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Abstract
Keywords Pyrazole has been recognized as a privileged structure because of its versatility,
desirable physicochemical characteristics, and universal applicability in medicinal
chemistry, agricultural chemicals, and functional materials. In this article, the

Article History recent progress in pyrazole research has been critically surveyed, focusing on the
Received: 29 October 2025 relationships between molecular structure, synthetic method, and bioactivity or
Accepted: 13 December 2025 functionality. From a medicinal chemistry perspective, the structure-activity
Published: 31 December 2025 relationship studies have clearly demonstrated that substitution at the C-3, C.5,

and N-1 atoms of pyrazole plays a key role in modulating affinity, selectivity,
Copyright @Author tautomerism, and ADME characteristics. Although pyrazole derivatives have
Corresponding Author: * been found to possess potential activity in cancer, inflammation, infectious
Hatiz Aamir Ali Kharl diseases, and metabolismaelated disorders, their translational potential has been

hindered by inadequate ADMET characteristics. The review also analyses
modern synthetic strategies, such as green, solventfree reactions, reactions
catalysed using microwaves, ultrasonic waves, mechano-chemical reactions, and
flow chemistry, which have increased the molecular diversity and reaction
efficacies. Although there are concerns related to scalability and reproducibility in
laboratory reactions, pyrazole merged with different pharmaceutical scaffolds are
stated to be an exciting strategy for developing multi-target drugs in which there
exists a large gap between cellular and in vitro efficacies. Further, implications of
the emergence of pyrazole-based materials, particularly pyrazole metal-organic
frameworks, are also touched upon in this article. It also points out that the role
of computing tools in pyrazole-based design is on the upsurge, but docking score
predictions must be validated by experimental evidence. In conclusion, this review
can be considered an important paper in providing a complete overview on the
research on pyrazole, contributing to the field in highlighting many challenges for
future developments.
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Introduction

Pyrazole is a fivemembered heteroaromatic
compound (C3H3N,H) belonging to the 1,2-
diazole family, characterized by two adjacent
nitrogen atoms within its ring system. The N-1
atom behaves similarly to the NH group of
pyrroles, serving as a hydrogen bond donor,
whereas the N-2 atom resembles the pyridine
nitrogen, acting as a hydrogen bond acceptor [1-
3, 8]. Such varying chemical environments lead
to discrepancies in the bond lengths of the rings.
However, the most interesting part of the
molecular structure of these molecules is the
phenomenon of tautomerism, which occurs in
these molecules. Such phenomena have various
profound effects on the reactivity and synthesis of
the molecules, along with influencing the

biological properties of these molecules, because
of the minute variation in the molecular structure
of the molecules caused by such phenomena [10].
The name 'pyrazole' has been assigned after
Ludwig Knorr discovered the pyrazolone
'antipyrine' in the year 1883. Later on, after the
discovery of ‘antipyrine, Edward Buchner
synthesized pyrazole molecules successfully for
the first time in the year 1889 [4-6]. The pyrazole
molecules have been discovered now to be one of
the most thoroughly investigated ‘azole'
molecules and have been synthesized successfully
and also serve as a lead molecule of many drugs
[4, 7]. The versatility also led to its applications
not only in medical fields but also in
agrochemicals, polymer science, cosmetics, and
the food industry [12-14].

NH

Pyrazole

Figure 1. Structure of Pyrazole

More than fifty pyrazole-based drugs have been
developed to date, out of which thirty were
approved by the FDA since 2011. In fact, more
than 60% of all FDA-approved therapeutics
contain N-heterocycles in their molecular
scaffold, and among those, pyrazoles represent
one of the leading subcategories due to their
broad molecular architecture and
pharmacological diversity [3,8-10]. The pyrazole
nucleus has been attributed to a wide range of

biological activities, from antiviral [15],
antibacterial [16], fungicidal [36, 37], and
antimalarial [17] activities to anti-inflammatory
[18], antidiabetic [19], antiglaucoma [20], and
anticancer activities [21-23]. In addition,
pyrazoles are present in naturally occurring
biomolecules such as hormones, vitamins,

antibiotics, and nucleic acids (DNA and RNA)
(24, 25].
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Figure. 2: Examples of biologically important pyrazoles and fused pyrazoles [11].

In agrochemistry, pyrazole derivatives have long
served as key scaffolds for herbicides, insecticides,
fungicides, and acaricides [30]. Their ring system
forms the central unit of widely wused

Furametpyr

26),
28],

agrochemicals, including furametpyr
cyantraniliprole  [27],  cyenopyrafen
tolfenpyrad [29], and fenpyroximate [26].
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Figure. 3: Agrochemical molecules containing a pyrazole scaffold. [7]

Beyond biological and agricultural applications,
pyrazole and pyrazolate frameworks are of
increasing relevance in materials science. The
metal-organic frameworks of pyrazolates are
highly thermally and chemically stable, showing
proven ability for selective adsorption of volatile
organic compounds like formaldehyde even
under humid conditions, thus making them
promising candidates for indoor-air purification

[31]. They also serve as robust catalysts for C-H
activation and cross-coupling transformations
[32]. Azo-pyrazole dyes, famed for their vivid and
durable coloring, find applications in sustainable
textiles and pigments. In addition, coordination
frameworks containing pyrazoles exhibit tunable
electronic and magnetic properties, opening new
avenues in sensing and the development of
multifunctional devices [33-35].
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Figure 4: The Versatile Applications of the Pyrazole Scaffold

General Chemistry of Pyrazole Derivatives
Tesystem constitution in pyrazole: Pyrazole
constitutes a heterocyclic five-membered ring
compound (C3H4N,) with two adjacent nitrogen
atoms (N1 and N2) and three carbon atoms. Its
parent ring possesses an aromatic (OT) system
according to Hiickel's rule. In pyrazole, one of the
ring nitrogen (N1) atoms is pyrrolic (its electron
pair is in the Tsextet), while another adjacent
nitrogen atom (N2) is pyrid [37, 38]

Planarity and bond characteristics: The pyrazole
ring is fairly planar. The C-N and C-C bonds are
intermediate between single and double bonds.
This is owing to delocalization. The C-N bond
lengths for 1H-pyrazole compounds are usually
about 1.33 to 1.36 A at low temperatures. The
five-membered ring is planar [39].
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Ampbhoteric character and intrinsic acid/base
strengths: Because N1 is pyrrolic and N2 is
pyridinic, unsubstituted pyrazole is amphoteric: it
is a weak base (pKa of the conjugate acid =2.5 at
25 °C) and a weak acid (N-H pKa =14 in
water/related media; EWG substitution lowers
this) [40,41].

Hydrogen bonding & aggregation: The N1-H
can donate, and N2 can accept hydrogen bonds;
solid-state structures frequently show N-H-+*N or
N-H:-O interactions, including  dimer
formation for hydroxy-pyrazolones/pyrazoles
(10,42].

