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Abstract
Metal-organic frameworks (MOFs) are crystalline entities made up of metal ions or clusters coordinated to typically rigid 
organic molecules, creating three-dimensional porous networks. The integration of both inorganic and organic components 
results in almost unlimited chemical and structural possibilities. This potential has led to MOF for catalytic applications 
attracting great interest. In this context, a novel multifunctional magnetic nanocomposite, was synthesized for the efficient and 
sustainable production of biologically active pyrazolopyranopyrimidines. This composite  (Fe3O4@PmPDA@UiO-66-NH2) 
combines the advantages of magnetic nanoparticles  (Fe3O4), a polymer coating poly(meta-phenylenediamine), and a metal-
organic framework (UiO-66-NH2). The nanocomposite as a multifunctional magnetic catalyst has been synthesized in three 
steps including (1) synthesis of  Fe3O4 nanoparticles by co-precipitation technique (2) preparation of UiO-66-NH2 through a 
solvothermal method, (3) preparation of nanoparticles-polymer-MOF hybrid nanocomposite using  Fe3O4, PmPDA, and UiO-
66-NH2. The prepared catalyst was fully characterized by XRD, FTIR, EDX, FESEM, TGA, and VSM analyses. The  Fe3O4@
PmPDA@UiO-66-NH2 nanocomposite was used as a catalyst for the synthesis of pyrazolopyranopyrimidines. Various 
pyrazolopyranopyrimidine products were synthesized in remarkable yields (90–96%) in a short reaction time (10–80 min). 
The biological activity of pyrazolopyranopyrimidines was studied. The anticancer evaluation of some pyrazolopyranopy-
rimidines was studied on the survival rate of HepG2 cancer cells and NIH/3T3 fibroblast cells by using an MTT assay. A 
greater inhibition of cell viability was obtained after 48 h of incubation with higher concentrations (150 µg/L) of pyrazo-
lopyranopyrimidines compounds, demonstrating the anti-proliferative effects of these agents. Additionally, in most cases, 
the viability of fibroblast cells exhibited a comparatively minor decline when incubated with pyrazolopyranopyrimidines as 
opposed to HepG2 cells. Furthermore, these compounds have an antioxidant activity between 85.3 and 98.3%. Additionally, 
their antimicrobial activity was evaluated using the Kirby-Bauer disk diffusion method and showed the highest inhibition 
zone against Staphylococcus aureus and Escherichia coli of 19 ± 2.0 and 10 ± 1.5 mm, respectively.
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Abbreviations
PmPDA  Poly (meta-phenylenediamine)
MOF  Metal-Organic Framework
MNPs  Magnetic nanoparticles
APTES  3-Aminopropyl triethoxysilane
THAM  Tris (hydroxymethyl) aminomethane
APS  Ammonium persulfate
NPs  Nanoparticles
EtOH  Ethanol

THF  Tetrahydrofuran
DMSO  Dimethyl sulfoxide
DMF  Dimethylformamide
DPPH  2,2-diphenyl-1-picrylhydrazyl
BDC-NH2  2-amino terephthalic acid
r.t.  Room temperature
HepG2  Hepatoblastoma cell line
MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide
NR  Not reported
NE  No effect
FTIR  Fourier transform infrared spectroscopy
XRD  X-ray diffraction
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FESEM  Field emission scanning electron microscope
TGA   Thermogravimetric analysis
VSM  Vibrating sample magnetometer
BET  Brunauer-Emmett-Teller
as,  BET  Specific surface area

1 Introduction

Because of their tunable functionality, specific surface struc-
tures, and diverse synthesis methods, metal-organic frame-
works (MOFs) are extensively applied in drug delivery [1–4] 
adsorption [5–7], sensing [8, 9], photocatalyst [10–12], gas 
capture, storage, and separation [13, 14], carbon dioxide 
adsorption [15, 16], and catalysis [17, 18]. Several studies 
have been conducted on the catalytic applications of different 
derivatives of MOFs. For instance, Palladium nanoparticle-
decorated MOF(Zr)@Guanidine catalyst in cross-coupling 
reactions [19], β-cyclodextrin incorporated UiO-66-NH2 for 
the C–C coupling reaction [20], UiO-66 catalyzed aryla-
tion of enol acetates [21], and bimetallic Cu-Zn(BDC)-MOF 
catalyzed reduction of organic dyes reaction [22].

An octahedral structure was first described for the mate-
rial UiO-66 (Zr). Compared to other MOFs, the biggest 
advantage of UiO-66-NH2 is its combination of excellent 
thermal, chemical, anti-mechanical, and water stability, 
along with its exceptional catalytic properties. UiO-66-NH2 
demonstrates remarkable catalytic activity due to its high 
surface area, well-defined porosity, and the presence of 
amino functional groups, which enhance its reactivity and 
efficiency in various catalytic processes [23, 24]. UiO-
66-NH2 is well-known for its high surface area and porous 
structure, which are vital for enhancing catalytic activity and 
providing ample active sites for reactions. Its large pore size 
facilitates the diffusion of reactants and products, making it 
an excellent candidate for catalytic applications. The amino 
groups present in UiO-66-NH2 significantly enhance its 
reactivity and interaction with substrates. These functional 
groups play a pivotal role in the catalytic process, allow-
ing for efficient synthesis of biologically active compounds. 
The functionalization also contributes to the stability and 
tunability of the MOF, which is advantageous for various 
chemical transformations. UiO-66-NH2 has been demon-
strated to exhibit good biocompatibility, which is essential 
for applications involving biological systems. Its stability in 
aqueous environments and low cytotoxicity make it suitable 
for pharmaceutical and biomedical applications [25–27].

