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Abstract:
In this study, the preparation of a new functionalized acidic metal-organic framework nanocatalyst
formulated as Zr-MOF-N=CH-C6H4-SO3H has been reported. After characterization using differ-
ent analysis methods such as FT-IR, XRD, SEM, EDX, TGA, and TEM, the average size of the
nanoparticles was found to be between 42.5 and 50.4 nm in diameter. The Nanocatalyst was uti-
lized in the synthesis of novel substituted 4-aminocoumarin analogs via one-pot three-component
reaction of 4-aminocoumarin, arylaldehyde or 3-(2-aryldiazenyl)-2-hydroxybenzaldehyde, and
6-hydroxyuracil or 1,3-dimethylbarbituric acid in good-to-excellent yields in ethanol at reflux
conditions. A λmax of 362.7 nm was observed for compound 4e. Simple work-up of the process,
mild reaction conditions, no by-products and easy reusability of the nanocatalyst are some of the
advantages of the procedure.
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1. Introduction

Coumarin-based heterocycles have fascinated more inves-
tigation due to their antibacterial and antioxidant activi-
ties [1], dipeptidyl peptidase-IV (DPP-IV) inhibitors [2],
α-glucosidase inhibitor [3], anti-cancer agent [4, 5], anti-
Alzheimer [6], cytotoxic, anti-oxidant [7], anti-coagulants
[8], anti-tumor [9], anti-hyperglycemic and anti-adipogenic
[10]. So, different methods have been reported for their
synthesis using various catalysts such as ZnCl2/POCl3
[11], piperidine/microwave irradiation [12], PhI(OAc)2
[13], Pd(OAc)2 [14], CuOAc [15], Cr(NO3)3.9H2O [16],
and [Msim]HSO4 [17]. Metal-organic frameworks (MOFs),
with a variety of topologies and pore sizes, are composed
of metal ions/clusters (inorganic nodes) and organic linkers
and have received the most from scientists. The metal-
lic clusters are formed by monovalent (Ag+, Cu+, Na+,
K+, ...), divalent (Zn2+, Ni2+, Fe2+, Mg2+, Mn2+, Co2+,
Cu2+, Cd2+, ...), trivalent (Cr3+, Fe3+, Al3+, Sc3+, In3+,
...), or tetravalent (Ti4+, Zr4+, Hf4+) metals [18, 19]. Metal-
organic frameworks have potential as heterogeneous cata-
lysts because of their tunable porosity, high surface area,

and diversity in metal and functional groups, making them
particularly attractive for use as catalysts [20–23]. Azo
dyes are applied in the pharmaceutical, cosmetic, food,
textile, and leather industries [24–26]. Coumarin-based
azo dyes have different properties, such as corrosion in-
hibitors for mild steel [27], antimicrobial activity [28],
and sensitive detection of AcO− and CN− anions in a
semi-aqueous environment [29]. 4-Aminocoumarin is used
for the preparation of a variety of five-, six-, and eight-
membered fused heterocycles which exhibit various bio-
logical and pharmaceutical properties [30–32]. We pre-
viously reported the deployment of new procedures for
the construction of azo compounds [33, 34]; here, we will
investigate Zr-MOF-N=CH-C6H4-OSO3H as a new func-
tionalized acidic MOF nanocatalyst in the synthesis of a
series of 4-aminocoumarin analogs via one-pot reaction
of 3-(2-aryldiazenyl)-2-hydroxybenzaldehyde or arylalde-
hyde, 4-aminocoumarin, and 6-hydroxyuracil/1,3-dimethyl
barbituric acid in ethanol under reflux conditions (Scheme
1).
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Scheme 1. Construction of substituted 4-aminocoumarin analogs.