In crystal structures, these interactions often
create aggregation motifs such as inversion
dimers (via N-H---O or N-H-:-N), sheets, or
chains key to both solid-state stability and
tautomer populations [39, 43, 44].

Basic pyridine-like nitrogen

(HB-acceptor)

Figure. 5: Amphoteric nitrogen roles and H-bonding ability.
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Resonance energy / “Texcessive” nature:
Experimental thermochemical estimates and
comparative analyses describe 1H-pyrazole as
slightly T-excessive with resonance energy
between benzene and thiophene (=7 100-130

k]-mol™! range in representative estimates),
consistent with its high thermal/oxidative
stability relative to non-aromatic analogues [41,

45].

Resonance energy / rt-excessive’ nature

N

Pyrazole

Benzene

<\S V4

Thiophene

Resonance
energy

~100—130 kJ mol?

Figure. 6: Pyrazole showing resonance energy between benzene and thiophene.

Tautomerism and Reactivity of Pyrazole
Derivatives

Different types of tautomerism can occur in
pyrazoles. In heterocyclic systems, tautomerism is
mainly influenced by two key factors. The first is
the structural aspect, which describes how the
shifting of atoms or groups occurs within the
molecule. This can be further divided into
annular tautomerism, side chain tautomerism,
ring-chain tautomerism, and valence
tautomerism. The second factor is the nature of
the exchanged atom or group, which includes
different types such as prototropy (exchange of
protons),  elementotropy  (exchange  of

BN F

heteroatoms), metallotropy (exchange involving
metals), as well as anionotropy and cationotropy
(exchange involving negatively or positively
charged species) [46-48]. NH-pyrazoles undergo
rapid annular tautomerism, in which the protic
hydrogen migrates between the two ring nitrogen
atoms, interconverting 1H- and 2H/3H-
tautomers. In unsubstituted pyrazoles, three
tautomeric forms are possible, while mono-
substituted pyrazoles can exhibit up to five.
Among these, annular prototropic tautomerism
in  3(5)substituted pyrazoles is the most
important (49, 54-56].

R R R R R
/ N X . NH X N - N / . N
H N N N N

Figure. 7: tautomerism in unsubstituted (A) and monosubstituted(B) pyrazoles [49]
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The equilibrium between tautomers is influenced
by:

Substituents: Electron-withdrawing groups (e.g.,
esters, amides, nitro) at C-3 or C-5 stabilize
tautomers that localize negative charge near the
EWG, often leading to singletautomer
dominance in solution or solid state. Electron-
donating groups bias the opposite tautomer [50].
Solvent and H-bonding: In the vapor phase,
tautomers behave as if in an inert medium; in
solids, the most polar tautomer is typically
stabilized. In solution, solvent polarity, hydrogen-
bonding ability, and dipole moments dictate
tautomer ratios. Hydrogen bonding can lock
specific tautomers or assist proton transfer, as

shown in NMR and CPMAS studies [51, 52]

Q1 F
OH
Sf~©
i
N
H,C

ngpf
HaC N\H

Mechanism: Computational studies indicate
multistep proton-transfer
pathways; for pyrazoles, the transition state can be
cation-ike in water, altering kinetics relative to
other azoles [50]. Other tautomeric possibilities
exist, such as sidechain tautomerism (e.g., 3(5)-
aminopyrazoles theoretically yielding four forms,
though experimentally only annular tautomerism
is observed) and keto-enol tautomerism, seen in
certain pyrazolones during crystallization. In 1-
substituted pyrazol-5-ones, three tautomeric
families -OH, CH, and NH forms are possible,
with hydrogen bonding strongly influencing the
predominant state [4].

water-assisted

Enol form

Keto form

Figure. 8: Enol to keto tautomerism during the crystallization process [60].

3(5)-Aminopyrazoles are susceptible to sidechain
tautomerism because the amine substituent is
capable of proton exchange. This would
theoretically give rise to four possible tautomeric
forms. However, experimental findings reveal

NH

(a) (b)

that the imino forms do not occur. Thus, only
annular tautomerism between positions 1 and 2
is observed in 3(5)-aminopyrazoles
(corresponding to structures (a) and (d)), like the
behavior seen in pyrazole [10].

X
/ \\i/l{

|
R NH . NH,

(<) (d)

Figure.8: Tautomers of 3(5)-aminopyrazole [10]
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4. Electronic structure and reactivity

The heteroaromatic ring of pyrazole s
electronically differentiated by its two vicinal
nitrogen atoms: one pyrrole-like (proton donor)
and one pyridinelike (proton acceptor). This
dual character makes pyrazole valuable in
coordination and supramolecular chemistry. The
general regiochemical reactivity is given by the
following equation,

a. Electrophilic aromatic substitution (EAS):
Preferentially reacts with C-4 in unsubstituted
pyrazoles, as evident from halogenation

b. Nucleophilic attack: Preferred at C-3 and C-5,
due to electron deficiency at these points around
the nitrogen atoms.

c. Directed metalation/halogen exchange:
Halogenation at C+4 facilitates selective
bromo/lithium or bromo/magnesium exchange
reactions that have been extensively utilized for
cross.

d. N-functionalization: N-alkylation/arylation of
1H-pyrazoles is typically N-1 selective under basic
or thermodynamic control, often achieving >99:1
N1/N2 selectivity, supported by crystallographic
and computational studies [53, 57]

Electrophilic Nucleophilic

center

Nucleophilic

center

»
1.1 6‘35 0.972

& HB-acceptor
contor ‘m Z/ N>‘N21'278 sp?2-pyridine like N-atom

o 3

H — Highly acidic

1.649

HB-donor
Pyrrole-like N-atom

Hydrogen

Figure. 9: The electronic structure of pyrazole, highlighting its electrophilic and nucleophilic centers,
hydrogen-bonding characteristics, and the relative bond lengths [11].

e. Supramolecular and hydrogen-bonding
motifs

The presence of the N-H group permits extensive
hydrogen-bonding networks, forming dimers,
trimers, tetramers, or catemers in the solid state.

tetramer

Substitution at C-3, C4, or C-5 still allows N-
H---N interactions, though the prediction of
specific motifs remains limited due to insufficient
crystallographic data [58].