UiO-66-NH2 frameworks are widely utilized for the con-
jugation of pharmaceuticals. Their significant surface area, 
diverse pore dimensions, and straightforward functionali-
zation have led to extensive research into the biomedical 
potential of UiO-66 metal-organic frameworks (MOFs). The 
biocompatibility of these MOFs has been examined through 

numerous in vitro and in vivo studies.  Fe3O4 nanoparticles 
have emerged as promising materials in biomedicine due to 
their favorable properties, including good biocompatibility, 
low toxicity, and strong magnetic responsiveness. These 
nanoparticles hold potential for various applications like 
disease diagnosis and cancer treatment. To enhance their 
biocompatibility and targeting abilities, magnetic nanopar-
ticles (MNPs) are typically coated with materials such as 
inorganic substances, organic molecules, or polymers, creat-
ing a protective shell that prevents clumping and allows for 
targeted delivery. The magnetic properties of MNPs enable 
their use for in vivo applications, including improved medi-
cal imaging resolution and targeted heating for therapeutic 
purposes at the site of injury or disease. Previous investiga-
tions into UiO-66 MOFs have indicated that UiO-66 with 
low cytotoxicity holds considerable promise for applications 
in biomedicine, particularly in drug delivery systems mag-
netic metal-organic framework composites (MMOF) consist 
of two primary elements: MNPs and MOF structures. The 
high stability of MMOF composites renders them ideal for 
utilization as drug carriers in applications involving cells 
[28–30].

Homogeneous catalysts offer high activity and selectivity 
due to their dissolved nature in the reaction medium. Due to 
the difficult separation, however, their recycling is complex 
and expensive. On the other side, classical heterogeneous 
catalysts in industry often have lower activity and selectivity 
because of steric and diffusion factors. To improve catalyst 
activity and selectivity, nanoscale metal-based catalysts and 
supports have been proposed. Nanometer-sized supports 
increase surface area and form homogenous emulsions. 
Magnetic nanoparticles are particularly favored as catalyst 
supports because of their high surface area, stability, high 
loading capacity, and ease of recycling. Magnetic separa-
tion simplifies catalyst recovery and tolerates most chemi-
cal environments except highly acidic or corrosive environ-
ments. Magnetic nanocomposites of various materials and 
compositions are used in a wide range of applications from 
engineering to biomedical fields [31, 32]. Pyrazolopyrano-
pyrimidines are polycyclic heterocycles composed of pyra-
zole, pyrimidine, and pyran units. The pyranopyrazole 
segment is important in the pharmaceutical industry and is 
responsible for a variety of biological properties of mol-
ecules containing this segment. Such compounds may act 
as anticancer agents [33], analgesic, and anti-inflammatory 
[34], antimicrobial [35], antiplatelet [36], and antioxidant 
activity [37]. The pyranopyrimidine moiety, found in natural 
products is known for its biological activities such as anti-
diabetic [38], antimicrobial [39], anticancer agents [40], and 
antifungal activity [41].

Numerous protocols developing derivatives of pyrazo-
lopyranopyrimidines have been reported in recent years. 
For example, the use of sulfonic acid functionalized 
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1,4-diazabicyclo[2.2.2]octane supported on Merrifield 
resin [42], using triazole-bonded silica heterogeneous [43], 
 Fe3O4@tris(hydroxymethyl) aminomethane (THAM)-pip-
erazine [44], choline chloride: urea deep eutectic solvent 
[45], ultrasoundassisted [46], tetramethyl guanidin func-
tionalized nanosize γAl2O3 [47],  CoFe2O4@SiO2-3-ami-
nopropyl)triethoxysilane (APTES)-cyanuric chloride-
guanidine [48], 1,8-diazabicyclo(5.4.0)undec-7-ene based 
 Fe3O4@nSiO2@mSiO2 nanomagnetic [49], and  ZnFe2O4/
glutamic acid [50].

This study focuses on the development of a novel mul-
tifunctional magnetic nanocomposite  (Fe3O4@PmPDA@
UiO-66-NH2). We will evaluate the catalytic performance 
of  Fe3O4@PmPDA@UiO-66-NH2 in the synthesis of pyra-
zolopyranopyrimidines, focusing on key parameters such as 
reaction yield and reaction time. Furthermore, the reusability 
and stability of the catalyst under different reaction condi-
tions will be investigated to assess its potential for sustain-
able and cost-effective synthesis. The biological activity of 
pyrazolopyranopyrimidines will be examined, with their 
anticancer effects on the survival rates of HepG2 cancer cells 
and NIH/3T3 fibroblast cells evaluated using the MTT assay. 
Additionally, the study will assess their antioxidant proper-
ties using the DPPH radical scavenging test and investigate 
their antimicrobial activity against Staphylococcus aureus 
and Escherichia coli.