2. Experimental

2.1 Material and methods

All the chemical compounds were obtained from Merck.
NMR and FT-IR spectra were carried out by a Bruker
Avance DRX 300 MHz in (CD3)2SO solvent and an IR-470
spectrometer, respectively. UV-Vis’s data of the compounds
were recorded with a Rayleigh-UV2601 spectrophotometer.
FE-SEM observations were recorded on MIRA3 at 15 kV.
TEM analysis was performed on a Philips CM10 equip-
ment at 100 kV. The EDS analysis of the nanocatalyst was
accomplished by a TESCAN (MIRA II) microscope at a
voltage of 20 kV. The crystalline structure of the nanocata-
lyst was determined by Philips (PW1730), XRD instrument
at λ=1.54056 Å. Thermogravimetric investigation (TGA,
Q600) was recorded in an inert atmosphere at 25-800 ◦C
and a 10 ◦C/min heating rate.

2.2 Preparation of Zr-MOF-N=CH-C6H4-OSO3H
nanocatalyst

Zr-MOF-NH2 was produced as stated by the previously
introduced procedure [35]. Then, 1g of Zr-MOF-NH2 was
suspended in 20 mL of ethanol, and 4-hydroxybenzaldehyde
(10 mmol, 1.22 g) was added to the mixture and refluxed for
3 h. After filtration, a yellow solid (Zr-MOF-N=CH-C6H4-
OH) was obtained, which was then washed with ethanol
and dried for further usage. Then, 1 g of the obtained solid
was suspended in 30 mL of CHCl3, and then chlorosulfuric
acid (5 mmol, 0.33 mL) was added gradually to the mixture
and stirred for 2 h at 25 ◦C. The solid was dried under a
vacuum at 25 ◦C.

2.3 Synthesis of 4-aminocoumarin
4-aminocumarine was prepared by reaction of 4-
hydroxycoumarin (1 mmol) and ammonium acetate (2
mmol) in solvent-free conditions at 130 ◦C for 3 h. Af-
ter that, the reaction mixture was cooled to 25 ◦C, and 10
mL distilled water was added to the mixture, and the ob-
tained solid was filtrated. Then, the obtained precipitate
was recrystallized in ethanol solvent.

2.4 General method for the production of 4-
aminocoumarin analogs

To an equimolar solution of 4-aminocoumarin (1 mmol),
2-hydroxy-5-(aryldiazenyl) benzaldehyde (1 mmol), and
6-hydroxyuracil or 1,3-dimethylbarbituric acid (1 mmol)
in 5 mL of ethanol, 0.04 g of Zr-MOF-N=CH-C6H4-
OSO3H was added under reflux conditions. The reac-
tion progress was periodically observed by TLC (EtOAc/n-
hexane/MeOH, 3:8:1). After the end of the condensation,
the nanocatalyst was filtrated and washed with hot EtOH
(2×10 mL). The pure compound was prepared by recrystal-
lization with ethanol.

3. Results and discussion

3.1 Characterization of Zr-MOF-N=CH-C6H4-OSO3H
In this research, acidic metal-organic framework (Zr-MOF-
N=CH-C6H4-OSO3H) catalyst was prepared by the reaction
of Zr-MOF-N=CH-C6H4-OH with chlorosulfuric acid in
CHCl3 at room temperature (Scheme 2).
The FT-IR spectra of the Zr-MOF-NH2, Zr-MOF-N=CH-
C6H4-OH, and Zr-MOF-N=CH-C6H4-OSO3H are shown
in Figure 1. The asymmetric and symmetric stretching of
SO2 can be concluded with the bands perceived in 1272

Scheme 2. Synthetic routes for the production of Zr-MOF-N=CH-C6H4-OSO3H.
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Figure 1. FT-IR spectra of: (A) Zr-MOF-NH2, (B) Zr-MOF-N=CH-C6H4-OH, and(C) Zr-MOF-N=CH-C6H4-SO3H.

and 1020 cm−1, respectively. The wave numbers of 1633,
1661, and 1704 cm−1 were related to the stretching vibration
of C=C, C=N, and C=O, respectively, and the wide peak
at 3015-2897 cm−1 was assigned to the OH stretching of
SO3H functional group and confirmed the formation of
Zr-MOF-N=CH-C6H4-OSO3H (Fig. 1(C)).