Y

N——NH

NH ““N
Y =

trimer

X N

‘N——NH N—— NH

L O

catemer

Figure. 10: Supramolecular motifs of 1H-pyrazoles, including dimer, trimer, tetramer, and catemer
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Table 1. Synthetic strategies for pyrazole Derivatives

Category Method Key features Advantages Limitations References
Classical Condensation of | Cyclocondensation | Simple,  well- | Requires (53,60]
methods hydrazines with | forming a core | established, solvents,
1,3-dicarbonyl pyrazole scaffold good yields, easy | heating, and
compounds (3 workup sometimes long
diketones, B- procedure reaction times
ketoesters)
Reaction  with | Hydrazine reacts | Versatile for | Harsh [60,61]
a,B-unsaturated with enones under | substituted conditions,
carbonyl acidic/basic pyrazoles limited
compounds conditions. functional group
tolerance
1,3-Dipolar [3+2] | Formation of the | Highly flexible, | Handling of | [62,63]
cycloaddition of | pyrazole ring via | allows diverse | diazo
diazo cycloaddition substitutions compounds can
compounds with be hazardous
alkynes
Green & | Solvent-Aree Thermal or | Eco-friendly, Sometimes, [64-67]
Sustainable synthesis mechanochemical reduces waste, | limited
Methods condensation cost-effective scalability
without solvents requires
optimization
Microwave- Rapid heating with | Short reaction | Requires [68-70]
assisted synthesis | microwaves times,  higher | specialized
accelerates yields equipment
condensation
Ultrasound- Cavitation Mild Limited [71-74]
assisted synthesis | enhances reaction | conditions, industrial
kinetics and | cleaner adoption
mixing reactions, short
reaction time
Eco-friendly Catalysis under | Reusable Catalyst [75-77]
catalysts  (clays, | mild, green | catalysts, short| preparation can
ionic liquids, | conditions reaction time, | be complex or
natural catalysts) excellent yield expensive
Metal-Catalyzed Transition-metal | Metal-mediated Enables novel | Cost, toxicity, | [78-82]
& catalysis (Pd, Cu, | bond formation in | transformations, | and removal of
Multicomponent | Ni, Fe) pyrazole synthesis high selectivity metal residues
Reactions
Multicomponent | One-pot synthesis | Atom- and step- | Reaction (83-86]
reactions from 3+ | economical, optimization can
(MCRs) components structural be challenging
diversity
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Recent Click chemistry | Modular, selective | High yield, | Requires specific | [87,88]
Innovations approaches reactions (e.g., | functional substrates,
azide-alkyne click) | group tolerance, | sometimes metal
adapted to | rapid synthesis catalysts
pyrazoles
Biocatalytic Enzyme-mediated Eco-friendly, Limited enzyme | [89,90]
methods steps for pyrazole | stereoselective, availability,
synthesis sustainable scalability issues

Continuous-flow

Real-time reaction

Safe handling, | Expensive setup, | [91-93]

synthesis control using flow | reproducibility, specialized
(advanced) reactors and large-scale | knowledge
applicability
Functionalization and Chemical Modification Discussion

under Pyrazole-Based Hybrid Scaffolds

Functionalization of pyrazoles has been
implemented by substitution of the N-H group,
halogenation of the C-H moiety, and various
cross-coupling Electrophilic
halogenation of pyrazoles is an efficient way to
install a functional group that can be further

reactions.

elaborated via palladium-catalyzed cross-coupling.
Halogenation at the C4 and C-5 positions is
achieved using reagents such as N-
bromosuccinimide (NBS), N-chlorosuccinimide
(NCS), or N-iodosuccinimide (NIS) [60].
Zolazepam is a pyrazolodiazepinone derivative. Its
chemical name is 4-(2-fluorophenyl)-1,3,8-
trimethyl-6H-pyrazolo|3,4-e][1,4]diazepin-7-one.
It is used in combination with tiletamine as a
veterinary anesthetic (Telazol, Zoletil). Zolazepam
belongs to the benzodiazepine class but is
structurally distinguished by a pyrazole ring fused
to the diazepine nucleus, making it a
pyrazolodiazepine [94].

The pyrazole nucleus has gained considerable
attention as a privileged scaffold in medicinal
chemistry because of its occurrence in a variety of
drugs such as celecoxib, rimonabant, and
sildenafil. Its structural flexibility allows diverse
substitutions at the N-1 and C-3/C4/C5
positions, which is critical for optimizing
interactions with biological targets.
methods, including
halogenation, nitration, acylation, sulfonylation,

Functionalization

and cross-coupling reactions, are routinely
applied to derivatize the pyrazole ring.

The weight of the literature unequivocally
indicates that the pyrazole core is a privileged
structure that exhibits remarkable flexibility in
both the pharmacological and agrochemical and
materials science domains [9597]. Yet an
appraisal of the most recent literature indicates
that mere flexibility cannot guarantee biological
efficacy and that the outcome is actually a rather
subtle balance between the effects of substitution
patterns and the role of tautomeric and electronic
structures in biological recognition events [98,
99]. Of more direct relevance to medicinal
chemistry, C3 and C-5 substitution has
repeatedly cropped up as an important
determinant in terms of the potency and
selectivity of kinase inhibitors and anti-
inflammatory compounds in particular [100-
102]. Electronegative substitutions can markedly
raise affinity by favoring the stability of particular
tautomers and increasing the strength of acceptor
hydrogen bonding, but when overdone,
lipophilicity can negatively impact solubility and
metabolic stability [103,104]. It is significant that
N-1 substitution can improve pharmacokinetics,
although it can also interfere with hydrogen
bonding if improperly further optimized
[105,106].

Green and sustainable synthetic routes have
greatly enhanced the availability of pyrazoles;
however, scalability and reproducibility are
underrepresented in literature [107, 108].
Reactions using microwave or ultrasonic
irradiation are found to have premier laboratory-
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scale yields; however, they are yet to be tested on
an industrial scale [109, 110]. Metal-catalyzed
routes provide enhanced regioselectivity;
however, contamination of metals, associated
costs, and environmental factors are mechanisms
that are mostly neglected in scientific
publications [111-113]. Hybridization
approaches are among the most promising
domains in pyrazole science. Pyrazoles have been
used to generate hybrids that feature higher
multitarget properties and synergistic action of
complementary  pharmacophores in  one
molecule [114-116]. Although very promising in
vitro data have been reported, very limited hybrid
compounds proceed from in vitro studies to in
vivo assays, thereby disclosing an existing
translational gap [117,118]. The translational gap
can be ascribed to compromised ADMET
properties, thereby underlining the importance
of integration at the early stages of hybridization
(119,120].

Various computational tools have become
indispensable in the design of pyrazoles as drugs;
however, over-reliance on docking scores without
validation by experimental work has been a
significant drawback. Recent work has shown
that the use of molecular dynamic simulations
and free energy calculation methods can offer
more realistic estimates of binding stability,
especially when dealing with systems that exhibit
the phenomenon of tautomerization, as seen in
pyrazoles [123-125]. Binding mode correlation to
biological responses will be valuable in future
research.

Apart from medicinal chemistry, the other area
in which pyrazole materials demonstrate very
high potential includes catalyzing reactions,
detecting substances, and water purification. In
fact, pyrazolate metal-organic  framework
materials demonstrate enhanced properties
compared to the regular framework materials in
terms of chemical stability and the ability to be
designed based on specific applications or
requirements [127-129]. However, different
experts in various fields need to collaborate in
investigating more applications for the
development of such materials ranging from the
laboratory to practical applications [130-132].