2  Experimental

2.1  Synthesis of UiO‑66‑NH2

To synthesize UiO-66-NH2, a mixture of 125 mg of  ZrCl4, 
1 mL of concentrated HCl, and 5 mL of DMF was placed in 
a 100 mL vial and sonicated for 20 min to ensure complete 
dissolution. Then, 134 mg of BDC-NH2 (2-amino tereph-
thalic acid) dissolved in 10 mL of DMF was added to the 
vial. The reaction mixture was sonicated for an additional 
20 min and then heated at 80 °C overnight. Following the 
reaction, the nanoparticles were collected by centrifugation, 
the supernatant was removed, and the nanoparticles were 
resuspended in DMF and centrifuged twice to wash them. 
Finally, the nanoparticles were suspended in ethanol and 
centrifuged again (Fig. 1A).

2.2  Synthesis of  Fe3O4 nanoparticles

For the synthesis of  Fe3O4 nanoparticles,  FeCl2·4H2O (2.1 
mmol) and  FeCl3·6H2O (4.9 mmol) were dissolved in deion-
ized water. The mixture was mechanically stirred at 80 °C 
for 15 min, and then a 10% NaOH solution was added until 
the pH reached 10. After 30 min, the black precipitate was 

separated magnetically and washed several times with deion-
ized water and twice with ethanol (Fig. 1B).

2.3  Synthesis of  Fe3O4@PmPDA@UiO‑66‑NH2

In a 250 mL flask, 0.3 g of  Fe3O4 nanoparticles and 0.35 g 
of UiO-66-NH2 were sonicated in 20 mL of distilled water 
for 30 min. Next, 1 g of meta-phenylenediamine mono-
mer was dissolved in 100 mL of 0.1 M HCl solution and 
added to the reaction mixture. The mixture was sonicated 
for another 30 min until the monomer was completely dis-
solved. Polymerization was initiated by adding 10 mL of 
ammonium persulfate (APS) in 0.1 M HCl solution over 1 h 
under magnetic stirring at room temperature. The reaction 
mixture was continuously stirred in a nitrogen atmosphere 
for 24 h. The resulting nanocomposite was separated using 
an external magnet, washed several times with water and 
methanol, and dried in a vacuum oven at 50 °C for 12 h 
(Fig. 1C).

2.4  General procedure for the synthesis 
of 3‑substituted 1‑phenyl‑1 H‑pyrazol‑5‑ol

The synthesis of 3-substituted-1-phenyl-5-pyrazolone was 
carried out by reacting ethyl acetoacetate or ethyl benzoy-
lacetate with phenylhydrazine in a 1:1 molar ratio in ethanol. 
Acetic acid was added as a catalyst, and the mixture was 
stirred for 2 h under reflux conditions. After cooling, the 
crude solid product was filtered and purified by recrystal-
lization from ethanol (Fig. 2A).

2.5  General route for the preparation 
of pyrazolopyranopyrimidines

To prepare pyrazolopyranopyrimidines, a mixture of 3-sub-
stituted-1-phenyl-1H-pyrazol-5-ol (1.0 mmol), an alde-
hyde (1.0 mmol), barbituric acid (1.0 mmol), and  Fe3O4@
PmPDA@UiO-66-NH2 (0.05 g) in 5 mL of ethanol was 
stirred at room temperature. The progress of the reaction was 
monitored using thin-layer chromatography (ethyl acetate/
hexane 5:1) until completion. The catalyst was then sepa-
rated using an external magnet. The resulting crude solid 
product was filtered and purified by crystallization in ethanol 
(Fig. 2B).

2.6  In vitro cell viability assay

To evaluate the cytotoxicity of the synthesized com-
pounds, an MTT assay was performed following previously 
described methods [33]. Briefly, HepG2 cancer cells and 
NIH/3T3 fibroblast cells were seeded at a density of 5 ×  103 
cells per well in 96-well plates and incubated overnight at 
37 °C in a humidified 5%  CO2 atmosphere. The next day, 
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Fig. 1  The synthesis procedure 
ofUiO-66-NH2(A),  Fe3O4 (B), 
and  Fe3O4@PmPDA@UiO-
66-NH2 (C)

the cells were treated with various concentrations of the 
synthesized compounds (150, 75, 37.5, 18.75, 9.375, and 0 
µg/mL) for 24 and 48 h. After the incubation periods, MTT 
solution (5 mg/mL) was added to each well, and the plates 
were incubated further at 37 °C for 4 h. The medium was 

then removed, and 200 µL of DMSO was added to each 
well to dissolve the formazan crystals. The absorbance of 
the solubilized purple formazan was measured at 540 nm 
using a microplate spectrophotometer (BioTek, USA). The 
cell viability percentage was calculated as follows:

[(Absorbance of untreated cells − Absorbance of treated cells) ∕Absorbance of untreated cells] ∗ 100
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2.7  In vitro antioxidant activity measurement

To assess antioxidant activity of pyrazolopyranopyrimi-
dines, we used a common method DPPH radical scaveng-
ing assay. In this test, 120 mg of pyrazolopyranopyrimi-
dine samples were added to 3.20 mL of ethanolic DPPH 
solution (100 mM). The mixture was incubated in the dark 
for 30 min. As a result, this process leads to a shift of the 
DPPH free radical from purple to DPPH-H yellow, which 
is related to the number of electrons captured. After incu-
bation, the mixture was centrifuged and the absorbance of 
the remaining DPPH concentration of the supernatant was 
measured with a UV-Vis spectrometer at a wavelength of 
517 nm. A reduction in the absorbance of the DPPH solu-
tion signifies an enhancement in antioxidant activity. The 
calculation of DPPH inhibition was performed using the 
following specified formula [51, 52].