3.2 XRD analysis

The XRD spectra of Zr-MOF-NH2, Zr-MOF-N=CH-C6H4-
OH, and Zr-MOF-N=CH-C6H4-OSO3H are introduced in
Figure 2. The characteristic XRD peaks of Zr-MOF-NH2
displayed that the observed peaks related to the Zr-MOF-
NH2 pattern [35]. The XRD pattern of Zr-MOF-N=CH-
C6H4-OSO3H showed the diffraction peaks correspond to
the harmonic pattern of Zr-MOF. Three peaks located at 2θ

of 7.4◦, 7.7◦, and 25.7◦ are associated with the diffraction by
(111), (200) and (600) planes [35]. Also, the original crys-
talline phase structure was maintained in Zr-MOF-N=CH-
C6H4-OSO3H after functionalization.

3.3 FE-SEM analysis
The morphologies of the prepared Zr-MOF-N=CH-C6H4-
OSO3H that were characterized by using FE-SEM are pre-
sented in Figure 3. According to the FE-SEM images of
the nanocatalyst, the particles of Zr-MOF-N=CH-C6H4-
OSO3H were almost well dispersed. The average size of
the nanoparticles was found between 42.5 and 50.4 nm in
diameter.

3.4 EDS characterization
The EDS spectrum of Zr-MOF-N=CH-C6H4-OSO3H shows
the presence of carbon, nitrogen, oxygen, sulfur, chlorine,
and zirconium components in the nanocatalyst (Fig. 4).
Furthermore, the outcome of FE-SEM/mapping are illus-
trated in Fig. 5. As seen in Fig. 5, C (red), N (white), O
(green), S (blue), and Zr (purple) atoms are uniformly dis-
tributed on the surface of Zr-MOF-N=CH-C6H4-OSO3H.

3.5 TEM Analysis
TEM was utilized to discover the structure information of
the nanocatalyst. The TEM image of the Zr-MOF-N=CH-
C6H4-OSO3H shows spherical crystalline nanoparticles as

Figure 2. XRD spectra: (A) Zr-MOF-NH2, (B) Zr-MOF-N=CH-C6H4-OH, (C) Zr-MOF-N=CH-C6H4-SO3H.
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(a) (b)

Figure 3. FE-SEM image of Zr-MOF-N=CH-C6H4-OSO3H.

Figure 4. EDS spectrum of Zr-MOF-N=CH-C6H4-OSO3H.

Figure 5. Elemental mapping analysis of Zr-MOF-N=CH-C6H4-OSO3H.
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Figure 6. TEM image of the nanocatalyst.

well as grain size of about 40 nm which confirms the nano-
sized structure of the prepared catalyst (Fig. 6).

3.6 Thermogravimetric characterization
The TGA-DTG thermogram of the nanocatalyst obtained
in the range of 50-800 ◦C is illustrated in Fig. 7. The mass
reduction below 130◦C can be attributed to the elimination
of adsorbed solvents or water on the surface. The weight
loss at 250 ◦C corresponds to the breakdown of the band of
N=C of the nanocatalyst structure. The weight reduction
at 325 ◦C can be attributed to the dissociation of the band
of O-S of the nanocatalyst structure. The significant mass
loss that happened at ∼533 ◦C because of the depletion
of the Zr-MOF backbone. Thus, the construction of the
nanocatalyst is stable up to 250 ◦C.

3.7 UV-Vis spectra of azo-products
The UV–Vis spectra of azo-products 4d-4l was obtained in
the range of 200 and 800 nm. The UV–Vis absorption of the
azo-compounds 4d-4l illustrated two absorption peaks in
225-400 nm (Fig. 8). A λmax of 362.7 nm was seen for 4e.
The calculated ε (molar absorptivity), FWHM (full width
at half-maximum), and λmax concluded from the UV-Vis

Figure 7. TGA-DTG thermogram of Zr-MOF-N=CH-C6H4-
SO3H.