Conclusion

Derivatives of pyrazole have continued to lead in
the field of heterocyclic compounds because of
their  characteristic ~ electronic  structure,
tautomerism, and unmatched ability to be
functionalized. The current review seeks to
highlight the massive developments that have
been noted in terms of the pyrazole class of
compounds, whether in terms of chemistry,
synthesis, and applications. Nevertheless, several
challenges still exist despite the massive
developments. These include imbalance in
innovation in terms of synthesis and biological
application, lack of in vivo validation, and
concentration on pharmacokinetics and toxicity
studies. Green chemistry in synthesis has started
to make synthesis friendlier, but synthesis
relevance to industry still requires examination.
Additionally, the approach of the computational
methods in assisting technology needs to
concentrate on predictive technology through
integral  incorporation  with  Ilaboratory
information. Future studies will focus on
multitarget drugs, hybrid skeletons, and
structure-activity in terms of optimization,
evident by strong ADMET profiles, and
simulations.  There are, in  addition,
interdisciplinary applications in the area of
catalysis, sensors, and environmental domains in
pyrazoles.

REFERENCES:

Alam, M. A. (2023). Pyrazole: An emerging
privileged scaffold in drug
discovery. Future medicinal
chemistry, 15(21), 2011-2023.

Bennani, F. E., Doudach, L., Cherrah, Y., Ramli,
Y., Karrouchi, K., Ansar, M. H., &
Faouzi, M. E. A. (2020). Overview of
recent  developments of  pyrazole
derivatives as an anticancer agent in
different cell
Chemistry, 97, 103470.

Li, G., Cheng, Y., Han, C., Song, C., Huang, N.,
& Du, Y. (2022). Pyrazole-containing
pharmaceuticals: target, pharmacological
activity, and their SAR studies. RSC
Medicinal Chemistry, 13(11), 1300-1321.

line. Bioorganic

https://fmhr.net

| Afzal et al., 2025 |

Page 1666



Volume 3, Issue 10, 2025

Frontier n

Medical & Health
Research

ISSN: (e) 3007-1607 (p) 3007-1593

Ameziane El Hassani, 1., Rouzi, K., Assila, H.,
Karrouchi, K., & Ansar, M. H. (2023).
Recent advances in the synthesis of
pyrazole derivatives: a
review. Reactions, 4(3), 478-504.

The Editors of Encyclopaedia Britannica (2025,
June  1). Ludwig  Knorr. Encyclopedia
Britannica.

Secrieru, A., O'Neill, P. M., & Cristiano, M. L.
S. (2019). Revisiting the structure and
chemistry of 3 (5)-substituted
pyrazoles. Molecules, 25(1), 42.

Karrouchi, K., Radi, S., Ramli, Y., Taoufik, J.,
Mabkhot, Y. N., Al-Aizari, F. A., &
Ansar, M. H. (2018). Synthesis and
pharmacological activities of pyrazole
derivatives: A review. Molecules, 23(1),
134.

Rue, K., & Raptis, R. G. (2021). Low-
temperature crystal structure of 4-chloro-
1H-pyrazole. Structure Reports, 77(9), 955-
957.

Sayed, A. R., Gomha, S. M., Abdelrazek, F. M.,
Farghaly, M. S., Hassan, S. A., & Metz,
P. (2019). Design, efficient synthesis and
molecular docking of some novel

thiazolyl-pyrazole derivatives as
anticancer agents. BMC chemistry, 13(1),
116.

Secrieru, A., O'Neill, P. M., & Cristiano, M. L.
S. (2019). Revisiting the structure and
chemistry of 3 (5)-substituted
pyrazoles. Molecules, 25(1), 42.

Moussa, Z., Ramanathan, M., Alharmoozi, S. M.,
Alkaabi, S. A. S., Al Aryani, S. H. M,,
Ahmed, S. A., & Al-Masri, H. T. (2024).
Recent highlights in the synthesis and
biological  significance of pyrazole
derivatives. Heliyon, 10(20).

Becerra, D., Abonia, R., & Castillo, J. C. (2022).
Recent applications of the
multicomponent synthesis for bioactive
pyrazole  derivatives. Molecules, 27(15),
4723.

Ebenezer, O., Shapi, M., & Tuszynski, J. A.
(2022). A review of the recent
development in the synthesis and
biological evaluations of pyrazole
derivatives. Biomedicines, 10(5), 1124.

Li, M. M., Huang, H., Pu, Y., Tian, W., Deng, Y.,
& Lu, J. (2022). A close look into the
biological and synthetic aspects of fused
pyrazole derivatives. European journal of
medicinal chemistry, 243, 114739.

Kumar, S., Gupta, S., Rani, V., & Sharma, P.
(2022). Pyrazole containing anti-HIV
agents: An update. Medicinal
Chemistry, 18(8), 831-846.

Verma, R., Verma, S. K., Rakesh, K. P., Girish,
Y. R., Ashrafizadeh, M., Kumar, K. S. S.,
& Rangappa, K. S. (2021). Pyrazole-
based analogs as potential antibacterial
agents against methicillin-resistance
staphylococcus aureus (MRSA) and its
SAR elucidation. European journal of
medicinal chemistry, 212, 113134.

Ravindar, L., Hasbullah, S. A., Rakesh, K. P., &
Hassan, N. 1. (2023). Pyrazole and
pyrazoline derivatives as antimalarial
agents: A key review. European Journal of
Pharmaceutical Sciences, 183, 106365.

Mantzanidou, M., Pontiki, E., & Hadjipavlou-
Litina, D. (2021). Pyrazoles and
pyrazolines as anti-inflammatory
agents. Molecules, 26(11), 3439.

Rafique, 1., Magbool, T., Rutjes, F. P., Irfan, A.,
& Jardan, Y. A. B. (2024). Anti-Diabetic
Activities and Molecular Docking
Studies of Aryl-Substituted Pyrazolo [3, 4-
b] pyridine Derivatives Synthesized via
Suzuki Cross-Coupling
Reaction. Pharmaceuticals, 17(10), 1326.

Asproni, B., Murineddu, G., Corona, P., &
Pinna, G. A. (2021). Tricyclic pyrazole-
based compounds as useful scaffolds for
cannabinoid CB1/CB2 receptor
interaction. Molecules, 26(8), 2126.

https://fmhr.net

| Afzal et al., 2025 |

Page 1667



Volume 3, Issue 10, 2025

Frontier n

Medical & Health
Research

ISSN: (e) 3007-1607 (p) 3007-1593

Zhang, Y., Wu, C., Zhang, N., Fan, R., Ye, Y., &
Xu, J. (2023). Recent advances in the
development of pyrazole derivatives as
anticancer agents. International Journal of
Molecular Sciences, 24(16), 12724.

Bennani, F. E., Doudach, L., Cherrah, Y., Ramli,
Y., Karrouchi, K., Ansar, M. H., &
Faouzi, M. E. A. (2020). Overview of
recent  developments of  pyrazole
derivatives as an anticancer agent in
different cell
Chemistry, 97, 103470.