% of DPPH inhibition =
A

b
− A

s

A
b

× 100

where  Ab is the absorption of the ethanolic DPPH solution 
and  As is the absorption of the sample in ethanolic DPPH 
solution.

2.8  In vitro antibacterial activity measurement

The antimicrobial activity of the samples was assessed using 
the Kirby-Bauer disk diffusion method, a standard technique 
for determining the susceptibility of bacteria to antibiot-
ics [53]. The bacterial cultures were evenly distributed on 
Mueller-Hinton agar plates. Sterile paper disks were loaded 
with a concentration of 50 µL of each sample suspension (20 
mg/mL) and placed on top of the inoculated agar. The plates 
were then incubated at 4 °C for one hour to allow the sample 
to diffuse into the agar medium. After incubation, plates 
were placed in an incubator at 37 °C for 24 h to allow bacte-
rial growth. The size of the inhibition zone was measured 
in millimeters to determine the antimicrobial activity of the 
sample [54]. The results were presented as mean and stand-
ard deviation (± SD). aztreonam (30 µg/disc), tetracycline 

Fig. 2  Preparation of 3-subti-
tuted-1-phenyl-1H-pyrazol-5-ol 
(A) and pyrazolopyranopyrimi-
dines (B)

Fig. 3  FTIR spectra (A) and 
TGA curves (B) of PmPDA, 
UiO-66-NH2, and  Fe3O4@
PmPDA@UiO-66-NH2
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(30 µg/disc), imipenem (10 µg/disc), nitrofurantoin (300 µg/
disc), and rifampin (5 µg/disc) were applied as a positive 
control.

3  Results and discussions

3.1  Characterization of nanocatalyst

Figure 3A shows FT-IR spectra of PmPDA, UiO-66-NH2, 
and  Fe3O4@PmPDA@UiO-66-NH2. The peaks in the spec-
trum of UiO-66-NH2 related to the symmetric and asymmet-
ric stretching of the carboxyl functional groups UiO-66-NH2 
appeared at 1300–1700  cm−1. The peak at 1457  cm−1 is 
related to the result of the stretching of the aromatic C─C 
bonds, and the broad absorption peak at 3460  cm−1 is related 
to the ─NH2 groups in the 2-aminoterephthalic acid struc-
ture of UiO-66-NH2. In the FT-IR spectrum of PmPDA, the 
two characteristic peaks at 1529 and 1510  cm−1 correspond 
to the stretching of the amine quinoid and amine benzenoid 
units. the peaks around 3200 and 3490  cm−1 correspond to 
the stretching vibration of the ─NH2 and N─H groups. After 
modifying UiO-66-NH2 with  Fe3O4 and PmPDA, the FTIR 
spectrum of the composite shows that the intensity of the 
peaks assigned to PmPDA becomes more prominent and the 
peaks corresponding to UiO-66-NH2 are greatly reduced.

TGA was used to evaluate the thermal stability of 
PmPDA, UiO-66-NH2, and  Fe3O4@PmPDA@UiO-66-NH2. 

The UiO-66-NH2 thermogram in Fig. 3B shows weight loss 
in three main stages. The first weight loss associated with 
loss of surface moisture and solvent occurs at about 100 °C. 
The second weight loss, which occurs at around 200–250 
°C, is associated to the loss of DMF (solvent) from the 
pores of the MOFs as well as the loss of coordinated water 
molecules within the cage in the MOF structure. The third 
weight loss at about 400–500 °C is due to the destruction 
of organic bonds and structural degradation of MOFs [55, 
56]. The degradation of PmPDA occurs in three steps. The 
first weight loss at around 100 °C is related to the removal 
of moisture, HCl, and solvent trapped in the polymer back-
bone. The second weight loss is related to the removal of low 
molecular weight oligomers and the third weight loss (40%), 
which occurs at about 400 to 600 °C, is due to the destruc-
tion of the main chains of the polymer. When comparing 
the thermograms of UiO-66-NH2, PmPDA, and  Fe3O4@
PmPDA@UiO-66-NH2, it was observed that  Fe3O4@
PmPDA@UiO-66-NH2 exhibited higher stability than the 
other samples. This enhanced stability is likely due to the 
strong bonding interactions between the hydroxyl groups of 
 Fe3O4 nanoparticles and the amine groups on PmPDA and 
UiO-66-NH2 [57]. TGA analysis indicates that the catalyst 
exhibits minimal weight loss up to 300 °C, demonstrating 
considerable thermal stability, which suggests its suitability 
for high-temperature reactions.

Based on the results of FESEM, UiO-66-NH2 was synthe-
sized with the morphology of semi-cubic. FESEM images 

Fig. 4  FESEM micrographs of UiO-66-NH2 (A), and Fe3O4@PmPDA@UiO-66-NH2 (B)
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in Fig. 4A showed regularly shaped particles in the range 
of 150 to 250 nm. After adding  Fe3O4 and PmPDA to UiO-
66-NH2, morphology was changed; aggregations were 
observed due to adding an organic structure and nanoparti-
cles (Fig. 4B). Increasing the specific surface area by reduc-
ing the particle size of the catalyst particles can significantly 
influence the activity of a reaction. Smaller particles have a 
higher surface area to volume ratio, resulting in more active 
sites for chemical reactions.