spectra of azo-products 4d-4l are illustrated in Table 1.
To evaluate the acid strength of Zr-MOF-N=CH-C6H4-
SO3H, the nanocatalyst was titrated with NaOH (0.01 mol
L−1) in the existence of phenolphthalein. The total acidity
of the nanocatalyst was 4.3 mmol g−1. To make the reaction
conditions better, the effect of different parameters, includ-
ing the catalyst amount and solvent effects in the synthesis
of 4e derivatives, were investigated, the results of which
are shown in Tables 2 and 3. Experimental results showed
that in the lack of the nanocatalyst, the reaction does not
generate a product with a good yield. The best results were
observed when the reaction was refluxed in ethanol.
Using various amounts of catalyst (0.01, 0.02, 0.03, 0.04,
and 0.05g) to optimize the reaction process, the effect of the
amount of Zr-MOF-N=CH-C6H4-OSO3H

Figure 8. UV-Vis spectra of products 4d-4l.
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Table 1. FWHM, ε , and λmax from the UV–Vis data of azoproducts 4d-4l.

product ε (L.mol−1.cm−1) FWHM (nm) ab (a.u) λmax (nm)

4d 52332 89.33544 0.34888 337.16809
4e 20849 120.66248 0.13899 362.78963
4f 102504 74.38235 0.68336 348.94443
4g 37749 97.54788 0.25166 344.27195
4h 94037 82.66007 0.62691 342.57157
4i 46283 88.86338 0.30855 346.85092
4j 1280 44.75941 0.00853 356.61147
4k 106088 84.63218 0.70725 342.92247
4l 68010 57.7047 0.4534 346.88276

Table 2. Production of 4e via various solventsa.

entry solvent time (h) yield (%)b

1 ethanol 1.5 95
2 H2O 3 47
3 n-hexane 10 34
4 CHCl3 10 42
5 MeCN 10 71
a Reaction conditions: 2-hydroxy-5-(4-
nitrophenyl)diazenylbenzaldehyde(1 mmol),
4-aminocoumarin (1 mmol), 1,3-dimethyl
barbituric acid (1 mmol), Zr-MOF-N=CH-
C6H4-OSO3H (0.04 g) at reflux conditions.
b Yield refers to separated products.

Table 3. Production of 4e in different values of the nanocatalysta.

entry time (h) nanocatalyst (g) yield (%)b

1 4 0.01 56
2 2.5 0.02 69
3 2 0.03 84
4 1.5 0.04 95
5 1.5 0.05 95
a Reaction conditions: 2-hydroxy-5-(4-
nitrophenyl)diazenylbenzaldehyde (1 mmol),
4-aminocoumarin (1 mmol), 1,3-dimethyl barbituric
acid (1 mmol), at reflux conditions in ethanol (5
mL).
b Yield refers to isolated products.

was explored. The best quantity of the nanocatalyst is
0.04 g, which gave compound 4e in a 95% yield (Table
3). After obtaining the best conditions for the reaction,
various aryl and azo aldehydes, including EWG (electron-
withdrawing) and EDG (electron-donating) groups, were
subjected to the reactions. All of them produced their corre-
sponding products with high yields (Table 4). This method
can be used for gram-scale operations without any problems.
The work-up of the reaction mixture is very suitable, which
can be easily applied to gram-scale operations. In this re-
gard, we have studied the reaction of 4-aminocoumarin (10
mmol, 1.61 g), 2-hydroxy-5-(4-nitrophenyl) diazenylben-
zaldehyde (10 mmol, 2.71 g), and 1,3-dimethylbarbituric
acid (10 mmol, 1.56 g) using of Zr-MOF-N=CH-C6H4-
OSO3H (0.4 g) in EtOH (75 mL) under reflux conditions.