Xu, Z., Zhuang, Y., & Chen, Q. (2023). Current
scenario of pyrazole hybrids with in vivo
therapeutic potential against

line. Bioorganic

cancers. European Journal of Medicinal
Chemistry, 257, 115495.

Kerru, N., Gummidi, L., Maddila, S., Gangu, K.
K., & Jonnalagadda, S. B. (2020). A
review on recent advances in nitrogen-
containing  molecules and  their
biological applications. Molecules, 25(8),
1909.

Aatif, M., Raza, M. A,, Javed, K., Nashre-ul-Islam,
S. M., Farhan, M., & Alam, M. W.
(2022). Potential nitrogen-based
heterocyclic compounds for treating
infectious  diseases: a literature
review. Antibiotics, 11(12), 1750.

Kim, M., Sim, C., Shin, D., Suh, E., & Cho, K.
(2006). Residual and sublethal effects of
fenpyroximate and pyridaben on the
instantaneous rate of increase of

Tetranychus urticae. Crop

Protection, 25(6), 542-548.

Selby, T. P., Lahm, G. P., Stevenson, T. M.,
Hughes, K. A., Cordova, D., Annan, L.
B., ... & Pahutski, T. F. (2013). Discovery
of cyantraniliprole, a potent and selective
anthranilic diamide ryanodine receptor
activator with cross-spectrum insecticidal
activity. Bioorganic & medicinal chemistry
letters, 23(23), 6341-6345.

Yu, H., Xu, M., Cheng, Y., Wu, H., Luo, Y., &
Li, B. (2012). Synthesis and acaricidal
activity of cyenopyrafen and its
geometric isomer. Arkivoc, 6, 26-34.

Nonaka, N. (2003). Tolfenpyrad-a new
insecticide with wide spectrum and
unique action.

Cai, Z., Zhang, W., Yan, Z., & Du, X. (2022).
Synthesis of Novel Pyrazole Derivatives
Containing Phenylpyridine Moieties
with Herbicidal
Activity. Molecules, 27(19), 6274.

Sadovnik, N., Lyu, P., Nouar, F., Muschi, M.,
Qin, M., Maurin, G., ... & Daturi, M.
(2024). Metal-organic frameworks based
on pyrazolates for the selective and
efficient capture of
formaldehyde. Nature
Communications, 15(1), 9456.

Liang, R. R., Han, Z., Cai, P., Yang, Y., Rushlow,
J., Liu, Z., ... & Zhou, H. C. (2024). A
robust pyrazolate metal-organic
framework for efficient catalysis of
dehydrogenative C-O cross coupling
reaction. Journal of the American Chemical
Society, 146(20), 14174-14181.

Nitu, S., Milea, M. S., Boran, S., Mosoarca, G.,
Zamfir, A. D., Popa, S., & Funar
Timofei, S. (2022). Experimental and
computational study of novel pyrazole
azo dyes as colored materials for light
color paints. Materials, 15(16), 5507.

Sofan, M., ElTaweel, F., Abdel-Rahman, A.,
Salman, H., & Negm, E. (2024).
Synthesis of novel azo pyrazole disperse
dyes for dyeing and antibacterial
finishing of PET fabric under
supercritical carbon dioxide. Scientific
Reports, 14(1), 1121.

Li, J., Kumar, A., Johnson, B. A,, & Ott, S.
(2023). Experimental manifestation of
redox-conductivity in  metal-organic
frameworks and its implication for
semiconductor/insulator
switching. Nature Communications, 14(1),

4388.

https://fmhr.net

| Afzal et al., 2025 |

Page 1668



Volume 3, Issue 10, 2025

Frontier n

Medical & Health
Research

ISSN: (e) 3007-1607 (p) 3007-1593

Li, Y., Liu, R, Yan, Z., Zhang, X., & Zhu, H.
(2010). Synthesis, crystal structure and
fungicidal activities of new type
oxazolidinone-based strobilurin
analogues. Bulletin of the Korean Chemical
Society, 31(11), 3341-3347.

Li, Y., Liu, Y., Xiong, Y., & Xiong, X. (2014).
Crystal structures, vibrational spectra,
and fungicidal activity of 1, 5-diaryl-3-
oxypyrazoles. Molecules, 19(1), 1302-
1316.

Nehra, B., Kumar, M., Chawla, V., & Chawla, P.
A. (2025). Current progress in synthetic
and medicinal chemistry of pyrazole
hybrids as potent anticancer agents with
SAR  studies. Future  Journal  of
Pharmaceutical Sciences, 11(1), 75.

Loh, W.S., Quah, C. K., Chia, T. S., Fun, H. K,,
Sapnakumari, M., Narayana, B, &
Sarojini, B. K. (2013). Synthesis and
crystal  structures of N-substituted
pyrazolines. Molecules, 18(2), 2386-2396.

Naim, M. J., Alam, O., Nawaz, F., Alam, M. J., &
Alam, P. (2016). Current status of
pyrazole and its biological
activities. Journal of Pharmacy and Bioallied
Sciences, 8(1), 2-17.

Cherfi, M., Harit, T., Amanchar, M., Oulous, A.,
& Malek, F. (2024). An overview of
pyrazole-tetrazole-based hybrid
compounds: synthesis methods,
biological activities and energetic
properties. Organics, 5(4), 575-597.

Arbaciauskiené, E., Krikstolaityte, S,
Mitrulevit¢iené, A., Bieliauskas, A.,
Martynaitis, V., Bechmann, M., ... &
Holzer, W. (2018). On the Tautomerism
of N-Substituted Pyrazolones: 1, 2-
Dihydro-3 H-pyrazol-3-ones versus 1 H-
Pyrazol-3-ols. Molecules, 23(1), 129.

Kaur, M., Mohamed, S. K., Akkurt, M., Jasinski,
J. P., EFEmary, T. 1., & Albayati, M. R.
(2016). 6-Amino-3-methyl-1-phenyl-1H-
pyrazolo (3, 4.b] pyrazine-5-
carboxamide. I[UCrData, 1(11),
x161742.

Jasinski, J. P., Golen, ]. A., Samshuddin, S.,
Narayana, B., & Yathirajan, H. S. (2012).
Synthesis, characterization and crystal
structures of 3, 5-bis (4-fluorophenyl)-4,
5-dihydro-1  H-pyrazole-1-carboxamide
and 3, 5-bis (4fluorophenyl)-4, 5-
dihydro-1 H-pyrazole-1-
carbothioamide. Crystals, 2(3), 1108-
1115.

Chandrakantha, B., Isloor, A. M., Sridharan, K.,
Philip, R., Shetty, P., & Padaki, M.
(2013). Novel N-substituted-5-phenyl-
1H-pyrazole-4-ethyl  carboxylates  as
potential NLO materials. Arabian Journal
of Chemistry, 6(1), 97-102.

Amado, P. S., Costa, 1. C., Paixdo, ]. A., Mendes,
R. F.,, Cortes, S., & Cristiano, M. L.
(2022).  Synthesis, structure and
antileishmanial evaluation of
endoperoxide-pyrazole
hybrids. Molecules, 27(17), 5401.