The chemical composition of UiO-66-NH2 and  Fe3O4@
PmPDA@UiO-66-NH2 was analyzed by the EDX (Fig. 5A). 

The presence of Zr, O, and C in the UiO-66-NH2, and O, 
Zr, C, Fe, and N in the  Fe3O4@PmPDA@UiO-66-NH2 
confirmed the formation of MOF and nanocomposite. Fur-
thermore, Fig. 5B shows the EDX mapping of  Fe3O4@
PmPDA@UiO-66-NH2 which approved the presence of Zr, 
C, O, Fe, and N in the nanocomposite. The EDX mapping 
shows the uniform distribution of all elements and the active 
site on the catalyst.

The magnetic properties of  Fe3O4 nanoparticles and 
the  Fe3O4@PmPDA@UiO-66-NH2 nanocomposite 
were studied using a technique called vibrating sample 

Fig. 5  EDX spectra and tabulated data of UiO-66-NH2 and  Fe3O4@PmPDA@UiO-66-NH2 (A) and EDX mapping of  Fe3O4@PmPDA@UiO-
66-NH2 (B) 
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magnetometry (VSM) (Fig. 6A). The results showed that 
the  Fe3O4 nanoparticles had a saturation magnetization 
of 60.29 emu/g, which means they have strong magnetic 
properties. In contrast, the  Fe3O4@PmPDA@UiO-66-NH2 
nanocomposite had a lower saturation magnetization of 
27.94 emu/g. This decrease is due to the non-magnetic 
coatings (PmPDA and UiO-66-NH2) added to the  Fe3O4 
particles. Even though the magnetization is lower in the 
nanocomposite, it still has good magnetic properties that 
allow for easy separation of the catalyst from the reac-
tion solution. This makes it easier to recycle the catalyst, 
reducing costs and promoting more sustainable and eco-
friendly methods for producing chemical reactions [58].

Based on the XRD pattern, the characteristic diffraction 
peaks of UiO-66-NH2 appeared at 2θ = 7.2, 8.4, and 25.5 
in the XRD pattern, indicating the successful synthesis 
of  NH2-UiO-66 (Fig. 6B) [59]. XRD patterns of  Fe3O4@
PmPDA@UiO-66-NH2 nanocomposite showed a semi-
crystalline nature. The peaks appearing in 7.9, 9.0, and 25.7 
corresponds to UiO-66-NH2.

As shown in Fig. 6C-D, Brunauer-Emmett-Teller (BET) 
analysis was applied to define the specific surface area of   the 
material and evaluate the effect of the existing surface coat-
ing of UIO-66-NH2 with  Fe3O4 nanoparticles and PmPDA. 
The specific surface area  (as, BET) values of UiO-66-NH2 
and  Fe3O4@PmPDA@UiO-66-NH2 nanocomposite were 
545.9569 ± 11.8746  m2/g and 18.5229 ± 0.0215 m²/g, respec-
tively. The isotherms of  Fe3O4@PmPDA@UiO-66-NH2 
displayed a discrepancy between the desorption and adsorp-
tion curves at relative pressures below 0.4. This observation 
indicates the presence of micropores that promote increased 
capillary condensation at the reduced pressures required for 
evaporation and desorption [35]. The reduction in surface area 
of     Fe3O4@PmPDA@UiO-66-NH2 compared to UiO-66-NH2 
could be due to the encapsulation of  Fe3O4 nanoparticles and 
PmPDA in the porous structure of UiO-66 [60]. The obtained 
results confirmed the FESEM images of  Fe3O4@PmPDA@
UiO-66-NH2. When the nanoparticles in the structure of the 
catalyst are placed on the surface of the high porosity sub-
strate, they increase the reaction efficiency and reduce the 

Fig. 6  VSM curves of  Fe3O4 nanoparticles and  Fe3O4@PmPDA@UiO-66-NH2nanocomposite (A), XRD patterns ofUiO-66-NH2and  Fe3O4@
PmPDA@UiO-66-NH2 (B),  N2 adsorption/desorption isotherm UiO-66-NH2 (C) and  Fe3O4@PmPDA@UiO-66-NH2 nanocomposite (D) 
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consumption of the catalyst, so the performance of the catalyst 
depends on the specific surface area of the support [61].

3.2  Catalytic potential study of the  Fe3O4@PmPDA@
UiO‑66‑NH2

The synthesis of pyrazolopyranopyrimidines was investi-
gated using the catalyst  Fe3O4@PmPDA@UiO-66-NH2. The 
one-pot reaction between benzaldehyde, barbituric acid, and 
3-methyl-1-phenyl-1H-pyrazol-5-ol was studied to optimize 
the reaction conditions in the presence of nanocomposite 
(Table 1). First, the reaction was examined at room tempera-
ture and in various solvents and without solvent (Entries 
1–11). The highest yields and shortest reaction times were 
obtained in the solvents, ethanol, and methanol. Consider-
ing the growing significance of environmentally friendly 
reaction media in organic synthesis, ethanol was selected 
as the optimal solvent. We then explored the effect of tem-
perature on the reaction’s progress. The results showed that 
with increasing temperature, the efficient performance of 
the reaction decreases (Entries 12–14). Additionally, the 
effect of the catalyst amount was investigated, revealing that 
the reaction requires a catalyst, as no product was formed 
even after 6 h without it (Entry 15). The catalytic activi-
ties of  Fe3O4, PmPDA, and UiO-66-NH2 were also exam-
ined using the typical reaction. The findings demonstrated 

that, compared to other samples, the presence of the catalyst 
resulted in the products being obtained in a shorter time and 
with the highest efficiency (Entries 18–20).

