (∼47%) was observed around 395
°C due to the decomposition of organic moieties. The next
weight loss (∼25%) at 640 °C can be attributed to the

Figure 9. TGA-DTA curve of the Basu and Basu-DPU frameworks.

Figure 10. Fluorescence characteristic peaks of BDC-NH2, BDA4BPy,
Basu, and Basu-DPU.

Table 2. Optimization of the Reaction Conditions for the
Synthesis of 4(a−l)

entry condition catalyst
catal. amount

(mg)
time
(min)

yield
(%)

1 solvent-free,
110 °C

Basu-DPU 10 10 95

2 solvent-free,
110 °C

Basu-DPU 20 10 88

3 solvent-free,
110 °C

Basu-DPU 30 10 86

4 solvent-free,
110 °C

catalyst-free - 10 15

5 EtOH, reflux Basu-DPU 10 10 75
6 CH3CN, reflux Basu-DPU 10 10 23
7 EtOAc, reflux Basu-DPU 10 10 15
8 DMF, 110 °C Basu-DPU 10 10 20
9 CH2Cl2, reflux Basu-DPU 10 10 -
10 solvent-free,

110 °C
Basu 10 10 83

11 solvent-free,
110 °C

UiO-66-NH2 10 10 75

12 solvent-free,
110 °C

p-TSA 10 10 50

13 solvent-free,
110 °C

L-proline 0.01″ 10 40

14 solvent-free,
110 °C

Et3N 0.01″ 10 25

15 solvent-free,
110 °C

piperidine 0.01″ 10 28

Table 3. Purification of 4(a−l)

product method product method

4a washing with ethanol 4g recrystallization in DMF
4b recrystallization in DMF 4h recrystallization in DMF
4c recrystallization in DMF 4i recrystallization in DMF
4d recrystallization in DMF 4j recrystallization in DMF
4e recrystallization in DMF 4k TLC plate
4f washing with acetone 4l TLC plate
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decomposition of the framework. Moreover, about 2.82% of
the initial mass remains at 1000 °C.
Based on the results obtained from the TGA-DTG analysis

of Basu-DPU, the weight loss (6%) was observed below 200
°C due to solvent molecules residing in the open channels and
the physically adsorbed moisture. The weight loss of 53% in
the temperature range of 200−300 °C can be attributed to
guest molecules and the dehydroxylation of zirconium clusters.
The weight loss of 28% from 300 to 1000 °C can be ascribed
to the decomposition of the framework. The amount of char
was calculated to be 12.3% at 1000 °C.

3.1.8. Characterization by Fluorescence. In another study,
the fluorescence properties of the Basu and Basu-DPU
frameworks were measured in DMF solution with a
concentration of 200 ppm at room temperature. As can be
seen in Figure 10, in the absence of metal ions, fluorescence of
Basu and Basu-DPU is probably quenched by the occurrence
of a photoinduced electron transfer (PET) process due to the
presence of a line pair of electrons of nitrogen donor atoms in
Basu and Basu-DPU. The observed fluorescence enhancement
was explained by blocking the photoinduced electron transfer
pathway in Basu and Basu-DPU due to binding with Zr4+. The
PET process is prevented by the complexation of Basu and
Basu-DPU with Zr ions. The fluorescence characteristic peaks
that appeared around 655 and 864 nm belong to the Basu

framework and the 685 and 862 nm peaks belong to the Basu-
DPU framework. The fluorescence characteristic peaks of Basu
and Basu-DPU frameworks tend to first intensify and then
weaken. Moreover, the structural modification causes the
difference in fluorescence peak intensity and a large blue shift
in the direction of a longer wavelength concerning that of Basu.
This implies that the substituent DPU has a considerable
influence on the fluorescence intensity and the fluorescence
wavelength of this framework.

3.2. Optimization of the Reaction Conditions. After
preparation and complete characterization of the Basu-DPU
framework, we used it as the catalyst for the synthesis of
diverse 4(a−l). To attain the optimized conditions, the
reaction of 4-hydroxycumarine 1, 1-naphthylamine 2, and 3-
hydroxybenzaldehydes 3 in the presence of the Basu-DPU
framework was chosen as a model reaction to gain the best
reaction conditions. Herein, the effect of the amount of catalyst
and solvent was studied.
Since different amounts of catalysts have a significant effect

on the performance of catalyst systems, we studied the effect of
the amount of catalyst on the reaction with three different
amounts of catalysts of 10, 20, and 30 mg in the first step. As
shown in Table 2, increasing the amount of catalyst does not
have a significant effect on its performance. Hence, due to the
economic aspect, the amount of catalyst of 10 mg was selected

Table 4. Synthesis of 4(a−l) Using the Basu-DPU Frameworka

aReaction conditions: 4-hydroxycumarine (1.0 mmol), 1-naphthylamine (1.0 mmol), aldehyde (1.0 mmol), and Basu-DPU (10 mg) under solvent-
free conditions.
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as the best catalyst concentration under solvent-free conditions
at 110 °C. In the next step, the model reaction was done in the
presence of different solvents and temperatures. According to
the obtained results, the polarity of the solvent had a
considerable effect. For example, a nonpolar solvent such as
CH2Cl2 had no effect, while a polar solvent such as EtOH was
the most efficient solvent with up to 89% yield. The polar
aprotic solvents CH3CN and DMF had relatively low
performance compared to the protic solvent EtOH.
To demonstrate the ability of the synthesized catalyst, the

model reaction was also carried out with several known

catalysts, which shows that Basu-DPU is more effective than
other catalysts.