Guasch, L., Yapamudiyansel, W., Peach, M. L.,
Kelley, J. A., Barchi Jr, J. J., & Nicklaus,
M. C. (2016). Experimental and
chemoinformatics study of tautomerism
in a database of commercially available
screening samples. Journal of Chemical
Information and Modeling, 56(11), 2149-
2161.

Metwally, M. A., Bondock, S. A., El-Desouky, S.
I., & Abdou, M. M. (2012). Pyrazol-5-
ones: tautomerism, synthesis and
reactions. Int. J. Modern Org. Chem, 1(1),
19-54.

Lusardi, M., Spallarossa, A., & Brullo, C. (2023).
Amino-pyrazoles in medicinal chemistry:
A review. International journal of molecular
sciences, 24(9), 7834.

Jaroniczyk, M., Dobrowolski, J. C., & Mazurek, A.
P. (2004). Theoretical studies on
tautomerism and IR spectra of pyrazole
derivatives. Journal of Molecular Structure:

THEOCHEM, 673(1-3), 17-28.

https://fmhr.net

| Afzal et al., 2025 |

Page 1669



Volume 3, Issue 10, 2025

Frontier n

Medical & Health
Research

ISSN: (e) 3007-1607 (p) 3007-1593

Hu, Z., Loas, A.,, & Gorun, S. M. (2009).
Synthesis and molecular and solid state
structural characterization of mixed
CH3-CF3 and CH3-C2F5 fluoroalkyl
pyrazoles and a new, TpC2F5, CH3
ligand. Inorganica Chimica Acta, 362(12),
4639-4645.

Tarabova, D., Soralova, S., Breza, M., Fronc, M.,
Holzer, W., & Milata, V. (2014). Use of
activated enol ethers in the synthesis of
pyrazoles: reactions with hydrazine and a
study of pyrazole tautomerism. Beilstein
Journal of Organic Chemistry, 10(1), 752-
760.

Rios, M. C., & Portilla, ]. (2022). Recent
advances in synthesis and properties of
pyrazoles. Chemistry, 4(3), 940-968.

Faria, J. V., Vegi, P. F., Miguita, A. G. C., Dos
Santos, M. S., Boechat, N. &
Bernardino, A. M. R. (2017). Recently
reported biological activities of pyrazole
compounds. Bioorganic = &  medicinal
chemistry, 25(21), 5891-5903.

Turker, L. (2023). DFT Treatment of Betazole
Tautomerism. Earthline  Journal of
Chemical Sciences, 10(2), 213-2217.

Poudyal, B., & Bharghav, G. (2021). A review of
pyrazole an its derivative. Natl. J. Pharm.
Sci, 1(1), 3441.

Nitulescu, G. M., Stancov, G., Seremet, O. C.,
Nitulescu, G., Mihai, D. P., Duta-Bratu,
C. G, ... & Olaru, O. T. (2023). The
importance of the pyrazole scaffold in
the design of protein kinases inhibitors
as targeted anticancer
therapies. Molecules, 28(14), 5359.

Cornago, P., Cabildo, P., Claramunt, R. M.,
Bouissane, L., Pinilla, E., Torres, M. R.,
& Elguero, J. (2009). The annular
tautomerism of the curcuminoid NH-

pyrazoles. New Journal of Chemistry, 33(1),
125-135.

Rue, K. L., Herrera, S., Chakraborty, 1., Mebel,
A. M., & Raptis, R. G. (2023).
Completion of Crystallographic Data for
the Series of 4-Halogenated-1 H-

pyrazoles: Crystal Structure
Determination of 4-lodo-1 H-pyrazole
and Spectroscopic

Comparison. Crystals, 13(7), 1101.

Li, X., Yu, Y., & Tu, Z. (2021). Pyrazole scaffold
synthesis, functionalization, and
applications in Alzheimer’s disease and
Parkinson’s disease treatment (2011-
2020). Molecules, 26(5), 1202.

Vahedpour, T., Hamzeh-Mivehroud, M.,
Hemmati, S., & Dastmalchi, S. (2021).

Synthesis  of  2-pyrazolines  from

hydrazines: Mechanisms
explained. ChemistrySelect, 6(25), 6483-
6506.

He, S., Chen, L., Niu, Y. N., Wu, L. Y., & Liang,
Y. M. (2009). 1, 3-Dipolar cycloaddition
of diazoacetate compounds to terminal
alkynes promoted by Zn (OTf) 2: an
efficient way to the preparation of
pyrazoles. Tetrahedron Letters, 50(20),
2443.2445.

Green, S. P., Wheelhouse, K. M., Payne, A. D.,
Hallett, J. P., Miller, P. W., & Bull, J. A.
(2019). Thermal stability and explosive
hazard assessment of diazo compounds
and diazo transfer reagents. Organic
process research & development, 24(1), 67-
84.

Soltanzadeh, Z., Imanzadeh, G., Noroozi-Pesyan,
N., & Sahin, E. (2017). Green synthesis
of pyrazole systems under solventfree
conditions. Green Chemistry Letters and
Reviews, 10(3), 148-153.

Mallah, D., & Mirjalili, B. B. F. (2023). A green
protocol ball milling synthesis of
dihydropyrano [2, 3-c] pyrazole using
nano-silica/aminoethylpiperazine as a
metal-free catalyst. BMC chemistry, 17(1),
10.

https://fmhr.net

| Afzal et al., 2025 |

Page 1670



Volume 3, Issue 10, 2025

Frontier n

Medical & Health
Research

ISSN: (e) 3007-1607 (p) 3007-1593

Howard, J. L., Nicholson, W., Sagatov, Y., &
Browne, D. L. (2017). One-pot multistep
mechanochemical synthesis of
fluorinated pyrazolones. Beilstein Journal
of Organic Chemistry, 13(1), 1950-1956.

Neelam, V. D., & Neelam, A. K. N. (2023).
Solventfree Mechanochemical synthesis
of organic compounds. Journal of Pharma
Insights and Research, 1(2), 007-014.

Sood, S., Kumari, P., Yadav, A. N, Kumar, A., &
Singh, K. (2020). Microwave-assisted
synthesis and biological evaluation of
pyrazole-4-carbonitriles as antimicrobial
agents. Journal of
Chemistry, 57(7), 2936-2944.

Mishra, A. D. (2012). Microwave-induced

synthesis of some novel fungicidal

Heterocyclic

pyrazole derivatives. Journal of Nepal
Chemical Society, 30, 138-142.

Ceron-Camacho, R. (2024). Recent advances in
using microwaves to prepare chemicals at
the industrial level. Current Microwave
Chemistry, 11(1), 58-60.

Dofe, V. S., Sarkate, A. P., Shaikh, Z. M., Jadhav,
C. K, Nipte, A. S., & Gill, C. H. (2018).
Ultrasound-assisted synthesis of novel
pyrazole and pyrimidine derivatives as
antimicrobial agents. Journal of
Heterocyclic Chemistry, 55(3), 756-762.