Different types of aromatic aldehydes were investigated 
for the synthesis of pyrazolopyranopyrimidines using the 
optimal amount of (0.05 g  Fe3O4@PmPDA@UiO-66-NH2 
(Table 2). The resulting products were purified through 
crystallization in ethanol and characterized using spec-
troscopic techniques, specifically 1H-NMR and 13C-NMR.

3.2.1  Proposed mechanism

The suggested reaction mechanism for the synthesis of 
pyrazolopyranopyrimidines in the existence of  Fe3O4@
PmPDA@UiO-66-NH2 is shown in Fig. 7. In this mecha-
nism, first, by activating barbituric acid in the presence of 
the nanocatalyst, Knoevenagel condensation between ben-
zaldehyde and barbituric acid is performed and intermedi-
ate (III) is formed. Then 3-subtituted-1-phenyl-1H-pyra-
zol-5-ol deprotonation is performed by the catalyst. The 
reaction was followed by Michael’s addition of 3-subti-
tuted-1-phenyl-1H-pyrazole-5-ol to form intermediate (II) 
and then intermediate (III). Then intermediate (III) was 
converted to intermediate (IV) by tautomerization. Sub-
sequently, intramolecular cyclization produces the product 
by removing  H2O from the intermediate (V).

Table 1  Optimization of 
the 3-methyl-1-phenyl-1H-
pyrazol-5-ol, benzaldehyde, and 
barbituric acid  reactiona

a Reaction conditions 3-methyl-1-phenyl-1H-pyrazol-5-ol (1.0 mmol), benzaldehyde (1.0 mmol), barbituric 
acid (1.0 mmol), bisolated yield. r.t room temperature

Entry Solvent Catalyst (g) Temp /°C Time (Min) Yield %b

1 Solvent-free Fe3O4@PmPDA@UiO-66-NH2 (0.03) r.t 360 30
2 H2O Fe3O4@PmPDA@UiO-66-NH2 (0.03) r.t 360 45
3 Methanol Fe3O4@PmPDA@UiO-66-NH2 (0.03) r.t 75 90
4 EtOH Fe3O4@PmPDA@UiO-66-NH2 (0.03) r.t 80 90
5 H2O/EtOH Fe3O4@PmPDA@UiO-66-NH2 (0.03) r.t 360 50
6 CH3CN Fe3O4@PmPDA@UiO-66-NH2 (0.03) r.t 360 80
7 THF Fe3O4@PmPDA@UiO-66-NH2 (0.03) r.t 360 65
8 CH2Cl2 Fe3O4@PmPDA@UiO-66-NH2 (0.03) r.t 360 60
9 Hexane Fe3O4@PmPDA@UiO-66-NH2 (0.03) r.t 360 20
10 Ethyl acetate Fe3O4@PmPDA@UiO-66-NH2 (0.03) r.t 360 65
11 DMF Fe3O4@PmPDA@UiO-66-NH2 (0.03) r.t 120 85
12 EtOH Fe3O4@PmPDA@UiO-66-NH2 (0.03) 40 80 85
13 EtOH Fe3O4@PmPDA@UiO-66-NH2 (0.03) 60 80 70
14 EtOH Fe3O4@PmPDA@UiO-66-NH2 (0.03) Reflux 80 Trace
15 EtOH - r.t 360 Trace
16 EtOH Fe3O4@PmPDA@UiO-66-NH2 (0.05) r.t 60 90
17 EtOH Fe3O4@PmPDA@UiO-66-NH2 (0.06) r.t 60 91
18 EtOH Fe3O4 (0.05) r.t 60 55
19 EtOH PmPDA(0.05) r.t 60 82
20 EtOH UiO-66-NH2(0.05) r.t 60 80
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3.3  Heterogeneity studies

To evaluate the stability of the  Fe3O4@PmPDA@UiO-
66-NH2 nanocomposite, the hot filtration method was 
employed. The reaction was carried out under optimized 
conditions, and after 30 min (just over half the reaction 
time), the nanocomposite was separated from the hot 

mixture using a magnet. The reaction mixture was then 
allowed to proceed for an additional 6 h under the same 
conditions. The product yield remained constant at 50% 
after the removal of the nanocomposite catalyst, indicat-
ing that the reaction ceases upon isolation of the  Fe3O4@
PmPDA@UiO-66-NH2 catalyst [65, 66].

Table 2  Synthesis of pyrazolopyranopyrimidines by  Fe3O4@PmPDA@UiO-66-NH2 and  aldehydesa

Ref.
M.P. (°C)

Yieldb

(%)
Time
(min.)