3.3. Synthesis of Diverse 4(a−l). With optimal reaction
conditions in hand (10 mg of Basu-DPU was employed as the
catalyst under solvent-free conditions at 110 °C), the scope
and generality of the presented method are studied to
synthesize a range of new biological interest candidates 6H-
chromeno- [4,3-b]quinolin-6-ones (4a−l) using 4-hydroxycu-
marine 1, 1-naphthylamine 2, and aromatic aldehydes
(heterocycle, bearing electron-donating and electron-with-
drawing groups) 3a−l. The obtained products were purified

Scheme 3. Plausible Mechanism for the Synthesis of 4(a−l) by Basu-DPU

Figure 11. Recyclability of the Basu-DPU framework.
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by recrystallization in DMF, washing with ethanol and acetone,
or using thin-layer chromatography plates (Table 3).
The achieved data showed that the electron-poor or

electron-rich groups do not affect the process of reactions,
and Basu-DPU is a suitable catalyst for the preparation of
desired products in high to excellent yields with high atom
efficiency (AE) and short reaction times (Table 4).
3.4. Proposed Mechanism for the Synthesis of

Diverse 4(a−l). A plausible mechanism for explaining this
one-pot strategy is presented in Scheme 3. The proposed
mechanism begins with the condensation between 4-
hydroxycoumarine and the activated aldehyde to give the
intermediate A, which subsequently loses H2O, to afford the
intermediate B. Afterward, a nucleophilic attack of 1-
naphthylamine to the activated intermediate B gives the

intermediate C, which readily undergoes a subsequent
intramolecular cyclization to produce the intermediate D.
Finally, the resulting intermediate D with loss of H2O
generates the target molecules 4(a−l).

3.5. Reusability of the Basu-DPU Framework. In a
separate study, we studied the easy recyclability of this catalyst
for the synthesis of target molecule 4a under optimal reaction
conditions. At the end of each run, the solid was dissolved in
10 mL of DMF and centrifuged to separate the Basu-DPU
catalyst. The separated catalyst was washed with EtOH, dried,
and reused for the next run. The results indicated that Basu-
DPU could be reused 5 times without any considerable
decrease in yield reaction (Figure 11).
Moreover, the used catalyst was evaluated after the fifth

catalytic cycle by the FTIR, XRD, and SEM techniques. As
shown in Figure 12, the index peaks of the synthesized
framework involving symmetric and asymmetric vibrations of
the amino groups (3335 and 3279 cm−1), the stretching
vibration of C�O (1652 cm−1), and the stretching vibration
of aromatic C−C (1441 cm−1) and Zr−O (755 cm−1) were
preserved in the recycled catalyst, which demonstrates the
stability of the recycled catalyst. On the other hand, the XRD
spectrum of the used Basu-DPU catalyst shows that the
crystalline phase is preserved (Figure 13). In addition, the
SEM images show that the structure of the catalyst remained
intact (Figure 14).

4. CONCLUSIONS
In conclusion, we presented the Basu-DPU catalyst as a new
two-fold interpenetrated pillar-layered metal−organic frame-
work. According to the achieved images of FESEM analysis,
Basu-DPU has an octahedron structure. Fluorescence studies
show that Basu and Basu-DPU are probably quenched by the
occurrence of a photoinduced electron transfer (PET) process
in the absence of metal ions due to the presence of a line pair
of electrons of nitrogen donor atoms in Basu and Basu-DPU.

Figure 12. FTIR spectra the fresh and used Basu-DPU catalyst.

Figure 13. XRD patterns of the fresh and used Basu-DPU catalyst.
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Basu-DPU as an efficient catalyst was applied to synthesize
new biological interest candidates 4(a−l). Low catalyst
loading, recyclability, and reusability of the catalyst, short
reaction times, high yields, good atom efficiency, adaptability
with different functional groups, and simple work-up are the
most attractive features of the presented study. The catalyst
indicated high recyclability for more than five cycles without
any considerable decrease in yield reaction. Moreover, FTIR,
XRD, and SEM analyses of the used catalyst demonstrate that
the structure and reactivity of the catalyst remained intact with
a poor decrease in its efficiency in comparison to the fresh
catalyst.
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