Al-Bogami, A. S., Saleh, T. S., & Albishri, H. M.
(2013). Ultrasonic irradiation assisted
efficient regioselective synthesis of CF3-
containing pyrazoles catalyzed by Cu
(OTY) 2/Et3N. Chemistry Central
Journal, 7(1), 101.

Swami, S., Shrivastava, R., Sharma, N., Agarwala,
A., Verma, V. P., & Singh, A. P. (2022).
An Ultrasound-Assisted Solvent and
Catalyst-Free Synthesis of Structurally
Diverse Pyrazole Centered 1, 5-
disubstituted Tetrazoles via One-Pot
Four-Component Reaction. Letters in

Organic Chemistry, 19(9), 795-802.

Kiss, A. A., Geertman, R., Wierschem, M.,

Skiborowski, M., Gielen, B., Jordens, J.,

& Van Gerven, T. (2018).
Ultrasound-assisted emerging
technologies for chemical
processes. Journal of Chemical Technology
& Biotechnology, 93(5), 1219-12217.

El Mejdoubi, K., Sallek, B., Digua, K., Chaair, H.,
&  Oudadesse, H. (2019). Natural
phosphate K09 as a new reusable catalyst
for the synthesis of dihydropyrano (2, 3-
c] pyrazole derivatives at room
temperature. Kinetics and Catalysis, 60(4),
536-542.

Sharma, S., Sharma, P., Budhalakoti, B., Kumar,
A., Singh, K., Kumar Kamboj, R., &
Bhatrola, K. (2024). Exploring the

impact of ionic liquids on pyrazole

derivatives  synthesis: a  critical
review. ChemistrySelect, 9(31),
€202401925.

Nimbalkar, U. D., Seijas, J. A., VazquezTato, M.
P., Damale, M. G., Sangshetti, ]. N., &
Nikalje, A. P. G. (2017). Ionic liquid-
catalyzed green protocol for multi-
component synthesis of dihydropyrano
[2, 3-c] pyrazoles as potential anticancer
scaffolds. Molecules, 22(10), 1628.

Gulia, N., & Daugulis, O. (2017). Palladium-
Catalyzed Pyrazole-Directed sp3 C— H
Bond Arylation for the Synthesis of [3-
Phenethylamines. Angewandte
Chemie, 129(13), 3684-3688.

Chen, S.]., Golden, D. L., Krska, S. W., & Stahl,
S. S. (2021). Copper-catalyzed cross-
coupling of benzylic C-H bonds and
azoles with controlled N-site
selectivity. Journal — of the  American
Chemical Society, 143(36), 14438-14444.

Medjahed, N, Kibou, Z., Berrichi, A., Bachir, R.,
& Choukchou-Braham, N. (2022).
Nickel-Catalyzed, One-Pot Synthesis of
Pyrazoles. Chemistry ~ Proceedings, 12(1),
34.

https://fmhr.net

| Afzal et al., 2025 |

Page 1671



Volume 3, Issue 10, 2025

Frontier n

Medical & Health
Research

ISSN: (e) 3007-1607 (p) 3007-1593

Alex, K., Tillack, A., Schwarz, N., & Beller, M.
(2008). Zinc-catalyzed synthesis  of
pyrazolines and  pyrazoles  via
hydrohydrazination. Organic
letters, 10(12), 2377-2379.

Margui, E., Van Meel, K, Van Grieken, R.,
Buendia, A., Fontas, C., Hidalgo, M., &
Queralt, 1. (2009). Method for the
determination of Pd-catalyst residues in
active pharmaceutical ingredients by
means of high-energy polarized-beam

energy dispersive X-ray
fluorescence. Analytical chemistry, 81(4),
1404-1410.

Gombha, S. M., Edrees, M. M., Faty, R. A,,
Muhammad, Z. A., & Mabkhot, Y. N.
(2017). Microwave-assisted one pot
three-component synthesis of some
novel pyrazole scaffolds as potent
anticancer  agents. Chemistry  Central
Journal, 11(1), 37.

Banerjee, R., Ali, D., Mondal, N., & Choudhury,
L. H. (2024). HFIP-Mediated
Multicomponent Reactions: Synthesis of
Pyrazole-Linked Thiazole
Derivatives. The  Journal of  Organic
Chemistry, 89(7), 4423-4437.

Biswas, S. K., & Das, D. (2022). One-pot
synthesis of pyrano [2, 3-c] pyrazole
derivatives via multicomponent
reactions (MCRs) and their applications
in medicinal chemistry. Mini-Reviews in
Organic Chemistry, 19(5), 552-568.

Ali, E., Naimi-Jamal, M. R., &
Ghahramanzadeh, R. (2019). One-Pot
Multicomponent Synthesis of Pyrano (2,
3 ¢ pyrazole Derivatives Using
CMCSO3H as a Green
Catalyst. ChemistrySelect, 4(31), 9033-
9039.

Grifile, S., Holzhauer, L., Wippert, N., Fuhr, O.,
Nieger, M., Jung, N., & Brise, S. (2024).
Synthesis of substituted triazole-pyrazole
hybrids using triazenylpyrazole
precursors. Beilstein  Journal of Organic

Chemistry, 20(1), 1396-1404.

Wang, S., & Cheng, B. (2017). One-pot synthesis
of polypyrazoles by click
reactions. Scientific Reports, 7(1), 12712.

Rangraz, Z., Amini, M. M., & Habibi, Z. (2024).
One-Pot  Synthesis of 1, 3, 5-
Trisubstitued Pyrazoles via Immobilized
Thermomyces lanuginosus Lipase (TLL)
on a Metal-Organic Framework. ACS
omega, 9(17), 19089-19098.

Bengel, L. L., Aberle, B., Egler-Kemmerer, A. N,
Kienzle, S., Hauer, B., & Hammer, S. C.
(2021). Engineered enzymes enable
selective N-alkylation of pyrazoles with
simple haloalkanes. Angewandte Chemie
International Edition, 60(10), 5554-5560.

Britton, J., & Jamison, T. F. (2017). A unified
continuous flow assembly-line synthesis
of highly substituted pyrazoles and
pyrazolines. Angewandte Chemie, 129(30),
8949-8953.

Correia, C. M., Silva, A. M., & Silva, V. L.
(2025). The Role of Flow Chemistry on
the Synthesis of Pyrazoles, Pyrazolines
and Pyrazole-Fused
Scaffolds. Molecules, 30(7), 1582.

Otvos, S. B., Georgiddes, A., Ozsvar, D., &
Fulop, F. (2019). Continuous-flow
synthesis of 3, 5-disubstituted pyrazoles
via sequential alkyne homocoupling and
Cope-type hydroamination. RSC
advances, 9(15), 8197-8203.

Noh, K., Kim, K. S., Ahn, B., Archimbault, P.,
Oh, T. H., & Kang, W. (2012).
Simultaneous determination of
zolazepam and tiletamine in dog plasma
by liquid chromatography coupled to a
tandem mass spectrometry. Biomedical
Chromatography, 26(10), 1133-1136.