C
odeProduct

Entry ReportedObserved

[62]210-211208-21090%604a1

[63]201-204200-20294%454b2

NR172-17490%554c3

[64]234-235232-223596%304d4
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Table 2  (continued)

NR218-22090%704e5

[64]230-232222-22595%404f6

NR181-18392%604g7

NR180-18294%254h8

[63]207-209207-20996%304i9
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Table 2  (continued)

NR274-27698%104j10

[62]170-171178-18090%154k11

NRNR180-18290%604l12

[62]207-209207-21092%804m13

[63]158-159184-18695%354n14
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Assessing the catalytic recyclability and reusability 
is crucial for advancing greener and more sustainable 
synthetic chemistry practices. The  Fe3O4@PmPDA@
UiO-66-NH2 catalyst’s ability to be recovered and reused 
was tested in the reaction involving 3-methyl-1-phenyl-
1H-pyrazol-5-ol, benzaldehyde, and barbituric acid to 

produce compound 4a. After the reaction was completed, 
the mixture was diluted with ethanol to isolate the nano-
catalyst, which was then washed with ethanol and reused 
for subsequent reactions. The catalyst maintained its per-
formance with minimal loss of activity over five consecu-
tive cycles (Fig. 8).

Table 2  (continued)

NR310-31290%804o15

NR200-20290%604p16

NR283-28594%154q17

NR164-16692%354r18
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Table 2  (continued)

NR206-20895%354s19

NR198-20094%304t20

NR208-21195%254u21

NR219-22190%504v22

NR153-15590%804w23
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3.4  Comparison with other catalysts

The catalytic efficiency of  Fe3O4@PmPDA@UiO-
66-NH2 was evaluated in comparison with other reported 
catalysts for the synthesis of pyrazolopyranopyrimidines. 
To demonstrate the efficiency of this catalyst compared to 
the previously discussed methods, derivative 4a was cho-
sen as a representative example (Table 3). The informa-
tion shows that our method provides results comparable 

to those of other studies, leading in part to higher product 
yields and faster response times.

3.5  In‑vitro anticancer effects

Using the MTT test, we evaluated the cytotoxic effects of 
the synthesized compounds on cancerous and normal cell 
lines. To this aim, The HepG2 and NIH/3T3 fibroblast 
cells were treated with serial concentrations (150, 75, 

Table 2  (continued)

NR158-16094%304x24

NR228-23095%254y25

a Reaction conditions: barbituric acid (1 mmol), aldehyde (1 mmol), 3-substituted-5- pyrazolone (1 mmol), EtOH (5 mL) and catalyst (0.05 g) at 
r.t; bisolated yield. NR not reported

Fig. 7  The proposed mechanism for the synthesis of pyrazolopyranopyrimidines by  Fe3O4@PmPDA@UiO-66-NH2
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Fig. 8  Fe3O4@PmPDA@
UiO-66-NH2 reusability in the 
synthesis of 4a

Table 3  Comparison of the 
catalytic efficiency of  Fe3O4@
PmPDA@UiO-66-NH2 with 
different catalysts for the 
synthesis of 4a

Entry Catalyst Condition Yield % Time (Min.) Ref.

1 Fe3O4@PmPDA@UiO-66-NH2 EtOH /r.t. 90 60 This study
2 Choline chloride: urea EtOH /80°C 84 60 [45]
3 Silica supported phosphotungstic acid H2O: EtOH 96 160 [64]
4 Cellulose supported acidic ionic liquid EtOH /80°C 90 35 [62]

Fig. 9  Cellular toxicity assessment of samples 1-4 using MTT assay in HepG2 and fibroblast cells after 24 and 48 h of incubation. Data are rep-
resented as mean +- SD (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 compared with control group
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37.5, 18.75, 9.375 µg/mL) of each sample for 24 and 48 
h. Figure 9 indicates that the viability of HepG2 cells was 
affected dose- and time-dependent, showing a decrease in 
the percentage of viable cells when treated with samples 
1–4 compared to untreated cells (p < 0.001). Based on our 
results, a greater inhibition of cell viability was obtained 
after 48 h of incubation with higher concentrations of syn-
thesized compounds, demonstrating the anti-proliferative 
effects of these agents. Additionally, in most cases, the via-
bility of fibroblast cells exhibited a comparatively minor 
decline when incubated with samples 1–4 as opposed to 
HepG2 cells. As a result, synthesized compounds hold 
the capability to eradicate cancerous cells while imposing 
minimal detrimental effects on healthy cells.

The 50% inhibition concentrations (IC50) of sam-
ples 1–4 were also calculated and reported in Table 4. 
Our findings demonstrate that the treatment with sam-
ples 1 and 3 accompanied the highest cytotoxic effects 
on HepG2 cells, while they imposed significantly lower 
cytotoxic effects on fibroblast cells after 24 h and 48 h. 
Based on estimated IC50 values, sample 2 and sample 4 
cells showed less preferential antiproliferative activities 

against cancer cells and provided a narrower therapeutic 
window for the treatments of malignant cells.

3.6  Antioxidant activity

The antioxidant properties of organic compounds can 
enhance their potential applications in pharmaceuticals, 
as well as in the food and packaging industries. Therefore, 
the antioxidant activity of pyrazolopyranopyrimidines was 
assessed using a DPPH solution (Fig. 10).