Through this protocol, the reactions proceeded to comple-
tion and the resulting product 4e was isolated in 95.8% (5.47
g) yields after 100 minutes.
The proposed mechanism for the investigated reaction by
Zr-MOF-N=CH-C6H4-OSO3H as an acidic heterogeneous
nanocatalyst is shown in Scheme 3. It is presumed that
the synthesis may start with the reaction of 2-hydroxy-
5-(aryldiazenyl) benzaldehyde with 4-aminocoumarinto
produce the intermediate I. Actually, the electrophilic
strength of the carbonyl group in azo aldehyde increases due
to protonation via H+ of Zr-MOF-N=CH-C6H4-OSO3H.
Then, intermediate I is transformed into intermediate II
through tautomerization. Next, 6-hydroxyuracilor 1,3-
dimethylbarbituric acid attacks to intermediate II to gener-
ate intermediate III. Finally, intermediate III transforms to
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Table 4. Construction of substituted 4-aminocoumarin analogsa.

Entry Product Time (min) Yield (%)b Mp (◦C)

1 60 97 206-207

2 70 94 235-237

3 60 96 180-182

4 90 95 > 300

5 90 96 > 300

6 95 93 289-291
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Table 4. Contiued.

Entry Product Time (min) Yield (%)b Mp (◦C)

7 100 92 > 300

8 90 94 291-293

9 100 91 > 300

10 95 92 285-287

11 110 90 278-280

12 90 95 > 300
a Reaction conditions: 2-hydroxy-5-(aryldiazenyl)benzaldehyde or arylaldehyde(1 mmol), 4-aminocoumarin (1 mmol), barbituric acid/1,3-dimethyl

barbituric acid (1 mmol), Zr-MOF-N=CH-C6H4-OSO3H (0.04 g) at reflux conditions in ethanol (5 mL).
b Yield refers to isolated products.
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Scheme 3. Possible mechanism for the substituted 4-aminocoumarin analogs.

Figure 9. Reusability of Zr-MOF-N=CH-C6H4-OSO3H in the synthesis of product 4e.

Figure 10. FT-IR spectra of Zr-MOF-N=CH-C6H4-SO3H after 5 runs.
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Figure 11. FE-SEM image of Zr-MOF-N=CH-C6H4-OSO3H after 5 runs.

desired product IV via tautomerization. Also, Zr-MOF dis-
plays an activity as expected for Lewis’s acids [36]. The Zr-
MOF is containing [Zr6O4(OH)4]12+ clusters which the Zr
has its maximal coordination number of 8. It is noteworthy,
the [Zr6O4(OH)4]12+ cluster depending on the substituents
on the 1,4-benzenedicarboxylate linker can be reversibly
dehydroxylated to [Zr6O6]12+ at temperatures between 373
and 523 K. This decreases the Zr coordination number from
8 to 7, which still leaves the Zr in a highly coordinated state,
with little room for incoming reactants [37].
The reusability of the catalyst was determined in the
preparation of 4e. After completion of the reactions, Zr-
MOF-N=CH-C6H4-OSO3H was recycled by filtration, then
washed with ethanol and dried at 80 ◦C for 3 h. This proce-
dure was repeated 5 times for reactions, and no considerable
decrease in catalyst property was observed at the same con-
ditions for at least 5 runs (Fig. 9). The stability of the
catalyst was explored by FT-IR and SEM analysis. The
FT-IR spectrum of the reused catalyst is shown in Fig. 10.
As can be seen, there is no change in the FT-IR spectrum of
the reused catalyst after 5 times. Furthermore, the obtained
results from SEM analysis showed that the morphology of
the catalyst did not change after 5 times reuse (Fig. 11).

4. Conclusion
In this project, we have announced a simple procedure
for the construction of new substituted 4-aminocoumarin
analogs via a one-step reaction using Zr-MOF-N=CH-
C6H4-OSO3H as a new functionalized acidic MOF
nanocatalyst. Due to the high oxidation state of zirconium
(IV) in the catalyst frameworks, there is a strong bond
between the Zr and the organic layer linkers, so good
thermal and chemical stabilities are observed. The
optimized conditions promote the reaction under mild
conditions to give the desired product in good-to-excellent
yields and reasonable reaction times. The attractive
features of this work are easy work-up of the process,
mild reaction conditions, no by-products, and reusability
of the nanocatalyst. Considering the importance of azo
compounds, the presented method can be very suitable for
the synthesis of azo dyes with high yields.
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