Nitulescu, G. M.; Stancov, G.; Seremet, O. C.; et
al. The pyrazole scaffold: A privileged
structure in medicinal chemistry.
Molecules 2023, 28, 5359.

Rios, M. C.; Portilla, J. Recent advances in
synthesis and properties of pyrazoles.

Chemistry 2022, 4, 940-968.

https://fmhr.net

| Afzal et al., 2025 |

Page 1672



Volume 3, Issue 10, 2025

Frontier n

Medical & Health
Research

ISSN: (e) 3007-1607 (p) 3007-1593

Li, G.; Cheng, Y.; Han, C.; et al. Pyrazole-
containing pharmaceuticals: targets,
pharmacological activity and SAR
studies. RSC Med. Chem. 2022, 13,
1300-1321.

Secrieru, A.; O'Neill, P. M.; Cristiano, M. L. S.
Revisiting the structure and chemistry of
substituted pyrazoles. Molecules 2019,
25,42.

Guasch, L.; Yapamudiyansel, W.; Peach, M. L.; et
al. Experimental and chemoinformatics
study of tautomerism in screening
compounds. J. Chem. Inf. Model. 2016,
56, 2149-2161.

Mantzanidou, M.; Pontiki, E.; Hadjipavlou-
Litina, D. Pyrazoles and pyrazolines as
anti-inflammatory agents. Molecules
2021, 26, 3439.

Nitulescu, G. M.; Margina, D.; Juzenas, P.; et al.
Targeting protein kinases with pyrazole-
based inhibitors. Int. J. Mol. Sci. 2023,
24, 12724.

Bennani, F. E.; Doudach, L.; Karrouchi, K.; et al.
Pyrazole derivatives as anticancer agents:
SAR insights. Bioorg. Chem. 2020, 97,
103470.

Lipinski, C. A. Lead- and druglike compounds:
The rule-of-five revolution. Drug Discov.
Today Technol. 2004, 1, 337-341.

Waring, M. ].; Lipophilicity in drug discovery.
Expert Opin. Drug Discov. 2010, 5,
235-248.

Lusardi, M.; Spallarossa, A.; Brullo, C.
Aminopyrazoles in medicinal chemistry.
Int. J. Mol. Sci. 2023, 24, 7834.

Cornago, P.; Claramunt, R. M.; Elguero, J. N-
substitution effects in pyrazoles. New J.
Chem. 2009, 33, 125-135.

Soltanzadeh, Z.; Noroozi-Pesyan, N.; Sahin, E.
Green synthesis of pyrazoles under
solventfree conditions. Green Chem.
Lett. Rev. 2017, 10, 148-153.

Mallah, D.; Mirjalili, B. B. F. Mechanochemical
green synthesis of pyrazole systems. BMC
Chem. 2023, 17, 10.

Cerén-Camacho, R. Microwave chemistry at
industrial scale: Opportunities and
challenges. Curr. Microwave Chem.
2024, 11, 58-60.

Kiss, A. A.; Van Gerven, T. Ultrasound-assisted
emerging technologies. J. Chem.
Technol. Biotechnol. 2018, 93, 1219-
12217.

Margui, E.; Van Meel, K.; Van Grieken, R.; et al.
Determination of Pd residues in APlIs.
Anal. Chem. 2009, 81, 1404-1410.

Green, S. P,; Bull, J. A,; et al. Safety and
sustainability of diazo compounds. Org.
Process Res. Dev. 2019, 24, 67-84.

Chen, S. J.; Stahl, S. S. Copper-catalyzed azole
coupling: selectivity issues. J. Am. Chem.
Soc. 2021, 143, 14438-14444.

Xu, Z.; Zhuang, Y.; Chen, Q. Pyrazole hybrids
with in vivo anticancer potential. Eur. J.
Med. Chem. 2023, 257, 115495.

Cherfi, M.; Harit, T.; Amanchar, M.; et al.
Pyrazole-based  hybrid  compounds.
Organics 2024, 5, 575-597.

Nehra, B.; Kumar, M.; Chawla, P. Pyrazole
hybrids as anticancer agents. Future J.
Pharm. Sci. 2025, 11, 75.

Waring, M. ].; Arrowsmith, ].; et al. An analysis
of attrition in drug discovery. Nat. Rev.
Drug Discov. 2015, 14, 475-486.

Kola, I; Landis, ]J. Can the pharmaceutical
industry reduce attrition rates? Nat. Rev.
Drug Discov. 2004, 3, 711-716.

van de Waterbeemd, H.; Gifford, E. ADMET in
drug discovery. Nat. Rev. Drug Discov.
2003, 2, 192-204.

Hughes, J. P.; Rees, S.; et al. Principles of early
drug discovery. Br. J. Pharmacol. 2011,
162, 1239-1249.

Warren, G. L.; Andrews, C. W.; et al. A critical
assessment of docking programs. J. Med.
Chem. 2006, 49, 5912-5931.

Pantsar, T.; Poso, A. Binding affinity via docking:
Fact or fiction? Front. Pharmacol. 2018,
9, 129.

Karplus, M.; McCammon, J. A. Molecular
dynamics simulations. Nat. Struct. Biol.

2002, 9, 646-652.

https://fmhr.net

| Afzal et al., 2025 |

Page 1673



Frontier n

Medical & Health
Research

Volume 3, Issue 10, 2025
ISSN: (e) 3007-1607 (p) 3007-1593

Shirts, M. R.; Mobley, D. L. Free-energy
calculations in drug design. Annu. Rep.
Comput. Chem. 2013, 9, 3-29.

Turker, L. DFT treatment of pyrazole
tautomerism. Earthline J. Chem. Sci.
2023, 10, 213-2217.

Abel, R.; Wang, L.; et al. Role of rigorous free-
energy methods. Chem. Rev. 2017, 117,
232-281.

Sadovnik, N.; Maurin, G.; et al. Pyrazolate MOFs
for  formaldehyde  capture.  Nat.
Commun. 2024, 15, 9456.

Liang, R. R.; Zhou, H.-C.; et al. Robust pyrazolate
MOFs for catalysis. ]. Am. Chem. Soc.
2024, 146, 14174-14181.

Li, J.; Ott, S,; et al. Redox conductivity in
pyrazolate MOFs. Nat. Commun. 2023,
14, 4388.

Furukawa, H.; Cordova, K. E.; Yaghi, O. M. The
chemistry and applications of MOFs.
Science 2013, 341, 1230444.

Rowsell, J. L. C.; Yaghi, O. M. Strategies for MOF
stability. Angew. Chem. Int. Ed. 2005,
44, 4670-4679.

Horike, S.; Shimomura, S.; Kitagawa, S. Soft
porous crystals. Nat. Chem. 2009, 1,
695-704.

https://fmhr.net | Afzal et al., 2025 | Page 1674