The interaction of antioxidants with DPPH results in 
the pairing of the stable free radical in the presence of a 
hydrogen donor. This reaction leads to the reduction of 
DPPH to hydrazine (DPPH-H). This analysis allows us 
to determine to what extent the pyrazolopyranopyrimi-
dines were able to neutralize the DPPH radicals, indicat-
ing their antioxidant potential [52]. The presence of ─OH 
substituent on the aromatic ring and benzylic proton in the 
structure of the compounds also increases their antioxidant 
activity [67]. The results indicate that most of the deriva-
tives exhibit antioxidant properties, with activity levels 
ranging from 85.3 to 98.3%.

3.7  Antibacterial activity

The antibacterial properties of the pyrazolopyranopyrimi-
dines (4a, 4b, 4c, 4g, 4i, 4j, 4L, and 4m) were investigated 
against Staphylococcus aureus (S. aureus) and Escheri-
chia coli (E. coli). Figure 11; Table 5 display the results. 
Aztreonam, tetracycline, imipenem, nitrofurantoin, and 
rifampin were utilized as positive controls. All pyrazo-
lopyranopyrimidine samples showed good antibacterial 
activity against Staphylococcus aureus (Gram-positive), 
while samples 4j and 4b did not affect the Gram-negative 
bacterium Escherichia coli.

Table 4  In vitro cytotoxicity effect (IC50) of samples 1–4 against 
HEPG2 and fibroblast cells after 24 h and 48 h of treatment

Sample Code Cell Time(h)

24 48

1 4c HepG2 361.7 137.5
Fibroblast 1848 216.3

2 4g HepG2 175.2 141.2
Fibroblast 71,754 151.2

3 4L HepG2 162.5 118.2
Fibroblast 6886 167.0

4 4t HepG2 175.4 164.9
Fibroblast 169.1 372.4

Fig. 10  The photographs and 
the histograms of the anti-
oxidant activity of synthesized 
pyrazolopyranopyrimidines
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4  Conclusion

The Fe₃O₄@PmPDA@UiO-66-NH₂ nanocomposite dem-
onstrated significant catalytic activity in the one-pot, three-
component condensation reaction for synthesizing pyra-
zolopyranopyrimidines. FESEM imaging revealed that 
the MOF cages were effectively coated with polymers and 

nanoparticles, ensuring a well-distributed catalytic surface. 
TGA confirmed the high thermal stability of the catalyst, 
crucial for maintaining catalytic activity under reaction con-
ditions. Using 0.05 g of the catalyst, reactions were com-
pleted within 15 to 80 min, achieving product yields exceed-
ing 90% under optimal conditions. The advantages of this 
reaction are simple handling and work-up procedures, high 
yields, and the reusability of the catalyst. The MTT assay 
indicated that the synthesized pyrazolopyranopyrimidines 
significantly reduced the survival rate of HepG2 cancer cells 
while exhibiting minimal cytotoxicity towards normal cells. 
The antioxidant capacity of the pyrazolopyranopyrimidines 
ranged from 85.3 to 98.3%, demonstrating their potential for 
mitigating oxidative stress. In addition, Pyrazolopyranopy-
rimidines showed notable antimicrobial effects, with inhibi-
tion zones of 19 ± 2.0 mm against Staphylococcus aureus 
and 10 ± 1.5 mm against Escherichia coli, highlighting their 
effectiveness in combating bacterial infections.

Limitations of this work include: (I) The Fe₃O₄@
PmPDA@UiO-66-NH₂ nanocomposite was synthesized at 
a laboratory scale. Scaling up this process to industrial lev-
els while maintaining catalyst effectiveness and uniformity 
remains a challenge. (II) Although the catalyst shows good 
thermal and chemical stability, further studies are needed to 
understand its long-term stability and performance over mul-
tiple uses. (III) Initial biological tests are promising; however, 
more detailed studies, including in vivo tests and an under-
standing of the mechanism of action, are needed to fully grasp 
the biological effects. Thus, further research should focus 
on improving the synthesis for larger-scale production and 
exploring the catalyst’s performance in practical applications. 

Fig. 11  Antibacterial activities of some pyrazolopyranopyrimidines against Escherichia coli and Staphylococcus aureus via Kirby–Bauer disk 
diffusion technique

Table 5  Antibacterial activities of some pyrazolopyranopyrimidines 
via Kirby–Bauer disk diffusion technique

a No effect

Compound Inhibition Zone (mm)

 Staphylococcus 
aureus
 Gram-Positive (+)

 Escherichia coli
 Gram-Negative (-)

 4a 13 ± 5.0 10 ± 1.5
 4b 15 ± 4.5 NEa

 4c 18 ± 5.0 6 ± 1.5
 4g 13 ± 1.2 7 ± 0.5
 4j 10 ± 0.7 NE
 4l 16 ± 5.0 10 ± 1.1
 4m 19 ± 2.0 10 ± 0.5
 4t 12 ± 4.5 10 ± 1.1
Aztreonam 9 ± 0.7 26 ± 0.1
Tetracycline 27 ± 0.9 15 ± 0.9
Imipenem 22 ± 0.4 28 ± 0.8
Nitrofurantoin 25 ± 0.8 23 ± 0.3
Rifampin 33 ± 0.4 8 ± 0.2
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Additionally, understanding the mechanisms behind both the 
catalytic and biological activities of the synthesized com-
pounds is crucial for optimizing their effectiveness.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42114- 024- 01021-2.
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